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The equilibrium geometries of α,α-ditert-butyl-4H-cyclopenta[2,1-b,3;4-b']dithiophene (DBDT) and α,α-ditert-butyl-4H-
cyclopenta[2,1-b,3;4-b']dithiophene S-oxide (DBDTO) were studied at the DFT level of theory with a standard 6-311G* basis set. 
The molecular structures of the DBDT series were more planar than the corresponding DBDTO series, as revealed by dihedral 
angles. The UV-visible absorption calculated at TD-DFT/6-311G* showed two absorption peaks for all the molecules except C=S 
and C=O bridged molecules. In DBDTOs, C=S and C=O bridged molecules showed three and four absorption peaks, respectively. 
The DBDTOs had lower band gaps and longer wavelengths compared to the corresponding DBDTs. 

Keywords: α,α-ditert-butyl-4H-cyclopenta[2,1-b,3;4-b']dithiophene; α,α-ditert-butyl-4H-cyclopenta[2,1-b,3;4-b']dithiophene S-
oxide; DFT.

INTRODUCTION

Oligothiophenes have been a prominent model for conducting 
polymers, all-organic field-effect transistor materials, and light-
-emitting devices because of their chemical/thermal stability, synthetic 
tailorability, solubility, processability, and relatively large carrier 
mobility.1-9 However, the synthesis, reactivity as dienes in Diels–Alder 
reactions, and photochemical and electrochemical behavior of other 
thiophene-related molecules such as thiophene S,S-dioxide, and 
thiophene S-oxide have also been investigated.10-20 The orbital ener-
gies and electrochemical properties of thiophene S-oxide monomers 
have been studied theoretically using MP2/6-31G*.21 The bridging 
of thiophene derivatives to modulate the electronic band gaps has 
attracted interest of researchers at both experimental and theoretical 
levels.22–32 More recently, in one of our research works the bridging 
phenomenon was extended to the study of structure, electronic, and 
thermodynamics properties of dithiophene S-oxide with X (X= S, 
S=O, O, SiH2, and BH2) as a bridge.33 

In this paper, the structural and electronic properties of α,α-
ditert-butyl-4H-cyclopenta[2,1-b,3;4-b’]dithiophene (DBDT) and 
α,α-ditert-butyl-4H-cyclopenta[2,1-b,3;4-b’] dithiophene S-oxide 
(DBDTO) derivatives were compared using a density functional 
theory method. The bridges used in this work are C=O, C=S, and 

CH2, since it has been shown that the transport properties of the 
oligothiophene skeletons are highly sensitive to the nature of the 
skeletal functionalization.34,35 

COMPUTATIONAL METHOD

The equilibrium geometries of α,α-ditert-butyl-4H-cyclopenta 
[2,1-b,3;4-b']dithiophene and α,α-ditert-butyl-4H-cyclopenta[2,1-
b,3;4-b']dithiophene S-oxide derivatives were fully optimized at DFT 
level of theory with a standard 6-311G* basis set. The DFT calcula-
tions were carried out with a three-parameter B3LYP density func-
tional, which includes Becke’s gradient exchange correction and the 
Lee, Yang, Parr correlation functions.36,37 The absorption transitions 
were calculated from the optimized geometry in the ground S0 state 
by TD-DFT/6-311G* theory. The solvation energy was calculated 
using the SM5.4 model based on semi-empirical wave functions.38 
The solvation energy is a sum of two terms: the energy required to 
create a “cavity” in the solvent (water) and the energy of electrostatic 
interactions between solvent and solute once the solute/molecule is 
“placed” in the cavity. The equilibrium geometries as well as spectra 
and any properties derived from the wave function are unaffected by 
the SM5.4 model for salvation energy calculations.39 All calculations 
were performed by a Spartan 06 program implemented on an Intel 
Pentium M 2.0 GHz Computer.40 

