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A B S T R A C T   

The effects of fluorination on the energetic and thermochemical properties of a series of five-membered rings 
such as silole, phosphole and thiophene, and oligomers of silole and acenes were evaluated using density 
functional theory computations. Computed results indicate that substitution by fluorine atoms induces an in
crease of ionization energy and electron affinity and a decrease of proton affinity and HOMO-LUMO gap. For 
five-membered rings, fluorination effects are more significant on phosphole and silole as compared to those on 
thiophene. Changes in energetic properties of the oligomers of silole and acenes follow non-linear curves with 
increasing monomeric ring numbers. Effects of fluorination on energetic properties of the five-membered rings 
and oligomers are decreasing in the sequence of P-H > Si-H > C-H bonds. Replacement of H by F atom affects 
more strongly at Si-H bond than at C-H bond of siloles. Perfluorination of silole oligomers leads to derivatives 
with large electron affinity (> 4 eV). The anisotropy of induced current density (ACID) plots point out that 
fluorine replacement largely affects the electron delocalization at the C-C peripheral bonds in oligomers of silole 
and acenes. The silole unit emerges as a promising five-membered heterocycle to be used to tune up properties of 
oligomers.   

1. Introduction 

Heterocyclic compounds including the five-membered rings such as 
borole, pyrrole, furan, thiophene, and the six-membered rings such as 
pyridine and their fused benzene derivatives have constantly attracted 
attention and widely been investigated [1–6]. As important components 
of living organisms, heterocycles are involved in several life processes 
[7]. In fact, more than 90% of new drugs distributed in recent years 
contain heterocycles [8,9]. These cyclic compounds show peculiar 
properties including their electronic structure, stability and reactivity as 
compared to those of benzene and some other fused aromatic hydro
carbons. Discovery of their new applications can be promoted if deeper 
insights into the nature of their characteristics can be revealed. For such 
a purpose, quantum chemical computations have been proven to be an 
efficient and convenient approach for predicting electronic structure 
and properties of heterocyclic compounds [10–12]. 

As for a promising merit of heterocycles, let us mention their electron 
accepting ability. Acenes have long been known for their abilities, 

among others, to receive electrons [13,14]. Their behavior is similar to 
that of fullerenes that form ionic compounds with electron donors such 
as alkali metals [15], or of polycyano olefins that are known to accept 
electrons from a variety of donors [13,16]. Recently, siloles that are 
five-membered cycles containing a Si group, have been demonstrated to 
possess a high capacity for accepting electron. In this context it is of 
interest to have a systematic comparison of properties of this type of 
heterocycles to those of the better known acenes. 

Of the five-membered analogues of thiophenes, siloles emerge as one 
effective candidate for electron transport materials [17,18]. In fact, 
siloles have fast electron mobility and high stability in the air and are 
also efficient emitters with very high brightness and external quantum 
yield [19]. The aggregation-induced emission phenomenon has been 
observed in some silole derivatives, in which the electroluminescence 
(EL) performance increases dramatically, going from solution to thin 
film [20,21]. Due to such significant properties, siloles and their de
rivatives have been proposed for use as light-emitting layers in EL de
vices [22,23]. Earlier theoretical investigations have already been 
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conducted on silole monomers with different substituents, and oligo (2, 
5-silole)s [24,25]. Structure-property relationships of silole monomers 
bearing symmetric electron donor–acceptors on 2-, 5-positions and 
different substituents on silicon atom were recently experimentally and 
theoretically studied [26]. Recent study of Boydston’s silole systems 
revealed many new and interesting features that could be used for 
further experimental findings [27]. Similar to the well-known thio
phenes, oligomers and polymers made from silole units are character
ized with small band gaps [28,29]. 

Another avenue to tune up the properties of a class of compounds is 
through the conventional substituent effects. Fluorine substitution on 
the aromatic compounds is known to strongly influence some of their 
thermochemical parameters such as the electron affinity, charge 
mobility, excitation energy and absorption spectra [13,30–34]. Further, 
the presence of perfluorobenzene units in a chain of thiophene oligomers 
can also substantially modify their semiconducting behaviour [35]. 
Overall, fluorinated derivatives induce several beneficial effects on 
electronic properties. Although perfluoro-cyclic molecules are also 
regarded as another class of electron attracting compounds [36,37], 
they have not so far attracted much attention. A rational for the effects of 
fluorination on the properties of five-membered rings and their oligo
mers is not available yet. 

In this context, we set out to explore the prospects for perfluoro- 
heterocyclic compounds to serve as electron acceptors using quantum 
chemical methods, for which suitable experiments to evaluate their EA 
values are not readily available [38]. Herein, we investigate the sys
tematic influences of fluorination on several characteristic properties of 
five-membered analogues including silole, phosphole and thiophene and 
oligomers of silole. The latter properties are compared to those of acenes 
having comparable sizes. More specifically, frontier orbital energy gap, 
electron affinity, ionization potential, hardness and binding energies of 
five-membered rings, oligomers and acenes and their 
perfluoro-derivatives are explored. 

