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ABSTRACT 
 
We use the density functional theory (B3LYP/6-31G(d)) to characterize band gap, photovoltaic properties and  
structural parameters of a series of conjugated organic oligomers. The chemical structure of these oligomers 
contains N-substituted carbazole, thiophene and phenylene rings, together with different moieties (e.g. 
ethylenedioxythiophene, EDOT). The theoretical calculations were performed by using Gaussian 09 program 
supported by GaussView 5.0. interface. The results reveal that the geometrical parameters (dihedral angles, bond 
lengths) of all oligomers possess nearly planar conformations. Moreover, the optoelectronic properties (HOMO, 
LUMO, Egap) were determined from the fully optimized structures by using B3LYP/6-31G(d) level. The absorption 
data (λmax, Etr, OS) of these systems were obtained by TD-B3LYP/6-31G(d) method. The studied oligomers Oligo-i 
(with i = 1-6) have low band-gaps with appropriate energy levels of HOMO and LUMO which are desired in solar 
cell applications, especially the oligomers with acceptor moieties in their chain. We conclude that these systems are 
excellent candidates for donor-acceptor heterojunctions used in organic solar cells. 
 
Keywords: Conjugated oligomers, thiophene, phenylene, optoelectronic properties, DFT, TD.  
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INTRODUCTION 
 

To exploit renewable energy sources, especially the solar one, scientific research has been directed towards 
photovoltaic devices based on conjugated polymers/oligomers [1]. In this context organic solar cells are becoming 
very attractive, due to their numerous advantages over traditional silicon-based solar cells [2]. Therefore, 
photovoltaic cells are distinguished by their low cost solar energy harvesting, flexibility, light-weight, and by the 
possibility of fabricating large area devices [2]. The active layers in organic solar cells typically consist of two π-
organic materials: an electron donor (D) and an electron acceptor (A), assembled either into a bi-layer structure or in 
the form of a blend [3]. Fullerene (6,6)-phenyl-C61-butyric acid methyl ester (PC60BM) (fig. 1) and its derivatives 
are the most used electron-acceptor materials [4-7]. This bi-layer structure is sandwiched between two electrodes: 
generally the anode is made of Indium Tin Oxide (ITO) and the cathode of aluminum (Al) [8]. Moreover, bulk 
heterojunction configuration of the Donor-Acceptor cell is currently the most used device architecture in the organic 
photovoltaic field due to its good power conversion efficiency (PCE), which is currently more than 12% [9].  
 
Recently, the conjugated oligomers have emerged as versatile materials in organic photovoltaic cells due to several 
advantages: firstly, small molecules are featured among the highest charge carrier mobility organic semiconductors, 
with values as high as 1.5cm2/V.S [10]. Secondly, vacuum thermal gradient sublimation of low molecular weight 



Hsaine Zgou et al                             J. Comput. Methods Mol. Des., 2015, 5 (3):1-9  
______________________________________________________________________________ 

2 
Available online at www.scholarsresearchlibrary.com 

molecules permits high levels of purification [11]. Additionally, the synthesis of oligomers is usually simpler and 
also their calculation convergence time is more reduced relative to polymeric semiconductors. Finally, they have 
comparable optoelectronic properties with the parent polymers [12].  
 
In order to have deeper understanding of the relationships between chemical structure and optical and electronic 
properties of the π-conjugated systems and rational design of novel molecules, theoretical calculations play an 
important role. In this context the control of the band-gap and the position of HOMO and LUMO levels of the 
studied systems are extremely important. For instance, the open circuit voltage Voc and the energy difference 
between the HOMO level of the donor and LUMO level of the acceptor are related with each other [13].  
 
For these reasons, many approaches and techniques were developed. The four main approaches: introduction of side 
groups, stiffening of the conjugated system, the quinoidic character of the aromatic rings, and alternating Donor and 
Acceptor groups have been applied widely [12]. 
 
Here, we propose six new oligomers based on carbazole, thiophene and phenylene with  different moieties 
X=Thiophene (T) for oligomer 1, Ethylendioxythiophene (EDOT) for oligomer 2, Dithiophene (DT) for oligomer 
3, Dithieno[3,2-b:2',3'-d]thiophene (DTT ) for oligomer 4, 4H-Cyclopenta[2,1-b;3,4-b']-4-Dithiophene Sulfone 
(CPDS) for oligomer 5 and  4-dicyanomethylene-4H-cyclopenta[2,1-b;3,4-b']-dithiophene (CDM ) for oligomer 6 as 
schematized in Fig. 1. The main goal of this work is to study the effect of these six moieties on structural and opto-
electronic properties of all oligomers. 
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Figure 1. Chemical structures of PC60BM and the studied oligomers

 
MATERIALS AND METHODS 

 
Recently, theoretical quantum calculations have been the famous tool in the study of π-conjugated systems because 
they can be used to rationalize the properties of known polymers and predict those of unknown ones and also can 
serve as guidance to experiment. The DFT represents a practical and accurate way for the correct description of the 
structural and optoelectronic properties of these systems. It is found that the B3LYP [14] results are in good 
agreement with experimental band gaps [15, 16].  
 