RESULTS AND DISCUSSION

Geometries

The selected geometries of the studied molecules shown in Figure 
1 are listed in Table 1. The calculated bond lengths for DBDTs and 
DBDTOs are slightly different. For instance, the average C1-S1 

(C4‑S1) bond lengths are 1.765 Å and 1.807 Å for DBDT and DBDTO 
respectively; thus, C1-S1 (C4-S1) bond lengths in DBDTs are shorter by 
0.042 Å. However, C1-C2 bonds are shorter in DBDTOs by ≈ 0.02 Å. 
Therefore, the shortening of terminal C1=C2 and C6=C7 bonds in the 
π-center of DBDTO compared to DBDT analogues should lead to a 
higher vibrational frequency of terminal C=C bonds in DBDTO.32,33 

Figure 1. The structure and atomic numbering of α,α-ditert-butyl-4H-
cyclopenta[2,1-b,3;4-b’]dithiophene (DBDT) and α,α-ditert-butyl-4H-
cyclopenta[2,1-b,3;4-b’]dithiophene S-oxide (DBDTO) ; X=CH2, C=S and 
C=O
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Considering the DBDT series, C1-S1 (C4-S1) bond lengths are 
1.779 Å (1.714 Å) for C=S bridged, 1.777 Å (1.716 Å) for C=O 
bridged, and 1.774 Å (1.728 Å) for CH2 bridged, but in DBDTOs they 
are 1.838 Å (1.777 Å) for C=S bridged, 1.837 Å (1.779 Å) for C=O 
bridged, and 1.745 Å (1.791 Å) for CH2 bridged. Furthermore, C3-X 
bond lengths are 1.478 Å, 1.506 Å, and 1.516 Å for DBDT with C=S, 
C=O, and CH2 bridges, respectively. In DBDTO, C3-X bond lengths 
are 1.510 Å, 1.513 Å, and 1.512 Å for C=S, C=O, and CH2 bridges, 
respectively. The bond angles and torsion angles are less affected by 
the bridged groups in each series (Table 1).

The bond angles calculated for both series are similar. The only 
significant difference is in the C2C3C4 and C-S-C bond angles. The 
molecular structures of DBDTs are more planar than the correspond-
ing DBDTOs, as revealed by dihedral angles, and this is caused by 
the out of plane projection of the two sulphoxide oxygen atoms.

Frontier molecular orbitals

The HOMO, LUMO, and band gaps are listed in Table 2. DBDT 

and DBDTO with a C=S bridge presented the lowest band gap. There 
is destabilization of both the HOMO and LUMO, which leads to a 
reduction in the band gap in DBDTs and DBDTOs with C=S and 
C=O bridges. The HOMOs in DBDTs with C=S and C=O bridges 
are destabilized by 1.75 eV and 1.04 eV, and 1.43 eV and 0.92 eV for 
DBDTOs, respectively, compared to CH2 bridges. The band gaps for 
DBDTs are 2.35, 3.06, and 4.10 eV with C=S, C=O, and CH2 bridges, 
respectively. For DBDTOs, the band gaps are 1.98, 2.49, and 3.41 
eV with C=S, C=O, and CH2 bridges, respectively. Generally, the 
HOMOs of C=C units are π-bonding and have an alternating phase 
with respect to their neighboring C=C units; the LUMOs of C=C 
units are π-antibonding in both the DBDT and DBDTO series. The 
bridged group, C1/C6 carbon atoms, and sulfur atoms contributed 
to the LUMO map in DBDTs, but in DBDTOs, the oxygen atom of 
sulphoxide, not sulfur, contributed to the LUMO maps (Figure 2). 
The contribution of the bridged group is pronounced in molecules 
with C=O and C=S bridges. Thus, C=O and C=S groups have the 
ability to withdraw electrons from thiophene/thiophene oxide rings, 
which brings about destabilization of both the HOMO and LUMO.

