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Abstract In this paper, we theoretically studied the
geometries, stabilities, and the electronic and thermody-
namic properties of 4H-cyclopenta[2,1-b,3;4-b′]dithiopene
S-oxide derivatives (BTO-X, with X = BH2, SiH2, S, S=O,
or O) using semi-empirical methods, ab initio methods, and
density functional theory. The geometries and thermody-
namic parameters calculated by PM3 were in good
agreement with those calculated with B3LYP/6-31 G*.
The band gap calculated using B3LYP/6-31 G* ranged
from 3.94 eV (BTO-O) to 3.16 eV (BTO-B). The
absorption λmax calculated using B3LYP/6-31 G* was
shifted to longer wavelengths when X = BH2, SiH2, or
S=O (due to their electron-withdrawing effects) and to
shorter wavelengths for BTO-S and BTO-O as compared to
the λmax for the thiophene S-oxide (2TO) dimer. The
changes in ΔH°, ΔS°, and ΔG° calculated using both
semi-empirical and DFT methods were quite similar.

Keywords Density functional theory (DFT) . Semi-
empirical (PM3) . 4H-cyclopenta[2,1-b,3;4-b′]dithiopene
S-oxide derivatives

Introduction

Conjugated polymers have attracted considerable interest in
recent years because of their promise in electronic applica-
tions, such as in batteries [1–5], electroluminescent devices
[6], field-effect transistors [7], and photovoltaics [8].

Oligothiophenes are perhaps the most thoroughly investi-
gated and well-characterized conjugated polymer systems [9–
12]. These one-dimensional semiconductors are potentially
important candidates for a broad range of applications in the
ever-growing field of molecular electronics, including
molecular wires and switches—for example as light-
emitting diodes and field-effect transistors [13–18].
However, monitoring changes in the band gap is a way to
control the electrical properties of polythiophenes, which are
strongly governed by the intramolecular delocalization of π-
electrons along the conjugation chain [19]. Thiophene-related
molecules such as thiophene 1,1-dioxide and thiophene S-
oxide have also been investigated [20] in studies of their
synthesis, their reactivity as dienes in Diels–Alder reactions
[21], and their photochemical and electrochemical behavior
[22]. The orbital energies and electrochemical properties of
thiophene S-oxide monomers have been studied theoretically
using PM2/6-31 G* [23].

In this paper, we describe theoretical studies performed
by the authors on the geometric and electronic structures of
some bridged oligothiophene octamers with bridges con-
taining electron-accepting groups such as C=O, C=S and
C=C(CN)2 [24–26], as part of an overall strategy to reduce
the band gap. In this paper, we will theoretically investigate
the structure, electronic, and thermodynamic properties of
bridged bithiophene S-oxide (BTO-X) with the bridges X =
S, S=O, O, SiH2, and BH2. The results will be compared
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with those obtained for the unbridged thiophene S-oxide
dimer (2TO).

Computational methods

All calculations associated with the unbridged and 4H-
cyclopenta[2,1-b,3;4-b′]dithiopene S-oxide (BTO) deriva-
tives were performed with the Spartan 06 program [27]
implemented on an Intel Pentium M 1.7 GHz computer.
The geometries of the [2,2′]dithiopene S-oxide (2TO) and
bridged dithiophene S-oxide (BTO) derivatives were fully
optimized using semi-empirical methods (AM1 and PM3),
ab initio calculations (Hartree–Fock), and density function-
al theory (Beckes’s three-parameter hybrid [28] functional)
employing the Lee, Yang and Parr correlation functional
B3LYP [29]). The basis set 6–31 G* was used for all atoms
in the ab initio methods; this set has already been used by
several researchers studying polythiophenes [24, 25, 30–
34]. The absorption transitions were calculated from the
optimized geometry in the ground state S0 using time-
dependent DFT (TD-DFT) theory [35, 36]. We also
examined the HOMO and LUMO levels; the energy gap
was evaluated as the difference between the HOMO and
LUMO energies.