The geometries of the studied oligomers were totally optimized by using the B3LYP level. The 6-31G(d) [17] basis 
set was used for all atoms. The energy gap is evaluated as the difference between the LUMO and HOMO energies. 
Time-dependent TDDFT [18], which is a developed tool from DFT, has been used to compute optical properties, 
including UV-vis spectra, excitation energies, oscillator strengths and configuration interaction coefficient [19, 20]. 
All quantum chemistry calculations were done with Gaussian 09 program [21], supported with the GaussView 5..0.8 
interface [21].  
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RESULTS AND DISCUSSION 
 

3.1.  Optimized Geometries  
The ground state structures of the six oligomers are optimized by the B3LYP/6-31G(d) method. The most stable 
conformations are shown in Fig. 2. 
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Figure 2. The most stable conformations of the studied oligomers 1-6
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Figure 3. The labeled bond lengths and dihedral angles 
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Table 1. Bond-length (Å) values of the studied oligomers 1-6 
 
di 1 2 3 4 5 6 
d1 1.393 1.393 1.393 1.393 1.393 1.393 
d2 1.401 1.401 1.401 1.401 1.401 1.401 
d3 1.422 1.422 1.422 1.422 1.422 1.422 
d4 1.443 1.443 1.443 1.443 1.443 1.443 
d5 1.399 1.399 1.399 1.380 1.420 1.400 
d6 1.387 1.387  1.387 1.387 1.396 1.388 
d7 1.416 1.416  1.416 1.416 1.405 1.416 
d8 1.467 1.467 1.467 1.467 1.467 1.466 
d9 1.380 1.380 1.380 1.380 1.380 1.380 
d10 1.413 1.413 1.413 1.413 1.413 1.413 
d11 1.385 1.384 1.384 1.385 1.384 1.385 
d12 1.463 1.463 1.463 1.463 1.463 1.462 
d13 1.417 1.417 1.417 1.407 1.418 1.418 
d14 1.390 1.390 1.390 1.391 1.389 1.389 
d15 1.409 1.409 1.409 1.415 1.410 1.410 
d16 1.461 1.462 1.462 1.461 1.461 1.460 
d17 1.389 1.389 1.389 1.387 1.388 1.390 
d18 1.407 1.405 1.405 1.409 1.407 1.406 
d19 1.384 1.386 1.386 1.383 1.384 1.384 
d20 1.438 1.436 1.440 1.441 1.438 1.437 
d21 1.422 1.419 1.540 1.423 1.421 1.423 
d22 1.372 1.372 1.326 1.372 1.373 1.371 

 
The inter-ring bond lengths (Å) and dihedral angles (°) values of the optimized oligomers i,  (i =1–6) are 
summarized in Tables 1 and 2.  
 

Table 2. Dihedral angle (°) values of the studied compounds 
 
Oligomer θ1 θ2 θ3 θ4 θ5 θ6 

1 0.170 26.971 13.681 10.402 0.746 0.006 
2 0.065 28.894 14.704 10.725 0.411 0.098 
3 0.065 28.894 14.704 10.725 1.009 0.000 
4 0.088 29.355 13.747 11.776 8.145 0.135 
5 0.085 29.273 13.757 8.214 5.634 0.097 
6 0.084 29.114 14.433 1.168 3.911 0.181 

 
The  results of bond  lengths do  not  suffer  significant  variation  with  the  change  of  X moiety. As shown  in 
Table 1, the inter-ring bond lengths (di) are in the average of 1.4668  Ǻ for  d4,  1.4668  Ǻ for d8,  1.4628 Ǻ for d12, 
1.460 Ǻ  for  d16, 1,461  Ǻ  for d20  and 1.438 Ǻ for d24. Moreover, we observe for all oligomers that the inter-ring 
distances decrease when approaching the X unit. We note also, that the bond lengths labeled in Fig. 3 vary as 
follows: the lengths of the single bonds are decreasing while those of the double bonds increase. 
 