Table 1. Calculated geometries of DBDTs and DBDTOs: Bond lengths are in Å, bond angles in degree and Dihedral angles in degree

Bond length
DBDT DBDTO

C=S C=O CH2 C=S C=O CH2

C1-S1 (C6-S2)
C4-S1 (C5-S2)
C1-C2 (C6-C7)
C2-C3 (C7-C8)
C3-C4 (C5-C8)
C4-C5

C3-X (C8-X)
C1-(tert-butyl)
C1S1C4 (C5S2C6)
C1C2C3 (C6C7C8)
C2C3C4 (C7C8C5)
C3C4C5 (C7C5C4)
C3XC8

C1S1C4C5 (C6S2C5C4)
C1C2C3X (C6C7C8X)
C2C3C4C5 (C7C8C5C4)
C1C2C3C4 (C6C7C8C5)
C4C3XC8 (C3C8XC3)
S1C4 C3X (S2C5 C8X)
S1C1C2C3 (S2C6C7C8)

1.779
1.714
1.371
1.419
1.383
1.458
1.478
1.519
91.48
113.05
113.28
108.61
104.67
0.00

180.00
180.00
0.00
0.00

180.00
0.00

1.777
1.716
1.373
1.416
1.377
1.462
1.506
1.519
91.47
112.98
113.54
109.34
104.00
0.00

180.00
180.00
0.00
0.00

180.00
0.00

1.774
1.728
1.374
1.419
1.378
1.444
1.516
1.519
91.18
113.39
112.95
109.27
101.81
0.00

180.00
180.00
0.00
0.00

180.00
0.00

1.838
1.777
1.353
1.444
1.365
1.446
1.510
1.511
89.87
113.12
114.56
108.54
104.31
-13.98
174.67
177.44
-1.64
0.42

-164.54
-8.22

1.837
1.779
1.354
1.440
1.361
1.446
1.513
1.511
90.61
113.27
115.79
109.64
104.39
-14.73
174.26
177.09
-2.25
0.54

-164.61
-9.16

1.745
1.791
1.352
1.446
1.364
1.446
1.512
1.512
89.61
113.73
114.79
109.34
101.79
-13.15
175.74
178.13
-1.70
 -0.05

-166.80
-8.45

Table 2. Calculated HOMO (eV), LUMO (eV), Energy band gap (eV), λmax (nm ) and Oscillator strength (OS)

Compound HOMO LUMO
Energy band 

gap
Shift in energy 

band gap
λmax (OS) D.M 

(debye)
Sol. Energy (kJ/

mol)

D
B

D
T

CH2 -5.12 -1.02 4.10 -
238.26 (0.09)
306.12 (0.80)

1.61 -13.15

C=S -5.51 -3.16 2.35 -1.75
263.16 (1.11)
765.15 (0.07)

2.51 -25.73

C=O -5.54 -2.48 3.06 -1.04
251.79 (1.07)
513.13 (0.07)

2.43 -13.56

D
B

D
T

O

CH2 -5.85 -2.44 3.41 - 398.27 (0.34) 8.12 -66.80

C=S -5.44 -3.76 1.98 -1.43
514.75 (0.80)
682.07 (0.07)
851.02 (0.79)

3.75 -72.36

C=O -6.28 -3.79 2.49 -0.92

416.32 (0.07)
472.83 (0.04)
561.34 (0.05)
664.09 (0.08)

4.51 -60.19
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To gain insight into the molecular energy levels of the studied mo-
lecules, the molecular orbital energy levels of DBDTs and DBDTOs, 
which each consist of seven HOMOs and seven LUMOs, are displayed 
in Figure 3. In DBDT for a C=S bridge, the HOMO-4, HOMO-5, 
and HOMO-6 energies are very close, i.e., -8.99 eV, -9.09 eV, and 
-9.11 eV, respectively. For the C=O bridge, HOMO-5 and HOMO-6 
are -9.10 eV and -9.11 eV, respectively. However, for a CH2 bridge, 
these are two sets of HOMO energies that are very close, HOMO-
1 and HOMO-2 with -6.65 eV and -6.81 eV and HOMO-4 and 
HOMO-5 with -8.77 eV and -8.78 eV, respectively. Also, LUMO+3 
and LUMO+4 energies are very close in CH2 bridged molecules. 