2. Computational Methods 

All electronic structure calculations are performed using the 
Gaussian 09 suite of programs [39]. Geometries of different 
five-membered rings and oligomers of silole and acenes are optimized 
using density functional theory (DFT) methods with the popular hybrid 
B3LYP functional in conjunction with the polarization 6-31 G(d,p) (for 
five-membered rings) and 6-311++G(d,p) (for oligomers of silole and 
acenes) basis sets [28,29]. Harmonic vibrational frequencies for gas 
phase structures are also computed to confirm the minima on the po
tential energy surfaces at the same level. Energetic properties that are 
calculated and analyzed, include the LUMO and HOMO energy levels, 
first excitation energy and thereby frontier orbital energy gap (Eg), 
electron affinity (EA), ionization energy (IE), proton affinity (PA) using 
single-point electronic energy at a higher level B3LYP/6-311++G(2df, 
2p) with geometries taken from optimizations. Frontier orbital energies 
are taken from closed-shell geometries, and the unrestricted formalism 
(UB3LYP) is used for electronic open-shell structures. 

The hardness (η) of compounds and homolytic bond dissociation 
energies (BDE) of C-H, Si-H, Si-F bonds in molecules are computed at the 
same level as the EA. All the parameters mentioned are calculated 
following the conventional protocols [40–43] including:  

EA = E(M) – (EM-) + ΔZPE                                                                   

IE = E(M+) – E(M) + ΔZPE                                                                   

PA = -ΔH = E(M-H+) – E(M) – E(H+) + ΔZPE + ΔTCE                          

η = IE - EA; BDE = E(M-H) – E(M) – E(H) + ΔZPE                                

in which M is denoted for considered systems, E single-point total 
energy obtained at the B3LYP/6-311++G(2df,2p) level, ZPE zero-point 

energy correction and TCH being thermal correction to enthalpy 
calculated at B3LYP/6-31 G(d,p) for five membered rings or B3LYP/6- 
311++G(d,p) for oligomers of silole and acenes. Let us note that for the 
sake of consistency when plotting correlations between energetic pa
rameters, the EA, EA and PA are all given in eV. 

3. Results and Discussion 

3.1. Structure and electronic properties of five-membered ring systems 

The optimized structures of the five-membered cyclic systems are 
obtained at the B3LYP/6-31 G(d,p) level and shown in Fig. 1. F-de
rivatives are denoted by Y-nFi with Y = Si, P, S; n = 1-6; i: sites of H 
atoms replaced by F. For example, Y-1 Fa, Y-1 Fb, Y-1 Fc correspond to 
1 F-derivatives in which a H atom is replaced at the 1, 2, 3 sites of a ring; 
Y-2 Fa, Y-2 Fb, Y-2 Fc are 2 F-derivatives with two H atoms replaced at 
(1,1), (1,2), (1,3) sites, respectively; Y-3 Fa, Y-3 Fb, Y-3 Fc are 3 F-de
rivatives with three H atoms substituted at (1,1,2), (1,1,3), (1,2,3) sites, 
respectively. All Cartesian coordinates of the optimized structures and 
their energy values are tabulated in Tables S1, S2 and S3 of the Sup
plementary Information file (Sx stands for a Table or Figure given in the 
SI file). Some parameters of optimized geometries for selected five- 
membered rings are shown in Table S4 (SI file). The point groups ob
tained for both parent and perfluoro substituted derivatives of silole, 
phosphole and thiophene are C2v, Cs and C2v, respectively. High sym
metry point groups are found in some 2 F, 4 F-derivatives for silole and 
thiophene systems. Other derivatives mostly have lower symmetry such 
as Cs or C1. As expected, replacements of H by F atoms in derivatives 
reduce symmetry point groups as compared to initial monomers. Be
sides, calculated results indicate that replacement of H by F atoms leads 
to small changes in the cyclic framework, either in bond lengths or bond 
angles in optimized structures of their derivatives, up to ~ 0.03 Å and 1‒ 
3⁰, respectively, in comparison to the non-substituted monomers (cf. 
Table S4, SI file). 

Energy gaps (Eg
TD) and maximum absorption wavelengths (λmax) are 

obtained using the TD-DFT method [44–47] with the same functional 
and basis set. The electron affinity (EA), proton affinity (PA) and ioni
zation energy (IE) of the oligomers are also calculated and listed in 
Tables 1–3. Illustrations of variations of energetic values for F-de
rivatives are shown in Figures S1, S2 and S3 (SI file). Most end up in 
weak correlations, in part due to large variations of energetic values of 
derivatives. Different fluorinations at the sites in these five-membered 
rings lead to variations of their electronic properties. Some good cor
relations are however achieved for the changes in EAs of siloles, PA1 of 
phospholes and thiophenes with respect to the ring number N, and can 
be expressed as follows:  

EA = 0.17 + 0.21 N (silole)                                                                      

PA1 = 849.35 – 23.10 N (phosphole)                                                         

PA1 = 731.88 – 21.12 N (thiophene) (R2 ≈ 0.8).                                         

Concerning the electron distribution, fluorination in these rings 
leads, as expected, to an increasing polarization of the C/Si/P-F bonds. 

Fig. 1. Chemical structure of five-membered rings and their fluorinated 
derivatives. 
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Table 1 
Calculated energetic parameters for silole and its F-derivatives (B3LYP/6-311++G(2df,2p)//B3LYP/6-31 G(d,p), IE, EA, PA, Egap

TD in eV, λ in nm).   