Results and discussion

Geometries and stabilities

The optimization of the geometric structures of the 4H-
cyclopenta[2,1-b,3;4-b′]dithiopene S-oxide derivatives
(Fig. 1) was carried out using both semi-empirical and
DFT quantum-mechanical methods. In all cases, the
geometry was fully optimized without any geometric
restrictions, and the analysis of the vibrational frequencies
did not give any negative frequency. Generally, the bond
lengths calculated by B3LYP/6-31 G* were slightly

different from those calculated by PM3. For instance, the
values of C4–C5 calculated by PM3 and DFT were 1.445
and 1.422Å for BTO-B, 1.442 and 1.445Å for BTO-Si,
1.411 and 1.408Å for BTO-S, 1.435 and 1.431Å for BTO-
SO, 1.418 and 1.419Å for BTO-O, and 1.440 and 1.433 for
2TO, respectively. The overall mean differences in the bond
lengths calculated by PM3 and DFT were 0.014, 0.032, and
0.018Å for BTO-S, BTO-SO, and BTO-O, respectively, but
0.015Å for both BTO-B and BTO-Si. However, the
insertion of the bridge X had a profound effect on the
geometries of the 4H-cyclopenta[2,1-b,3;4-b′]dithiopene S-
oxide derivatives as compared to that of 2TO (Table 1); the
insertion of X led to an increase in the C3–C4 (C5–C8) bond
length and a decrease in the C4–C5 bond length (except in
BTO-Si). The mean differences in the bond angles in
bridged BTO derivatives calculated by PM3 and DFT were
1.00°, 1.18°, 1.27°, 1.02°, and 0.57° for BTO-B, BTO-Si,
BTO-S, BTO-SO, and BTO-O, respectively. The largest
difference in bond angle between PM3 and B3LYP/6-31 G*
was observed for C1–C2–C3 (C6–C7–C8) in BTO-B, BTO-
S, BTO-SO, and BTO-O, and C3–C4–C5 (C8–C5–C4) in
BTO-Si and 2TO.

Generally, the dihedral angles of the bridged BTO-X
derivatives (with bridge X = BH2, SiH2, S, S=O, or O)
showed distortions from planarity, although the insertion of
X into 2TO increased the planarity. The internal conforma-
tional restrictions resulting from the bridging of two
thiophene rings (which lead to the increase in planarity)
could enhance the conductivity of BTO. However, this is
dependent on the nature of X. There were differences in the
dihedral angles calculated by both theoretical methods. For
instance, the dihedral angles C1–S1–C4–C5 (C2–C3–C4–C5)
calculated with PM3 were −178.29° (178.37°), −179.52°
(179.82°), −178.53° (179.48°), 178.64° (−179.06°),
178.37° (179.88°), and −175.04° (176.69°) for BTO-B,
BTO-Si, BTO-S, BTO-SO, BTO-O, and 2TO, respectively,
while those calculated by B3LYP/6-31 G* for the same
dihedral angles were −177.68° (177.57°), 177.86°
(−177.20°), 175.40° (−176.93°), 173.55° (−176.25°),
164.63° (−172.70°), and −175.15° (178.91°) for BTO-B,
BTO-Si, BTO-S, BTO-S, BTO-O, and 2TO, respectively.

Electronic properties

The HOMO and LUMO energies and band gaps calculated
by the semi-empirical (AM1 and PM3) and ab initio (HF/6-
31 G* and B3LYP/6-31 G*) methods are shown in Table 2.
To further illustrate the properties of bridged BTO
derivatives, some frontier molecular orbital levels obtained
from B3LYP/6-31 G* are shown in Fig. 2. In the BTO-B
structure, HOMO-1 and HOMO-3 as well as LUMO+2 and
LUMO+3 were doubly degenerate, respectively. In the case

Fig. 1 The structure of and atom numbering scheme used for 4H-
cyclopenta[2,1-b,3;4-b′]dithiopene S-oxide derivatives (BTO-X; X =
CH2 for BTO; X= S for BTO-S; X = S=O for BTO-SO; X = O for
BTO-O; X = SiH2 for BTO-Si; X = BH2 for BTO-B)
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of BTO-S, HOMO and HOMO-3 were doubly degenerate,
whereas in BTO-SO, HOMO-1 and HOMO-3 were doubly
degenerate. However, in BTO-O and BTO-Si, HOMO-1
was degenerate, while HOMO-1, LUMO+2 and LUMO+3
were degenerate in 2TO (Fig. 2).