In the DBDTO series, HOMO-5, HOMO-6, LUMO+3, and 
LUMO+4 are -8.45 eV, -8.56 eV, 0.95 eV, and 0.96 eV, respectively, 
for C=S bridges. HOMO-3, HOMO-4, LUMO+3, and LUMO+4 are 
-7.84 eV, -7.88 eV, 0.36 eV, and 0.40 eV for C=O bridges, respectively. 
For CH2 bridges, HOMO-1, HOMO-2, HOMO-3, and HOMO-4 are 
-6.40 eV, -6.44 eV, -7.44 eV, and -7.57 eV, respectively. The LUMO+5 
and LUMO+6 energies are close in CH2 bridges. Since the molecular 
orbital spacings are not similar, different levels of electronic inte-
ractions are expected in the molecules. Therefore, DBDTOs could 
have more complex electronic interactions because of the presence 
of more atoms with lone pairs of electrons. This is in agreement with 
the UV-visible absorption spectra of C=S and C=O bridged molecules 
that have three absorption peaks (Table 2). The dipole moment and 
solvation energy of a molecule are also important properties when 

considering the interactions of molecules in solvents. The higher the 
value of the dipole moment and solvation energy, the stronger the 
intermolecular interactions should be. Thus, DBDTOs are expected 
to have stronger solvent-solute interactions than the corresponding 
DBDTs, but the orientation of the dipole moment vector is also an 
important parameter to be considered in solute-solvent interactions. 

The UV-visible absorptions calculated at TD-DFT/6-311G* 
show two absorption peaks for all the molecules except C=S and 
C=O bridged DBDTO, which have three and four absorption peaks, 
respectively. The absorption λmax for CH2 bridged are 238.26 nm and 
306.12 nm for DBDT and 398.27 nm for DBDTO. In DBDT, the 
absorption λmax are 263.16 nm and 765.15 nm for C=S bridged and 
251.79 nm and 513.13 nm for C=O bridged. However, in DBDTO 
the absorption λmax for C=S bridged are 514.75, 682.07, and 851.02 
nm, and 416.32, 472.83, 561.24, and 664.09 nm for C=O bridged. 
In each series, there is a bathochromic (red) shift for C=O and C=S 
bridges, which is attributed to the electron-withdrawing effect of the 
bridged groups compared to a CH2 bridge. Oscillation strength values, 
which present the probability of electron transitions as a function of 
the fraction of negative charges (electrons), accomplish the transition 
in question (oscillate) and revealed that the probability of electron 
transition would be higher in DBDTs than DBDTOs (Table 2). 

In general, the DBDTO presented lower band gaps and longer 
wavelengths than the corresponding DBDT. In each series, molecu-
les with a C=S bridge could be potential candidates as materials for 
opto-electronic applications in terms of band gap and wavelength.

Selected vibrational frequencies for DBDT and DBDTO 
derivatives 

Vibrational spectroscopy is a powerful method extensively used 
in organic chemistry to identify functional groups of organic com-
pounds, and it has been used to distinguish molecular conformers, 
tautomers, and isomers.41 Comparison of the experimental and 
theoretical vibration modes with proper assignments is helpful for 
understanding a fairly complex system. However in the absence of 
experimental data, calculated vibrational frequencies could be used 
with a reasonable degree of accuracy to understand the properties of 
molecules and to study the effect of functional groups on molecules. 
The accuracy of calculated vibrational frequencies is improved by 
using a scale factor. Therefore, scale factors have been recommended 

Figure 2. (a) The contour plots of HOMO and LUMO orbitals of DBDT series. (b) The contour plots of HOMO and LUMO orbitals of DBDTO series