IE EA PA1 PA2 PA3 PA4 PA5 HOMO LUMO Egap
TD λmax 

Silole 8.8 0.0 8.5 8.5 8.5   − 6.3 − 1.4 4.4 140 
Si-1 Fa 8.8 0.6 8.4 8.4 8.4   − 6.5 − 1.8 4.1 146 
Si-1 Fb 8.4 0.3 6.4 8.1 7.8 8.7 8.7 − 6.1 − 1.4 4.2 146 
Si-1 Fc 8.7 0.3 8.6 8.6 6.9 7.0 8.1 − 6.4 − 1.5 4.4 145 
Si-2 Fa 9.1 0.8 6.8 8.0 6.8   − 6.8 − 2.1 4.1 143 
Si-2 Fb 8.7 0.8 6.8 8.0 7.5 8.5 8.5 − 6.4 − 1.9 3.9 149 
Si-2 Fc 9.0 0.8 6.3 8.4 7.7 6.8 8.0 − 6.7 − 1.9 4.1 147 
Si-2 Fd 8.5 0.5 8.4 8.2 7.2 6.8 8.4 − 6.2 − 1.6 4.1 147 
Si-2 Fe 8.6 0.4 8.8 7.7 7.5 6.9 8.8 − 6.3 − 1.5 4.3 147 
Si-2 Fg 8.3 0.4 6.9 8.3 7.6   − 6.0 − 1.5 4.0 152 
Si-2 Fh 8.9 0.4 8.3 8.3 6.7   − 6.6 − 1.5 4.6 144 
Si-3 Fa 8.9 1.0 6.6 7.7 7.3 6.5 8.3 − 6.6 − 2.1 3.9 147 
Si-3 Fb 9.2 1.0 6.2 8.2 7.2 6.5 7.6 − 6.9 − 2.2 4.2 145 
Si-3 Fc 8.8 0.9 6.6 8.0 7.0 7.0 8.2 − 6.4 − 2.1 3.8 146 
Si-3 Fd 8.9 0.9 5.4 7.5 7.3 6.7 8.6 − 6.6 − 2.0 3.9 150 
Si-3 Fe 8.6 0.9 6.9 8.0 7.3   − 6.3 − 2.0 3.6 154 
Si-3 Fg 9.1 0.9 6.2 8.1 6.4   − 6.8 − 2.0 4.3 145 
Si-3 Fh 8.7 0.5 8.5 7.9 7.0 6.7 8.5 − 6.5 − 1.6 4.3 146 
Si-3 Fi 8.4 0.6 6.6 8.4 7.1 7.4 7.9 − 6.2 − 1.6 4.0 150 
Si-4 Fa 9.0 1.1 6.5 7.8 6.8 6.3 7.9 − 6.7 − 2.3 3.8 147 
Si-4 Fb 9.1 1.1 5.2 7.3 7.1 7.4 8.3 − 6.8 − 2.2 4.0 149 
Si-4 Fc 8.8 1.1 6.8 7.8 7.1   − 6.5 − 2.2 3.7 151 
Si-4 Fd 9.4 1.1 6.1 7.8 6.1   − 7.1 − 2.2 4.3 144 
Si-4 Fe 9.0 1.0 6.3 7.6 6.9 6.4 8.3 − 6.7 − 2.1 4.0 146 
Si-4 Fg 8.7 1.0 6.5 8.1 6.9 7.2 7.6 − 6.4 − 2.1 3.6 155 
Si-4 Fh 8.6 0.7 6.7 8.1 7.1   − 6.3 − 1.7 4.1 148 
Si-5 Fa 9.2 1.2 6.2 7.4 6.6 7.2 8.0 − 6.9 − 2.3 4.1 147 
Si-5 Fb 9.0 1.2 6.4 7.9 6.7 7.0 7.4 − 6.6 − 2.3 3.7 151 
Si-5 Fc 8.9 1.2 6.7 7.8 6.9   − 6.6 − 2.2 3.7 151 
Si-6 F 9.1 1.3 6.6 7.6 6.6   − 6.8 − 2.4 3.8 149  

Table 2 
Calculated energetic parameters for phosphole and its F-derivatives (B3LYP/6-311++G(2df,2p)//B3LYP/6-31 G(d,p), IE, EA, PA, Egap

TD in eV, λ in nm).   

IE EA PA1 PA2 PA3 PA4 PA5 HOMO LUMO Egap
TD λmax 

Phosphole 8.5 − 0.1 8.8 8.7 8.2   − 6.3 − 1.0 4.8 149 
P-1 Fa 8.8 0.9 8.7 8.5 7.9   − 6.6 − 1.9 3.9 145 
P-1 Fb 8.5 0.1 8.4 8.2 8.0 7.9 8.7 − 6.2 − 1.1 4.5 141 
P-1 Fc 8.7 0.1 8.6 8.7 7.5 8.0 8.3 − 6.4 − 1.2 4.7 149 
P-2 Fb 8.7 1.0 8.4 8.2 7.6   − 6.4 − 2.1 3.6 172 
P-2 Fc 9.0 1.0 8.6 8.5 7.2 7.6 8.2 − 6.7 − 2.1 3.9 165 
P-2 Fd 8.6 0.3 8.2 8.0 7.4 7.6 8.5 − 6.3 − 1.3 4.4 143 
P-2 Fe 8.6 0.2 8.2 7.5 7.7 7.1 8.7 − 6.3 − 1.2 4.6 144 
P-2 Fg 8.4 0.3 8.1 8.1 7.8   − 6.1 − 1.2 4.4 143 
P-2 Fh 9.0 0.2 8.4 8.3 7.3   − 6.6 − 1.3 4.9 145 
P-3 Fc 8.9 1.2 8.2 7.9 7.0   − 6.5 − 2.2 3.5 139 
P-3 Fd 8.9 1.2 8.2 8.2 7.3 6.7 8.5 − 6.6 − 2.2 3.7 170 
P-3 Fe 8.7 1.2 8.0 7.9 7.4   − 6.4 − 2.2 3.4 139 
P-3 Fg 9.2 1.1 8.4 8.2 6.9   − 6.9 − 2.1 4.0 143 
P-3 Fh 8.8 0.4 8.0 7.7 7.1 6.9 8.4 − 6.5 − 1.3 4.6 146 
P-3 Fi 8.5 0.4 7.9 8.2 7.2   − 6.2 − 1.3 4.3 144 
P-4 Fe 9.1 1.3 8.0 7.6 6.9   − 6.8 − 2.3 3.7 170 
P-4 Fg 8.8 1.4 7.8 8.1 6.9 7.2 7.6 − 6.5 − 2.4 3.4 139 
P-4 Fh 8.7 0.6 7.7 8.0 7.0   − 6.4 − 1.4 4.4 145 
P-5 F 9.0 1.5 7.6 8.0 6.9   − 6.7 − 2.5 3.4 170  