There were systematic changes in the HOMO and
LUMO energies as various X groups (X = BH2, SiH2, S,
S=O, or O) were introduced to bridge the dithiophene S-
oxide dimer. The band gap energies (EHOMO–LUMO)
calculated for bridged BTO derivatives containing X (X =
S or O) were larger than that of 2TO, so there was more
localization of the π-electrons in BTO-S and BTO-O.
However, BTO-BH2, BTO-Si, and BTO-SO had smaller
band gaps than 2TO, which could ease the oxidation of
these molecules, leading to better conductivity. The band
gap calculated using B3LYP/6-31 G* ranged from 3.94 eV
(BTO-O) to 3.16 eV (BTO-B), as compared to 3.45 eV for
2TO. The DFT band gaps of the compounds studied in this
work can be ordered as follows: BTO-B < BTO-SO <
BTO-Si < 2TO < BTO-S < BTO-O.

The electronic spectra derived from transitions of
valence electrons (which lead to adsorption in the UV-
visible) were studied theoretically, in order to investigate
the differences between 2TO and the X-bridged derivatives
(X = BH2, SiH2, S, S=O, or O), and the results are shown in
Table 2. It was found that with X = BH2, SiH2, and S=O,
λmax was shifted to longer wavelengths due to the electron-
withdrawing effects of these groups, while λmax was shifted
to shorter wavelengths for BTO-S and BTO-O due to the
electron-donating effects of the bridging groups for these
compounds, as compared to λmax for the BTO-CH2 analog
[37, 38]. For example, the calculated λmax values for BTO-
B and BTO-O were 536.21 and 328.53 nm, respectively, as
compared to 360.95 nm for 2TO, which were in accordance
with the band gap shifts calculated with the DFT method
(Table 2).

The IR frequencies calculated with the DFT method for
the molecular structures in their S0 ground electronic states
are shown in Table 3. The prominent bands in the
calculated spectra were 1320 cm−1 in BTO-B, 1450 cm−1

Table 1 Calculated geometries of bridged BTO-X derivatives (with X = BH2, SiH2, S, S=O, or O) obtained using PM3 and B3LYP/6-31G*
methods. Bond lengths are in Å; bond angles and dihedral angles are in degrees

2TO BTO-B BTO-Si BTO-S BTO-SO BTO-O

PM3 B3LYP/
6-31G*

PM3 B3LYP/
6-31G*

PM3 B3LYP/
6-31G*

PM3 B3LYP/
6-31G*

PM3 B3LYP/
6-31G*

PM3 B3LYP/
6-31G*

C1–S1 (C6–S2) 1.783 1.784 1.803 1.816 1.788 1.794 1.795 1.814 1.788 1.801 1.813 1.822

C4–S1 (C5–S2) 1.812 1.826 1.793 1.808 1.796 1.805 1.787 1.812 1.789 1.811 1.774 1.807

C1–C2 (C6–C7) 1.346 1.352 1.369 1.364 1.350 1.353 1.348 1.349 1.351 1.354 1.351 1.350

C2–C3 (C7–C8) 1.461 1.449 1.431 1.435 1.446 1.452 1.452 1.450 1.448 1.442 1.448 1.440

C3–C4 (C5–C8) 1.355 1.363 1.445 1.422 1.371 1.372 1.398 1.382 1.378 1.365 1.401 1.337

C4–C5 1.440 1.433 1.374 1.386 1.442 1.445 1.411 1.408 1.435 1.431 1.418 1.419

C3–X (C8–X) - - 1.574 1.607 1.835 1.888 1.717 1.747 1.787 1.822 1.374 1.366

C1–S1–C4
(C5–S2–C6)

89.17 90.18 88.29 86.85 88.89 89.15 88.87 88.67 88.79 89.06 88.76 88.72

C1–C2–C3
(C6–C7–C8)

113.28 114.04 113.11 114.21 112.59 113.76 111.88 111.83 111.98 111.67 109.57 110.01

C2–C3–C4
(C7–C8–C5)

113.08 114.15 111.70 110.38 113.42 112.66 111.33 114.94 113.45 115.66 115.78 117.49

C3–C4–C5
(C7–C5–C4)

124.64 128.99 110.49 111.49 115.45 117.52 111.44 112.66 112.40 113.68 105.42 105.51

C1–S1–C4–C5
(C6–S2–C5–C4)

−175.04 −175.15 −178.29 −177.68 −179.52 177.68 −179.53 175.40 178.63 173.55 178.37 164.63

C2–C1–S1–C4
(C7–C6–S2–C5)