Figure 3. Partial molecular orbital energy diagram for DBDT and DBDTO 
series as calculated with the B3LYP/6-311G* method
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for more accurate predictions, and 0.9682 was used as a scale factor 
in this work.42,43 The C=C vibrational frequencies and simulated 
spectra calculated at B3LYP/6-311G* are presented in Table 3 and 
Figure 4, respectively, to study the effect of bridged groups on both 
DBDT and DBDTO. The prominent DBDT terminal C=C stretching 
bands (i.e., C1 = C2/C6 = C7) are 1554 and 1548 cm-1 for C=O bridge, 
1554 and 1546 cm-1 for C=S bridge, and 1564 and 1558 cm-1 for CH2 
bridge. These stretching bands experienced an up-shift in the DBDTO 
analogues. The terminal C=C stretching modes for the rings in the 
dithiophene derivatives and Raman-active (C=C) stretch mode in the 
oligoene were used to establish a structure–property relationship for 
the compounds.32,33,44 In this paper, it was found that the terminal C=C 
stretching modes of both DBDT and DBDTO molecules correlated 
with the λmax in the UV-visible absorption spectrum. The higher the 
terminal stretch mode, the lower the value of λmax, i.e., 1586 cm-1 

(C=S, λmax = 851.02 nm) → 1598 cm-1 (C=O, λmax = 664.08 nm) → 
1614 cm-1 (CH2, λmax = 398.27 nm) in DBDTO and 1546 cm-1 (C=S, 
λmax = 765.15 nm) → 1548 cm-1 (C=O, λmax = 513.13 nm) → 1558 
cm-1 (CH2, λmax = 306.12 nm) in DBDT. 

The C3 = C4/C5 = C8 stretching bands are 1484, 1472, and 1473 
cm-1 for C=O, C=S, and CH2 bridges, respectively, in DBDT. These 
bands are up-shifted and split into two components in DBDTO deri-
vatives at 1523 and 1493 cm-1 for C=O bridges, 1525 and 1489 cm-1 
for C=S bridges, and 1526 and 1483 cm-1 for CH2 bridges (Table 3). 
This has been attributed to a typical indicator of the attainment of a 
heteroquinonoid-like pattern for the π-conjugated path.45 The C4–C5 
stretching bands are 1340, 1349, and 1369 cm-1 for C=O, C=S, and 
CH2 bridges, respectively, in DBDT. In DBDTO, these bands are 
1287, 1310, and 1337 cm-1 for C=O, C=S, and CH2 bridges, respec-
tively. Therefore, C4–C5 stretching bands experienced a down-shift 
in DBDTO derivatives. The stretching vibrations of C=O and C=S 
bridge groups are 1785 and 1263 cm-1 in DBDT and 1792 and 1268 
cm-1 in DBDTO, respectively. For CH2 bridges, they are 3054 and 
3029 cm-1 in DBDT and 3060 and 3032 cm-1 in DBDTO.

Molecular electrostatic potential (MEP)

The electrostatic potential V(r) shows static distributions of 
charge on a molecule. This has been a very useful property for 

analyzing and predicting molecular reactive behavior to indicate 
sites or regions of a molecule where an approaching electrophile/
nucleophile is initially attracted. It has also been successfully used 
to explain the three-dimensional orientation of molecules in a crystal. 
The MEP was calculated at a B3LYP/6-311G* optimized geometry 
to predict reactive sites for electrophilic and nucleophilic attack for 
the DBDTs and DBTOs studied. The positive regions (blue) of MEP 
are related to nucleophilic reactivity and the negative regions (red) 
to electrophilic reactivity, shown in Figure 5. The MEP of DBDT 
and DBDTO with CH2 bridges is displayed in Figures 5a and 5b, 
respectively, as a representation of both the DBDT and DBDTO 
series. The MEP values for DBDT-CH2 are ranged from + 80.277 to 
-84.228 kJ/mol, and the negative regions are on the rings’ surface. 
Therefore, the π-π stacking arrangement of DBDT-CH2 molecules 
would be perpendicular (≈ 90º) to the main planes of the adjacent 
molecule. The MEP values for DBDTO-CH2 are in the range of + 