The optimized geometries for the studied oligomers show that all oligomers possess almost planar  torsional angles 
(θ1  =  θ5 =  θ6  ~ θ°), while the dihedral angles θ2 are anti-left side with a value in average close to 28.75°. This 
value is relatively high due to the steric hindrance effect caused by hydrogen atoms in adjacent thiophene rings. 
Meanwhile the dihedral angles θ3 and θ4 are relatively low. They are 14.17° and 8.83° respectively, and that is due to 
the Sulfur-Oxygen interaction (Fig. 3) [16]. 
 
The geometric parameters show that the structure of all oligomers favors the quinoidic form once we approach the X 
moiety, especially for the oligomers 5 and 6 with the acceptor moieties.  
 
3.2. Electronic Properties  
To take a right view about the electronic properties of the studied oligomers, we calculated the HOMO (highest 
occupied molecular orbital), LUMO (the lowest unoccupied molecular orbital) energy levels and band gap energy. 
The calculations gave the values presented in Table 3. 
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Table 3. The EHOMO , ELUMO  and Egap energies of Oligomers 1-6 
 

Oligomer EHOMO (eV) ELUMO (eV) Egap (eV) 

1 - 5.02 - 2.67 2.33 
2 - 4.94 - 2.61 2.32 
3 - 4.90 - 2.74 2.16 
4 - 4.94 - 2.74 2.19 
5 - 4.98 - 3.58 1.40 
6 - 5.04 - 3.73 1.31 

 
The band gap generally is feeble for all studied oligomers; its value is between 2.16 and 2.33 eV for oligomers 1, 2, 
3 and 4, but for oligomers 5 and 6, we have a chute band-gap drop, with 1.40 eV and 1.31 eV respectively. The main 
reason for this of band-gap is due to the electron-withdrawing effect on the propagation of the electronic density. 
This phenomenon is very clearly seen in Fig. 4; the electronic density of LUMO is stronger around the X unit for the 
oligomers 5 and 6. 
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Figure 4. The contour plot of HOMO and LUMO orbital s of the studied oligomers obtained by B3LYP/6-31G(d) 
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3.3. Frontier Molecular Orbitals  
The knowledge of the frontier molecular orbitals is very important to understand more details on excited-state 
properties. The HOMO and LUMO can provide a reasonable qualitative indication of the excitation properties and 
the ability of electron or hole transport [23]. The contour plot of HOMO and LUMO orbitals of the six oligomers 
obtained by B3LYP/6-31G(d) are shown in Fig. 4. 
 
We find from this figure that the electron density of the HOMO orbital is distributed all over the oligomer chain, 
while it focuses on the side of the X unit for LUMO orbitals, especially for the oligomers 5 and 6. This confirms the 
results obtained in the geometrical properties.  
 
3.4. Optical Properties  
The optical properties of the six oligomers were investigated by UV-Vis absorption spectroscopy (Fig. 5). The 
electronic absorption  data  including  the absorption peak  wavelength (λab), oscillator strength (O.S) and  CI 
coefficients along  with  the  main  excitation configuration  of  all  the  oligomers are presented in Table 4. 

 
 

Table 4. Calculated wavelength λ, Transition Energies and Oscillator Strengths (f) of all oligomers obtained by TD/B3LYP/6-31G(d) 
method 

 
Oligomer λab(nm) Etr (eV) OS CI coefficients 

 
1 

583.50 
473.22 
454.52 

2.12 
2.62 
2.72 

1.26 
0.0025 
0.74 

H→L (0.705) 
H-1→L (0.705) 
H-2→L (0.656), H→L+1 (-0.13) 

 
2 

588.30 
467.53 
461.84 

2.11 
2.65 
2.68 

1.17 
0.01 
0.22 

H→L (0.703) 
H-1→L(0.699) 
H-3→L (-0.322), H-2→L0.60), H→L+1(0.13) 

 
3 

630.74 
493.95 
484.77 

1.96 
2.51 
2.56 

1.24 
0.26 
0.02 

H→L (0.704) 
H-2→L (-0.198), H-1→L (0.63), H→L+1 (-0.25) 
H-3→L (0.68), H-2→L(-0.14), H→L+1 (0.129) 

 
4 

618.14 
485.40 
482.85 

2.00 
2.55 
2.57 

1.31 
0.81 
0.34 

H→L (0.704) 
H-2→L(0.406), H-1→L (0.527), H→L+1(-0.233) 
H-2→L (0.69), H→L+2 (-0.11) 

 
5 

1161.14 
803.11 
732.27 

1.067 
1.54 
1.69 

0.2015 
0.0059 
0.0001 

H-2→L (-0.20), H→L (0.668) 
H-3→L (-0.179), H-2→L (0.62),  
H-1→L (0.10),H→L(0.227),H-2→L (-0.105), H-1→L(-0.698) 

 
6 

1167.02 
805.60 
776.01 

1.062 
1.53 
1.59 

0.247 
0.000 0.0000 

H→L (0.68), H-2→L ( 0.185) 
H-3→L (0.18), H-2→L (0.63), H-1→L (-0.14) 
H→L ( -0.18)H-2→L(0.14), H-1→L (0.69) 

 
The  simulated  absorption  spectra  of  these  oligomers  are  shown  in  Fig. 5. The oligomer 5 and oligomer 6 show 
their absorption peak at 1161.14 nm and 1167.02 nm respectively.  However, the oligomers 1, 2, 3 and 4 show their 
absorption peak at 583.50 nm, 588.30 nm, 630.74 nm and 618.14 nm respectively. 
 