−7.25 −13.12 −7.07 −9.89 −6.77 11.81 −6.34 −10.31 −7.03 −11.24 −6.68 −11.59

C1–C2–C3–X
(C6–C7–C8–X)

- - 178.60 176.78 178.53 179.75 178.81 −178.75 172.83 171.02 179.83 −174.82

C2–C3–C4–C5
(C7–C8–C5–C4)

176.69 178.91 178.37 177.57 179.82 −177.20 179.48 −176.93 −179.06 −176.25 179.88 −172.70

C1–C2–C3–C4
(C6–C7–C8–C5)

0.07 0.22 −0.12 0.78 0.03 0.22 −0.23 0.01 −0.13 1.95 −0.29 0.47

C4–C3–X–C8
(C5–C8–X–C3)

- - 0.26 0.04 −0.37 −0.89 −0.09 −0.76 −8.09 −12.06 0.03 −1.39
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in BTO-Si, 1510 cm−1 in BTO-SO, 1516 cm −1 in BTO-O,
1485 cm−1 in BTO-S, and 1521 cm−1 in 2TO. The terminal
C=C stretching modes for the rings in the dithiophene
derivatives and the Raman-active (C=C)stretch mode in the
oligoene were used to establish a structure–property
relationship for the compounds [39, 40]. In this work, an
attempt was made to correlate the terminal C=C stretching
modes (i.e., the stretching modes of C1–C2 and C6–C7) in

the IR spectra as calculated with DFT for the modeled
molecules. It was found that the terminal C=C stretching
modes of BTO-B, BTO-SO, and BTO-Si were correlated
with the C4–C5 bond length and λmax in the UV-visible
absorption spectrum. The higher the terminal stretch mode,
the greater the value of λmax, and the shorter the C4–C5

bond length; i.e., 1486 cm−1 (BTO-B) → 1575 cm−1 (BTO-
SO) → 1577 cm−1 (BTO-Si), and 1.386 Å (BTO-B, λmax=
536.21) → 1.431 Å (BTO-SO, λmax=478.60) → 1.445 Å
(BTO-Si, λmax=411.92).

Thermodynamic properties

The standard thermodynamic properties at 298 K calculated
with all of the methods used in this work are listed in
Table 4. These data were used to determine the thermody-
namics of the insertion of X to bridge 2TO. It was observed
that the Gibb’s free energy values obtained from PM3 were
in good agreement with those from DFT calculations [39],
except in the cases of BTO-B and BTO-Si, which could be
due to poor parameterization of boron and silicon in the
PM3 method [41]. For instance, the values of G° calculated
with PM3 (DFT) for 2TO, BTO-S, BTO-SO, and BTO-O
were 217.48 (218.64), 167.82 (166.45), 170.94 (167.70),
and 178.85 (175.74), respectively. The calculated values of
ΔH° showed that the insertion of X into 2TO was always
an exothermic process (except for the insertion of BH2) and

Table 2 Calculated HOMO energies (eV), LUMO energies (eV), band gaps (eV), λmax (nm), and oscillator strengths (OS) for BTO derivatives,
as obtained by various methods

Compound Calculation method HOMO LUMO Band gap aShift in band gap λmax (OS)

2TO AM1 −9.29 −1.45 7.84 - -

PM3 −9.51 -.1.43 8.08 - -

B3LYP/6-31G* −6.12 −2.67 3.45 - 360.95 (0.26)

BTO-B AM1 −9.49 −2.34 7.15 −0.69 -

PM3 −9.60 −2.64 6.96 −1.12 -

B3LYP/6-31G* −6.55 −3.39 3.16 −0.29 536.21 (0.05)

BTO-Si AM1 −9.26 −1.71 7.55 −0.23 -

PM3 −9.26 −1.60 7.66 −0.42 -

B3LYP/6-31G* −6.24 −3.00 3.24 −1.12 411.97 (0.20)

BTO-S AM1 −9.21 −1.48 7.73 −0.11 -

PM3 −9.36 −1.89 7.47 −0.62 -

B3LYP/6-31G* −6.36 −2.55 3.81 +0.36 341.79 (0.23)

BTO-SO AM1 −9.62 −2.20 7.42 −0.42 -

PM3 −9.66 −2.35 7.31 −0.77 -

B3LYP/6-31G* −6.66 −3.39 3.27 −0.18 478.60 (0.04)