Table 3 
Energetic parameters for thiophene and its F-derivatives (B3LYP/6-311++G(2df,2p)//B3LYP/6-31 G(d,p), IE, EA, PA, Egap

TD in eV, λ in nm).   

IE EA PA1 PA2 PA3 PA4 PA5 HOMO LUMO Egap
TD λmax 

Thiophene 8.7 1.0 7.6 8.5 8.1   − 6.3 − 0.2 5.9 129 
S-1 Fb 8.8 0.7 7.2 7.8 7.9   − 6.4 − 0.5 5.7 130 
S-1 Fc 8.6 0.5 7.6 8.6 7.6 8.1 8.4 − 6.3 − 0.3 5.4 131 
S-2 Fd 8.7 0.2 7.1 8.1 7.5 7.7 8.4 − 6.4 − 0.5 5.2 138 
S-2 Fe 8.8 0.2 7.2 7.7 7.9   − 6.4 − 0.5 5.3 157 
S-2 Fg 8.6 0.1 7.1 8.1 7.9   − 6.2 − 0.3 4.9 134 
S-2 Fh 9.1 0.5 7.2 8.2 7.2   − 6.8 − 0.6 5.8 150 
S-3 Fh 9.0 0.1 7.0 7.8 7.3 7.0 8.3 − 6.6 − 0.7 5.2 139 
S-3 Fi 8.7 0.2 6.9 8.2 7.4 7.7 7.9 − 6.3 − 0.5 4.7 140 
S-4 F 8.9 0.4 6.7 8.0 7.2   − 6.6 − 0.7 4.7 141  
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The negative and positive charge densities are highly located at the F 
and C/Si/P atoms in these bonds, respectively. 

As given in Tables 1–3, while substitution by F atoms in silole and 
phosphole rings tends to increase IE, EA values, an increase of IE and a 
decrease of EA are obtained for thiophene rings. As the number of fused 
rings increases, a stronger effect on energetic properties is observed. In 
particular, the IE ad EA values increase in the ordering from mono- 
fluoro to per-fluoro derivatives for silole, phosphole. Similarly, for 
thiophene systems, IE values increase and EA values decrease following 
to the sequence from 1 F to 4 F derivatives. Additionally, we consider the 
trends of substitution for each cyclic system. The IE values decrease in 
the ordering silole > thiophene > phosphole, and Si-nFi > P-nFi > S-nFi 
for F-derivatives. Also, the EA values decrease in the ordering of thio
phene > silole > phosphole and Si-nFi > P-nFi > S-nFi. 

Noticeably, the trends of IE, EA changes in silole, phosphole and 
thiophene are in agreement with those of the Si, P and S atoms, indi
cating the preference for attaching/removing one electron at the het
eroatomic X sites in these five-membered rings. In addition, the changes 
of F-derivatives are mainly due to effects of F atoms and C/Si/P-F bonds, 
which can stabilize the structures by providing more extended electron 
delocalization. In general, influences of fluorination at the heteroatomic 
sites in these rings are specific for phosphole and silole. 

For derivatives 1 Fb and 1 Fc in which one H atom at C-H bonds is 
replaced by one F atom (cf. Tables 1–3), the IE values change only 
marginally in the range of 0.1-0.4, 0.2 and 0.1 eV for silole, phosphole 
and thiophene, respectively. The EA values tend to increase by 0.3, 0.2 
and 0.2-0.4 eV corresponding to silole, phosphole, and thiophene, 
respectively. Considering other 1 F-derivatives Si-1 Fa and P-1 Fa that 
contains Si/P-F bonds, energetic values carry a rise of 0.6 eV (EA) for 
silole, and 0.2 (IE), 0.9 eV (EA) for phosphole. Likewise, parameters in 
4 F-derivatives in which H atoms at both C-H and Si/P-H bonds are 
substituted by F atoms, are altered in the range of 0.1-0.6 (IE), 1.0-1.1 
(EA) eV for silole and of 0.3-0.5 (IE), 1.3-1.4 (EA) eV for phosphole. 
For derivatives Y-4 Fh without having Si/P-F bonds, the changes 
amount to 0.1, 0.2, 0.2 eV for IE, and 0.7, 0.7, 0.5 eV for EA in silole, 
phosphole, thiophene rings, respectively. Overall, fluorination effects 
are more important on the EA than on the IE, and increasing from the C- 
H to Si-H and finally to P-H bonds. The substituted rings having P-F 
bonds exhibit the largest EA values. 