The absorption results found for the oligomers 5 and 6 indicate that these organic materials could yield more light at 
the longer wavelength, which is beneficial to further increase the photocurrent. The latter is proportional to the 
conversion efficiency of the corresponding solar cell. 
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Figure 5.  Calculated UV-vis spectra of the studied oligomers obtained by TD-DFT/B3LYP/6-31G(d) 
 
3.5. Photovoltaic Properties  
The study of the relation between open-circuit voltage Voc and the energy levels of Donor/Acceptor in bulk 
heterojunction polymer (or oligomer) solar cells has stimulated interest in modifying the Voc by tuning the energy 
levels of the oligomers.  Therefore, the HOMO and LUMO energy level of the donor and acceptor components are 
very important factors to get photovoltaic properties of these components. 
 
In this context, we try to study photovoltaic properties of bulk heterojunction cells of one of the six oligomers as a 
donor component, blended with the standard acceptor materiel for organic solar cell, namely, the [6,6]-phenyl-C61-
butyric acid methyl ester (PC60BM). 
 
To realize that, we list in Table 5 the theoretical values of open-circuit voltage Voc and the difference in the LUMO 
energy levels of the studied oligomers with those of the PC60BM. They have been calculated respectively from the 
following expressions (1 and 2) [13]. 

V�� = �E��	�

����� − �E��	�

��������� − 0.3 (Eq1) 

α = �E��	�

����� − �E��	�

��������� (Eq2) 
 

Table 5. Energy values of HOMO (eV), LUMO (eV), Egap (eV), open circuit Voltage Voc (eV) and α (eV) of oligomers 1-6 
 

Oligomer EHOMO  (eV) ELUMO  (eV) Egap (eV) Voc (eV) α (eV) 
1 - 5.02 - 2.67 2.33 0.30 1.63 
2 - 4.94 - 2.61 2.32 0.34 1.69 
3 - 4.90 - 2.74 2.16 0.30 1.56 
4 - 4.94 - 2.74 2.19 0.34 1.56 
5 - 4.98 - 3.58 1.40 0.38 0.72 
6 - 5.04 - 3.73 1.31 0.44 0.57 
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Figure 6.  Band structure diagram illustrating the HOMO and LUMO energies of oligomers i with i=1-6 relative to the band structure of 
PC60BM 

 
From Table 5 and Fig. 6, the difference in the LUMO energy levels of the six oligomers and PC60BM are 1.63 eV, 
1.69 eV, 1.56 eV, 1.56 eV, 0.72 eV, and 0.57 eV respectively (Table 4). It is clear that the oligomers 5 and 6 have 
the lowest values. This allows a good transfer of LUMO level of the electron donor to the LUMO level of the 
acceptor. Voc also increases to 0.44 eV and 0.38 eV for oligomers 5 and 6, respectively. This leads us to suggest that 
the photoexcited electron transfer from the LUMO level of the molecules to PC60BM may be sufficiently efficient to 
be useful in photovoltaic devices [24, 25].   
 

CONCLUSION 
 

To increase the fraction of absorbed light, and thus the number of photons contributing to the short-circuit current 
(Isc) of organic solar cells, the donor components should have a low band gap, considering that the maximum of the 
solar spectrum is placed at around 650 nm (1.9 eV). On the other hand, the open-circuit voltage (Voc) is proportional 
to the difference LUMO acceptor – HOMO donor. Therefore, the best compromise between high Jsc and high Voc must be 
found. 
 
In this work, we studied the structural, optoelectronic properties of six oligomers based on carbazole, thiophene and 
phenylene with the following X moieties: Th, EDOT, DT, DTT, CPDS and CDM. The CPDS and CDM introduced 
moieties, as in oligomer 5 and oligomer 6, are acceptor ones. They realize this compromise; their energy gaps are 
low:  1.40 eV and 1.31 eV (<1.9 eV), respectively. Their absorption maxima are very high (1161.14 nm and 1167.02 
nm), which is important in photovoltaic applications. 
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