BTO-O AM1 −9.25 −1.42 7.83 −0.01 -

PM3 −9.49 −1.58 7.91 −0.17 -

B3LYP/6-31G* −6.34 −2.40 3.94 +0.48 328.53(0.30)

a The shift in the band gap (eV) was the difference between the band gaps of the bridged BTO-X and 2TO

Fig. 2 Partial molecular orbital energy diagram for bridged BTO-X
compounds and 2TO, as calculated with the B3LYP/6-31 G* method
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was feasible based on the results of ΔG°, so these
insertion reactions were thermodynamically favorable. The
ΔH°, ΔS°, and ΔG° values calculated using both the semi-
empirical and DFT methods were quite similar. The heats of
formation calculated with PM3 for 2TO, BTO-B, BTO-Si,
BTO-S, and BTO-SO were higher than that of AM1, which
could be due to the overestimation of the bond dissociation
energy (BDE) by the AM1 method, since the BDE
represents the difference between the enthalpies of the
molecules (Table 3).

Conclusions

The geometric and electronic structures, UV-visible
absorption bands, and changes in the thermodynamic
parameters (standard enthalpy, standard entropy, and
standard Gibb’s free energy) of bridged dithiophene S-

oxide (BTO-X) derivatives were investigated through
quantum chemistry calculations using semi-empirical
(AM1 and PM3) and B3LYP/6-31 G* methods. The
mean differences between the bond lengths calculated by
PM3 and DFT were 0.014, 0.032, and 0.018Å for BTO-S,
BTO-SO, and BTO-O, respectively, and 0.015Å for both
BTO-B and BTO-Si. However, the insertion of the bridge
X has a profound effect on the geometries of the bridged
dithiophene S-oxide derivatives as compared to that of
2TO. The values of the thermodynamic parameters
calculated by PM3 and DFT were in good agreement,
except in the cases of BTO-B and BTO-Si, due to the
poor parameterization of boron and silicon in the PM3
method. The wavelength of most intense UV-visible
absorption λmax was shifted to longer wavelengths in
BTO-B, BTO-Si, and BTO-SO and to shorter wave-
lengths in BTO-S and BTO-O compared to that of the
BTO-CH2 analog.

Table 3 Vibrational frequencies
(cm−1) for C–C double bonds
calculated with the DFT/
B3LYP/6-31G* method

a Terminal C=C stretching
modes

BTO-B BTO-Si BTO-SO BTO-O BTO-S 2TO Assignment

1320 1450 1510 1414 1471 1521 (C=C)stretch
1486a 1479 1575a 1516 1485 1618a

1577a 1592a 1587a

Table 4 Standard enthalpies (H°), standard entropies (S°), standard Gibb’s free energies (G°), and heats of formation (Hf) of the compounds
calculated using various methods at 298 K

Compound Calc. method H° (kJ/mol) S° (J/mol) G° (kJ/mol) Hf (kJ/mol) *ΔH° (kJ/mol) *ΔS° (kJ/mol) *ΔG° (kJ/mol)

2TO AM1 355.94 419.73 230.80 119.07 - - -

PM3 345.66 429.92 217.48 144.58 - - -

B3LYP/6-31G* 346.63 429.26 218.64 - - - -

BTO-B AM1 363.96 429.91 225.78 343.50 +8.02 +10.91 −5.80
PM3 342.83 439.76 211.72 346.38 −2.82 +9.84 −5.76
B3LYP/6-31G* 346.74 444.52 214.43 - +0.11 +15.26 −4.21

BTO-Si AM1 347.84 441.36 216.25 128.10 −8.10 +21.63 −14.55
PM3 336.15 448.89 202.31 169.38 −9.51 +18.91 −15.17
B3LYP/6-31G* 340.35 452.86 205.33 - −6.28 +23.60 −13.31

BTO-S AM1 305.66 422.00 179.84 130.50 −50.28 +2.27 −50.96
PM3 296.96 433.13 167.82 186.53 −48.70 +3.21 −49.66
B3LYP/6-31G* 296.13 434.98 166.45 - −50.70 +5.71 −52.19

BTO-S = O AM1 316.74 448.13 186.55 84.05 −39.20 +28.40 −44.25
PM3 307.46 457.90 170.94 125.77 −38.20 +27.98 −46.54
B3LYP/6-31G* 307.40 468.55 167.70 - −39.23 +39.29 −50.94