The possible protonation sites in silole, phosphole and thiophene are 

shown in Fig. 2. Accordingly, the most stable species of each form have 
resonance structures following conjugation effects. The PAs at sites in 
these rings tend to slightly reduce, ca. 0.0-0.9 eV in derivatives as 
compared to non-substituted monomers, and in going from derivatives 
1 F to 4 F (thiophene), 5 F (phosphole) or 6 F (silole). A small increase is 
found in 1 F, 2 F and 3 F derivatives for silole, ca. 0.3 eV. Remarkably, 
the highest ability for protonation is achieved at C-H(F) sites (C2 or C5) 
while the lowest affinity is found at X sites for Si, S and C3 or C4 sites (C- 
F) for P. Most of strong and weak protonation processes are preferred in 
same derivative such as Si-1 Fb, P-2 Fe, S-3 Fh for each system. 

Calculated frontier molecular orbital (FMO) energies and corre
sponding band gaps of closed-shell molecules are given in Tables 1–3 
and their shapes are depicted in Figures S1, S2 and S3 (SI). Replacement 
of H by F atoms in initial monomers shows an increase in HOMO en
ergies and a significant reduction in LUMO energies. In other words, the 
HOMOs are destabilized whereas the LUMOs are stabilized, and this 
leads to a decrease in FMO energy gaps. A consequence of such a change 
is a substantial decrease in the first electronic transition energies, 
expressed by the higher λmax values in F-derivatives as compared to non- 
substituted species. This can be understood by the electron density 
overlap between p(MO) of fluorine atoms and π-electrons of C = C bonds 
in the five-membered rings, shown in Figures S4 and S5 (SI), leading to 
stronger electron delocalization for F-derivatives. Furthermore, the 
HOMO of thiophene is at a notably more negative energy level than 
phosphole or silole analogs due to their stronger π-electron conjugation 
involving the lone pair of sulfur atom (see Figure S4, SI). The LUMO of 
thiophene is also at a higher energy level than those of phosphole and 
silole. Compared to other five-membered rings, the LUMOs of silole are 
at significantly lower levels, which agrees well with earlier studies [3,7]. 

3.2. Acenes and perfluoro-acenes 

3.2.1. Geometric structures of neutral, anion and cation species 
Optimized structures for neutral and anion/cation states of acenes 

(n = 1-7) obtained at the B3LYP/6-311++G(d,p) level are shown in 
Fig. 3. Cartesian coordinates and single-point total energies of optimized 
structures are tabulated in Table S5 (SI). In fact, a D2h group point is 
found for the groups of acenes from naphthalene to heptacene. When the 
acenes add/remove one electron to form anion/cation states, their 
symmetry can noticeably be kept with a high symmetry point-group (D6h 

Fig. 2. Protonation sites in silole, phosphole, thiophene rings and their resonance structures.  
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for ions of benzene, D2h for ions of larger acenes). This result indicates 
that the π-conjugated systems in these acenes are stable, well in line with 
a previous study [13]. 

The symmetry and stability of the fluorine substituted acenes are 
slightly altered when acenes with n = 3-7 in going from the neutral to 
ionic states. For perfluoro-benzene and perfluoro-naphthalene, the high 
D6h and D2h point groups are achieved for neutral species, while the 
lower C2v/C2h point groups are found for anion/cation states. For radical 
anions of benzene, naphthalene, and anthracene, the change in these 
structures is in an agreement with an earlier study [13]. Additionally, 
replacement of H by F atoms leads to a small change in molecular ge
ometries. A large change in structural geometries is found for smaller 

rings such as benzene, naphthalene, whereas they remain almost un
changed for larger rings (n = 3-7). In these systems, the geometrical 
symmetries of the cationic and anionic states are markedly similar to the 
neutral derivatives of fluoro-acenes with n = 1-7. Thus, calculated re
sults reveal that the conjugation in these acenes is quite strong, and only 
slightly perturbed upon one-electron removal or addition. 

3.2.2. Electronic properties of acenes and perfluoro-acenes 
For a deeper understanding of the changes of the orbital energy 

levels, we now investigate the shapes and energy levels of HOMOs and 
LUMOs for all acenes and perfluoro-acenes with n = 1-7. These results 
are analyzed and illustrated in Figs. 4 and S6 (SI) and listed in Table S7 

Fig. 3. Structures of acenes and perfluoro-acenes for neutral, anion and cation states, n = 1-7 (from one to seven rings, Optimized (U)B3LYP/6-311++G(d,p)).  

Fig. 4. Correlations of characteristic energetic parameters and ring number for acenes and perfluoro-acenes (r2 ≈ 0.99).  
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(SI). In general, delocalization in acenes and their F-derivatives is driven 
by electron density at π(C = C) bonding orbitals as displayed in HOMOs. 
Electron density is also manifested at their π*(C = C) and σ*(C-C) anti- 
bonding LUMOs. Replacement of H by F atoms again leads to a higher 
electron density and delocalization. 