Table 3. Selected vibrational frequencies (cm-1) for DBDT and DBDTO 
molecules

Bridge (X) DBDT DBDTO Assignment

C=O 1554, 1548 1606, 1598 νC1 = C2/C6 = C7*

1484 1523, 1493 νC3 = C4/C5 = C8

1340 1287 νC4 - C5

1785 1792 νC=O

- 1046, 1053 νS=O

C=S 1554, 1546 1604, 1586 νC1 = C2/C6 = C7*

1473 1525, 1489 νC3 = C4/C5 = C8

1349 1310 νC4 - C5

1263 1268 νC=S

- 1047, 1050 νS=O

CH2 1564, 1558 1615, 1614 νC1 = C2/C6 = C7*

1473 1526, 1483 νC3 = C4/C5 = C8

1369 1337 νC4 - C5

- 1039, 1046 νS=O

3054, 3029 3060,3032 νCH2

*Terminal C=C stretching modes.

Figure 4. Simulated IR spectra for DBDT and DBDTO derivatives at 
B3LYP/6-31G* level
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136.143 to -233.807 kJ/mol, and the negative regions are on the two 
oxygen atoms of sulphoxide in the bridged thiophene S oxide. This 
suggests that the π-π stacking arrangement of DBDTO-CH2 should 
tend towards 0º. The distortions of π-π stacking from perpendicular 
in DBDT and lateral in DBDTO molecules are expected because of 
steric hindrance from the t-butyl substituent. The out of plane pro-
jection of two oxygen atoms of sulphoxides in DBDTO may further 
affect the intermolecular π-π stacking through the space between 
neighboring molecules.

Thermodynamic properties

The standard heats of formation (Hºf) calculated at 298 K and 
1 atm using PM3 method are 82.33, 13.35, and 36.51 kcal/mol for 
DBDT with C=S, C=O, and CH2 bridges, respectively. However, this 
calculated values for DBDTO are 56.18, -13.14, and 5.66 kcal/mol 
with C=S, C=O, and CH2 bridges, respectively. The standard enthalpy 
(Hmº), Gibb’s free energy (Gmº), and entropy (Smº) calculated at 298 
K and 1 atm using B3LYP/6-311G* for DBDT and DBDTO with a 
C=S bridge are 217.30 kcal/mol, 147.98 kcal/mol, and 173.17 J/mol 
for DBDT and 222.47 kcal/mol, 163.54 kcal/mol, and 173.70 J/mol 
for DBDTO, respectively. 

CONCLUSION

B3LYP/6-311G* has been used to study the geometries and elec-
tronic properties of α,α-ditert-butyl-4H-cyclopenta[2,1-b,3;4-b']
dithiophene and α,α-ditert-butyl-4H-cyclopenta[2,1-b,3;4-b']
dithiophene S-oxide with CH2, C=S, and C=O bridges. The results 
reveal that the bond angles calculated for both DBDT and DBDTO 
series are similar except for the C2C3C4 and C-S-C bond angles, 
which are larger and smaller, respectively, in the DBDTO series. 
The electron-withdrawing bridge (C=S and C=O) destabilized the 
HOMO and LUMO levels, which lead to a lowering of the band gap. 
In each series, molecules with a C=S bridge presented the lowest 
band gaps and longest wavelengths, and they were better candida-
tes for optoelectronic applications. The DBDTOs are expected to 
have stronger solvent-solute interactions than the corresponding 
DBDT series.

Figure 5. Molecular electrostatic potential energy (kJ/mol) map calculated at 
B3LYP/6-311G* level: (a) = DBDT-CH2 and (b) = DBDTO-CH2
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