BTO-O AM1 313.16 414.47 189.58 106.20 −42.78 −5.26 −41.22
PM3 304.61 421.81 178.85 82.08 −42.05 −8.11 −38.63
B3LYP/6-31G* 302.87 427.09 175.54 - −43.76 −2.17 −43.10

*ΔH°, ΔS°, and ΔG° are the differences in the values of H°, S°, and G° for BTO-X and 2TO, respectively

J Mol Model (2012) 18:2755–2760 2759



References

1. Nalwa HS (1997) Handbook of organic conductive molecules and
polymers. Wiley, New York

2. Elsenbaumer RL, Skotheim T, Reynolds JR (1998) Handbook of
conductive polymers. Dekker, New York

3. Mullen K, Wegner G (1997) Electronic materials: the oligomer
approach. Wiley-VCH, Weinheim

4. Fichou D (1999) Handbook of oligo- and polythiophenes.
Wiley-VCH, Weinheim

5. Nguyen VC, Potje-Kamloth K (1999) Electrical and chemical
sensing properties of doped polypyrrole/gold Schottky barrier
diodes. Thin Solid Films 338:142–148

6. Gill RE, Malliaras GG, Wildeman J, Hadziioannou G (1994)
Tuning of photo- and electroluminescence in alkylated polythio-
phenes with well-defined regioregularity. Adv Mater 6:132–135

7. Garnier F, Horowitz G, Peng X, Fichou D (1990) An all-organic
"soft" thin film transistor with very high carrier mobility. Adv
Mater 2:592–594

8. Wang G, Qian S, Xu J, Wang W, Liu X, Lu X, Li F (2000)
Enhanced photovoltaic response of PVK/C60 composite films.
Physica B 279:116–119

9. Roncali J (1992) Conjugated poly(thiophenes): synthesis,
functionalization, and applications. Chem Rev 92:711–738

10. Roncali J (1997) Synthetic principles for bandgap control in linear
pi-conjugated systems. Chem Rev 97:173–205

11. Parente V, Pourtois G, Lazzaroni R, Bredas JL, Ruani G, Murgia
M, Zamboni R (1994) The vibrational signature of the aluminum/
polythiophene Interface. Adv Mater 10:319–324

12. van Haare JAEH, van Boxtel M, Janssen RAJ (1998) Pi-dimers of
prototype high-spin polaronic oligomers. Chem Mater 10:1166–
1175

13. Dobadalapur A, Torsi L, Katz HE (1995) Organic transistors: two-
dimensional transport and improved electrical characteristics.
Science 268:270–271

14. Dobadalapur A, Katz HE, Torsi L, Haddon RC (1995) Organic
heterostructure field-effect transistors. Science 269:1560–1562

15. Horowitz G (1998) Organic field-effect transistors. Adv Mater
10:365–377

16. Fichou D (2000) Structural order in conjugated oligothiophenes
and its implications on opto-electronic devices. J Mater Chem
10:571–588

17. Noda T, Shirota Y (1998) 5,5-Bis(dimesitylboryl)-2,2-bithiophene
and 5,5-bis(dimesitylboryl)-2,2:5,2-terthiophene as a novel family
of electron-transporting amorphous molecular materials. J Am
Chem Soc 120:9714–9715

18. Noma N, Tsuzuki T, Shirota Y (1995) Preparation and electrical
conductivities of oligothiophene radical-cation salts. Adv Mater
7:647–652

19. Bredas JL (1985) Relationship between band gap and bond length
alternation in organic conjugated polymers. Chem Phys 82:3808–
3811

20. Lukevics E, Arsenyan P, Belyakov S, Pudova O (2002) Molecular
structure of thiophene 1,1-dioxides, thiophene S-oxides, and their
derivatives. J Hetero Compd 38:632–645

21. Thiemann T, Walton DJ, Brett AO, Iniesta J, Marken F, Li YQ
(2009) Thiophene S-oxides and related compounds (Issue 5th
Eurasian Conf on Heterocyclic Chem). ARKIVOC 6:96–113

22. Thiemann T, Ohira D, Arima K, Sawada T, Mataka S, Marken F,
Compton RG, Bull SD, Davies SG (2000) The photochemical and
electrochemical behaviour of thiophene-S-oxides. J Phys Org
Chem 13:648–653

23. Bongini A, Barbarella G, ZambainchiM, Arbizzani C,Mastragostino
M (2000) Thiophene S-oxides: orbital energies and electrochemical
properties. Chem Commun 439–440