Frontier orbitals (FMO) are crucial for understanding reaction 
mechanism of organic molecules. A change in FMO shapes and levels 
leads to a change in reaction pathway and band gaps. Moreover, when 
one electron is removed from, or added to, FMOs lead to changes in 
structure. Figure S6 shows that the shapes of HOMOs/SOMOs and 
LUMOs at neutral and ionic states in acenes/perfluoro-acenes are 
slightly different from each other. This implies small changes in the 
structure and HOMO-LUMO gaps. A significant difference appears at 
n = 1 for the LUMOs of benzene and perfluoro-benzene. Hence, the high 
symmetry of LUMO of perfluoro-benzene brings in substantial changes 
to the anionic states. 

The energy gap (Eg) of a molecule is also a key parameter for eval
uating its electronic behaviour. Figure 4 illustrates the variations of Eg 
values as function of the number of benzene ring N in acenes/perfluoro- 
acenes. Table 4 summarizes these expressions obtained as in equations 
(1) and (2) for acenes and perfluoro-acenes, respectively. In comparison 
to acenes, formation of C-F bonds affects in reducing the energy gap by 
ca. 0.3 eV for all N sizes. Similarly, a good correlation between energy 
gaps and number of rings for perfluoro-acenes is observed. Substitutions 
by F atoms induce strong polarization of C-F bonds which can bring 
significant changes in the electronic structure and energy gaps of fluoro- 
derivatives in relative to acenes. Delocalization of electron densities in 
acenes is focused on benzene rings whereas in perfluoro-acenes, electron 
densities are delocalized at both benzene rings and C-F bonds (see 
Figure S6). Hence, the π-electron conjugation observed for F-derivatives 
is more expanded. The band gaps become smaller for fluoro-acenes, as 
the trend of reducing energy gap in larger fused ring systems for 
perfluoro-acenes achieves a higher correlation (Fig. 4). 

Electron affinities (EAs) of acenes and perfluoro-acenes behave in a 
proportional relationship with the ring numbers N (cf. Fig. 4). EA values 
for both benzene and anthracene are calculated to be negative (cf. 
Table S8), implying that the corresponding anions are not stable with 
respect to electron detachment, in agreement with an earlier study [13]. 
The larger positive EAs in perfluoro-acenes are thus the result of a 
remarkable effect of perfluorination [13]. In perfluoro-acenes, the 
electron density is located at both ring π-electrons (center) and C-F 

bonds (F side). This effect is illustrated in Figure S6 (SI). The Cδ+-Fδ- 

polarity due to the electronegativity of F atom, and the larger electron 
delocalization in LUMOs of perfluoro-acenes makes them more conve
niently attracting one electron and stabilizing the resulting anion. Good 
curved correlations between EA values and benzene-ring number N 
emerge, as shown in Fig. 4, and the correlation expressions (3) for acenes 
and (4) for perfluoro-acenes are established as shown in Table 4. 

Other characteristic parameters including ionization energy (IE) and 
hardness (η) are also illustrated in Fig. 4 and listed in Table S9 (SI). In 
fact, IE values are again found to be correlated with the benzene-ring 
number N as expressed in equations (5) for acenes and (6) for 
perfluoro-acenes (cf. Table 4). The hardness is often regarded as an 
important parameter for evaluating the reaction capacity of a molecule 
[38]. Here, some correlations between both parameters, hardness and 
benzene-ring number N, are also found in equations (7) for acenes and 
(8) for perfluoro-acenes in Table 4. Hardness values of acenes are 
slightly larger than those of perfluoro-acenes, resulted from changes in 
their EAs and IEs. Replacement of H by F atoms leads to lower ionization 
ability and larger IEs with a constant of ~ 0.8 eV. Similarly, the hardness 
of acenes is larger than that of fluoro-derivatives, with a constant of ~ 
0.2 eV. The changes of hardness values are followed by correlations as 
illustrated in Fig. 4. 

Fluorination effect is equally observed in the binding energy of C-H 
bonds in acenes. The BDE(C-H) values in CH4, C6H6 and C6HF5 are 426, 
456 and 483 kJ.mol-1, respectively. Indeed, larger binding energy for C- 
H bond is computed in C6HF5 as compared to C6H6 and CH4 (cf. 
Table S10). Besides, these calculated BDE(C-H) values are reasonable 
with a slightly difference of 5-16 kJ.mol-1 as compared to experimental 
data [48]. 

To probe further the electron delocalization of acenes and their F- 
derivatives, some selected monomers are now examined using the 
anisotropy of their induced current density (ACID) [49,50]. The ACID 
map is an efficient method for evaluating the degree of electron delo
calization of conjugated rings on the basis of the magnetic indicator. The 
ACID isosurfaces of benzene, heptacene and their perfluoro-derivatives 
are calculated at the standard value of 0.05 and the current density 
vectors are plotted in Fig. 5 onto these ACID isosurfaces. The current 
density vectors emphasized by ACID analysis indicate a strong diatropic 
ring current along peripheral C-C bonds, which agrees well with previ
ous studies [49,50]. The critical isosurface values (CIVs) are known in 
previous report [51] and understood in ref. [50]. Accordingly, they are 
ACID values at delocalized critical points. A higher CIV implies a 
stronger delocalization of electron density. As displayed in Fig. 5, the 
CIVs for C-C peripheral bonds in benzene and perfluorobenzene amount 
to 0.09 and 0.06, respectively. Consistent with previous studies [49,50], 
the largest degree of delocalization of the C-C peripheral bonds belongs 
to the central three-ring anthracene system in heptacene and per
fluoroheptacene which exhibit CIVs of 0.10-0.11 and 0.08-0.09, 
respectively. The weakest CIV degree is found at the terminal rings in 
heptacene and its F-derivative with CIVs of ca. 0.05 and 0.09, respec
tively. The CIVs for C-F bonds in F-benzene and F-heptacene correspond 
each to 0.07. Indeed, perfluorination in these acenes leads to a decrease 
of density at C-C bonds and an increase at C-F bonds. For larger species 
like heptacene, a stronger electron delocalization is attained in com
parison to benzene. 