24. Bouzzine SM, Bouzakraoui S, Bouachrine M, Hamidi M (2005)
Density functional theory (B3LYP/6-31 G*) study of oligothio-
phenes in their aromatic and polaronic states. J Mol Struct
(THEOCHEM) 726:271–276

25. Bouzzine SM, Hamidi M, Bouachrine M (2009) DFT study of
bridged oligo(bithiophene)s. Conformational analysis and opto-
electronic properties. Orbital 1:203–314

26. Aouchiche HA, Djennane S, Boucekkine A (2004) DFT study of
conjugated biheterocyclic oligomers exhibiting a very low
HOMO–LUMO energy gap. Synth Met 140:127–133

27. Wavefunction, Inc. (2006) Spartan 06. Wavefunction, Inc., Irvine
28. Becke AD (1993) Density-functional thermochemistry. III. The

role of exact exchange. J Chem Phys 98:5648–5652
29. Lee C, Yang W, Parr RG (1988) Development of the Colle–

Salvetti conelation energy formula into a functional of the electron
density. Phys Rev B 37:785–789

30. Armelin E, Bertran O, Estrany F, Salvatella R, Alemán C (2009)
Characterization and properties of a polythiophenes with malonic
acid dimethylester side group. Eur Polym J 45:2211–2221

31. Demissie TB, Admassie S, Mohammed AM, Mammo W (2010)
Effect of side chain length on the stability and structural properties
of 3-(2′,5′-dialkoxyphenyl)thiophenes: a theoretical study. Bull
Chem Soc Ethiop 24:93–102

32. de Olivera MA, de Almeida WB, Dos Santon HF (2004) Structure
and electronic properties of alkylthiophenes coupled by head-to-
tail and head-to-head regioselectivity. J Braz Chem Soc 15:832–
838

33. Dkhissi A, Belijonne D, Lazzaroni R, Louwet F, Groenendeal L,
Bredas JL (2003) Density functional theory and Hartree–Fock
studies of the geometric and electronic structure of neutral and
doped ethylenedioxythiophene oligomers. Int J Quant Chem
91:517–523

34. Amazonas JG, Guimaraes JR, Santos Costa SC, Laks B, Del Nero
J (2006) Theoretical modelling of low band-gap organic
oligomers. J Mol Struct (THEOCHEM) 759:87–91

35. Stratmann RE, Scuseria GE, Frisch MJ (1998) An efficient
implementation of time dependent density functional theory for
the calculation of excitation energies of large molecules. J Chem
Phys 109:8218–8224

36. Hirata S, Lee TJ, Head-Gordon M (1999) Time-dependent density
functional study on the electronic excitation energies of polycyclic
aromatic hydrocarbon radical cations of naphthalene, anthracene,
pyrene, and perylene. J Chem Phys 111:8904–8912

37. Casado J, Katz HE, Hernández V, López Navarrete JT (2002)
Spectroelectrochemical raman study of two end–capped sexithio-
phenes with applications as electroactive molecular materials. J
Phys Chem B 106:2488–2496

38. Semire B, Odunola OA (2011) Theoretical study on the structure and
electronic properties of 4H-cyclopenta[2,1-b,3;4-b′]dithiopene S-
oxide and its CCl2 and CF2 bridged derivatives. J J Chem (in press)

39. Oliva MM, Gonzalez SR, Casado J, Lopez Navarrete JT, Seixas
de Melo JS, Rojen S (2009) Optical properties of [all]-S,S-dioxide
oligothiophenes. Port Electrochim Acta 27:531–537

40. Liu G, Yu J (2005) Theoretical study on the structure, vibrational
frequency and thermodynamic properties of 2,3,7,8-tetrachlorinated
dibenzo-p-dioxin. J Mol Struct THEOCHEM 717:15–19

41. Banuelos Prieto J, Lopez Arbeloa F, Martınez VM, Lopez Arbeloa
I (2004) Theoretical study of the ground and excited electronic
states of pyrromethene 546 laser dye and related compounds.
Chem Phys 296:13–22

2760 J Mol Model (2012) 18:2755–2760


	Structural...
	Abstract
	Introduction
	Computational methods
	Results and discussion
	Geometries and stabilities
	Electronic properties
	Thermodynamic properties

	Conclusions
	References