3.3. Oligomers of silole and their F-derivatives 

3.3.1. Geometries of neutral, anionic and cationic states 
The oligomers are examined from one to seven units of silole ring and 

are designed with anti-fused rings when considering electronic proper
ties. The F-derivatives are formed by replacement of H at sites by F 
atoms following three ways: i) at Si-H bonds (siloles Si-F), ii) at C-H 
bonds (siloles C-F) and iii) at both Si-H and C-H bonds (perfluoro- 
siloles), as given in Fig. 6. Cartesian coordinates and total energies of 
these optimized geometries are collected in Table S6 (SI). 

Table 4 
High curved correlation equations of energetic parameters and ring number (N) 
for investigated systems.  

Acenes 

Eg(1)=8.277e-0.383N +

0.928 (1) 
Eg(2)=8.000e-0.362N +

0.657 (2) 

EA(1) = 5.38e-0.366N +

5.32 (3) 
EA(2) = 4.93e-0.366N +

6.23 (4) 

IE(1) = -4.972e-0.200N +

3.443 
(5) IE(2) = -4.972e-0.200N +

4.604 
(6) 

η(1) = 2.139 + 9.976e- 

0.283N (7) η(2) = 1.621 + 9.566e- 

0.257N (8) 

Oligomers 
of silole 

Eg(1) = 4.714e-0.399N +

1.633 (9) 
Eg(2) = 4.833e-0.497N +

1.757 (10) 

Eg(3) = 4.760e-0.433N +

1.527 (11) 
Eg(4) = 4.959e-0.550N +

1.601 (12) 

EA(1) = -3.480e-0.337N 

+ 2.707 
(13) EA(2) = -3.163e-0.423N 

+ 2.828 
(14) 

EA(3) = -4.709e-0.361N 

+ 4.165 
(15) EA(4) = -4.525e-0.454N 

+ 4.272 
(16) 

IE(1) = 4.045e-0.340N +

5.638 (17) 
IE(2) = 3.869e-0.299N +

5.724 (18) 

IE(3) = 3.006e-0.236N +

6.728 
(19) 

IE(4) = 3.067e-0.289N +

6.753 
(20) 

η(1) = 7.517e-0.339N +

2.935 
(21) η(2) = 6.949e-0.350N +

2.940 
(22) 

η(3) = 7.731e-0.331N +

2.607 
(23) η(4) = 7.233e-0.358N +

2.631 
(24)  
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Fig. 6 shows stable structures of siloles and perfluoro-siloles systems 
with symmetry point groups. F-substitutions induce only slight changes 
in geometrical structures. The point groups remain unchanged for F- 
substituted derivatives, also for anionic/cationic states. Hence, removal 
of one electron from, or addition of one electron to neutral silole or 
perfluoro-silole makes only minor changes in structures of anionic/ 
cationic states. This can be viewed by π-electrons of C = C bonds in 
siloles indicated by HOMO, LUMO shapes (cf. Figure S7, SI). 

3.3.2. Electronic properties of oligomers of silole and their F-derivatives 
The shapes of HOMOs and LUMOs for oligomers of silole and 

perfluoro-silole are depicted in Figure S7 (SI), where the HOMOs are 
almost populated at C = C double bonds and a small addition at F atoms 
in silole (H/F) rings. For LUMOs, the electron density is located at anti- 
bonding orbitals of Si-C and C-C bonds. Table S11 (SI) shows that a F- 
substitution expectedly reduces the energy gaps considerably; the en
ergy gap is significantly reduced as the number of fluorine atoms rises. 
Hence, the energy gap is lowered to a large extent for perfluoro-siloles. A 
good correlation (r2 ≈ 0.99) between the energy gaps and the number N 
of silole units can again be established (cf. Fig. 7). 

Furthermore, changes in EA values for the oligomers of silole are 
substantial upon replacement of H by F for these oligomers going from 
n = 1 to 7. The effects of F-substitution to LUMO levels are significant 
and in agreement with results mentioned above for the monomers [13, 
28]. When a H is substituted by an F, EA values become almost twice as 
large (see Table S12, SI). 

Ionization energy (IE) and hardness (η) of oligomers of silole and 

perfluoro-silole compounds are also evaluated. These values are pre
sented in Table S13 (SI) and illustrated in Fig. 7. F-substitution on the C 
atoms of π-conjugated ring leads to a decline of IE and hardness values as 
compared to non-substituted counterparts. Frontier orbital gaps, IE and 
η values drop along with an increasing number of fused rings of oligo
mers (see Fig. 7). Overall, highly curved correlations between energetic 
properties including Eg, EA, IE, η and N of oligomers of silole and their F- 
derivatives are again established and expressed in Table 4. The indices 
given as (1,2,3,4) denote for siloles, siloles (C-F), siloles (Si-F) and 
perfluoro-siloles, respectively. The equations (9)-(12), (13)-(16), (17)- 
(20) and (21)-(24) equations are presented for correlations of Eg, EA, IE 
and η parameters with respect to the number of silole units N, respec
tively. Hence, changes in energetic properties are found in the ordering 
of siloles > siloles (C-F) > siloles (Si-F) > perfluoro-siloles in terms of Eg, 
IE, and η values. An increase of EA values is emphasized with the same 
ordering. In fact, a F-substitution of siloles at Si-H bonds yields stronger 
effects than that at C-H bonds (cf. Figure S7 and Tables S11, S12, S13), 
leading to significant changes in the trends of Eg, EA, IP and η. 

Moreover, the effects are observed on bond dissociation energies 
(BDE) of Si-H/F bonds in siloles as presented in Table S14 (SI). 
Accordingly, the BDE (Si-H) values are reduced by 10-24 kJ.mol-1 in 
C4H4SiH2 and C4F4SiH2 as compared to that of SiH4. The BDE(Si-F) 
values in C4H4SiF2 and C4F4SiF2 follow a rise by 27 kJ.mol-1 in com
parison to that of SiF4. Let us note that the calculated BDE values are 
consistent with available experimental data and other DFT study [48, 
52]. Particularly, the calculated BDE(Si-H/F) values in SiH4, C4H4SiH2, 
C4F4SiH2, SiF4, C4H4SiF2 and C4F4SiF2 molecules correspond to 371, 

Fig. 5. ACID isosurfaces of benzene, heptacene and their F-derivatives (B3LYP).  

Fig. 6. Structures of oligomers of silole and its F-derivatives with neutral, anion and cation states, n = 1-7 (optimized (U)B3LYP/6-311++G(d,p)).  
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346, 362, 648, 621 and 621 kJ.mol-1 with deviation of 13 kJ.mol-1 (3%) 
for Si-H and 50 kJ.mol-1 (7%) for Si-F, as compared to available exper
imental data. As a consequence, the BDEs of Si-F bonds are only slightly 
different from each other, whereas large changes in BDE values are 
found for Si-H bonds in F-derivatives, in comparison to non-substituted 
molecules. 

Some oligomers of silole and F-derivatives are now selected for an 
evaluation of electron delocalization by the ACID method [49,50], that 
is executed at standard isosurface values of 0.05. The corresponding 
plots are shown in Fig. 8. The ACID maps indicate strong diatropic ring 
currents in siloles and perfluoro-siloles. Similar to acenes, while the 
highest degree of electron delocalization is obtained at the ring center in 
both un- and F-substituted derivatives of siloles-7 (CIVs of ca. 
0.09-0.10), the weakest one is found at terminal rings (CIVs ca. 
0.07-0.10). In fact, a stronger delocalization is found in larger silole-7 
rings with the higher CIVs as compared to silole-1 rings. The CIVs for 
Si-F bonds of 0.07 suggest that these bonds significantly contribute in 
affecting electron delocalization of the whole structures and electronic 
properties of silole rings. Overall, the influence of fluorination in olig
omers of silole can be pointed out by a slight reduction of electron 
delocalization at C-C peripheral bonds and an enhancement at Si-F 
bonds. 

4. Concluding Remarks 

In the present theoretical study, we investigated the structural and 

thermochemical properties of the five-membered rings including siloles, 
phospholes and thiophenes, the oligomers of silole and acenes in the 
neutral, anionic and cationic states using density functional theory 
(DFT) calculations. The effects of fluorination on these molecules were 
explored upon examination of their thermochemical properties such as 
gap energy (Eg), electron affinity (EA), ionization energy (IE), proton 
affinity (PA), hardness (η), and bond dissociation energy (BDE). 

For five-membered rings, the structural changes in F-derivatives are 
relatively small with respect to non-substituted monomer. Effects of 
replacement of H by F atoms in these molecules are identified with 
significant increases of IE, EA, and a decrease of PA, Eg values. In the 
related acene systems, while structures of anionic/cationic states are 
slightly distorted for n = 1, 2, they remain almost similar for n = 3‒7 
(with n being ring number) in comparison to their neutral states. 

For oligomers of silole, the geometries of neutral and anion/cation 
states are noted with slight differences from each other for all n values. 
Fluorinated substitutions on silole rings lead to an increase in EA, IE and 
BDE, and a reduction in FMO energy gap and hardness values. Excellent 
correlations between energetic properties and number of silole/benzene 
units are identified for both series of silole and acene oligomer systems. 
More importantly, the cooperative effects of C-F and Si-F bonds, that 
replace C-H and Si-H bonds in acenes and siloles, lead to more signifi
cant changes of their characteristics. For siloles and phospholes, the 
effects exerted upon of replacement of H by F atoms at the Si/P-H bonds 
are more substantial than those at C-H bonds. Fluorination strongly af
fects the electron delocalization at C-C peripheral bonds in acenes and 

Fig. 7. Correlations of gap energies, electron affinity, ionization energy, hardness with ring number for oligomers of silole and their F-derivatives (r2 ≈ 0.99).  
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oligomers of silole, and also at the C-F/Si-F bonds of their F-derivatives. 
Remarkably, the largest EA is achieved in perfluoro-siloles whose EA 
value of ~4.2 eV is found for perfluoro-silole-7, more than 1.3 times as 
large as the EAs of perfluoro-heptacenes. 
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