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Abstract  
We report a theoretical study on several conjugated oligomers based on thiophene and phenylene with lateral acceptor 
groups. A detailed DFT study based on the B3LYP functional with 6-31G* basis set has been performed in order to 
optimize the geometrical structures and to calculate electronic properties. For all studied oligomers, the UV-vis spectra also 
were computed using the ZINDO semi-empirical method starting from the optimized structure found with B3LY/6-31G*. 
The results are compared with previous data obtained with oligomers having donor lateral groups. Based on this 
comparison, we discuss the effect of these substituents on the band gap and especially on the HOMO level. The 
optoelectronic properties of these molecules make them good candidates for photovoltaic applications. 
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1. Introduction  
Organic conjugated polymers possess interesting semiconducting properties [1] that can be exploited in many 
applications such as light-emitting diodes [2-9], field-effect transistors [10-18] and photovoltaic cells [19-31]. 
Among these materials, the conjugated oligomers based on thiophenes and phenylenes, with low band gap, have 
been widely studied recently due to their excellent electronic and optical properties [32-35]. These properties 
can be tuned by changing the side chains attached to the backbone of the oligomer. This not only provides a way 
to improve the electronic and optical properties, but also endows the oligomer with the property of solubility [36, 
37]. This property facilitates enormously both the processing and the characterization of these materials [38] and 
widens the field of their applicability. A better understanding of the electronic and optical properties of these 
materials requires knowledge of their conformations and electronic structures. Theoretical calculations can 
provide useful information that helps the chemists to build a reliable structure-properties relationship for these 
materials [34]. Theoretical analysis of the electronic structure for various conjugated polymers and oligomers 
has been extensively reported. In many studies the DFT [39] method has been used to predict properties of 
polythiophene [40] and polyparaphenylene [41]. 
In this article, we have used the density functional theory (DFT) calculations in order to study the effect of 
lateral groups of the acceptor type on the geometrical, electronic, and optical properties of oligomers based on 
thiophene and phenylene. The oligomers studied are shown in Fig.1 and Table 1.  
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Figure 1. Chemical structure of the studied oligomers. 
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The grafting of electron-attracting groups (-CN,-NO2, -CH3CO) increases the oxidation potential of the 
monomer, leading to highly reactive radical cations capable of reacting with the solvent and/or electrolyte. On 
the contrary, the introduction of electron-donating groups (alkoxy, alkylthio) reduces the oxidation potential of 
the monomer and the radical cation is stabilized. This loss of reactivity can limit the polymerization to a single 
coupling and can lead to the formation of short oligomers. 

 
Table 1. Oligomers considered in this study. 

 Side group (-R) 
Number of 
side groups 

Name 

Oligomer 1 
None 

(unsubstituted) 
0 PTPTP 

Oligomer 2 CN 6 6CNPTPTP 
Oligomer 3 NO2 6 6NO2PTPTP 
Oligomer 4 CH3CO 6 6CH3COPTPTP 

 
 
2. Computational methodology 
Quantum calculations were carried out using the ‘Gaussian 09’ program [42]. The geometries of the compounds 
were optimized using the DFT-B3LYP level which stands for Becke three parameters and Lee-Yang-Parr-
functional [43]. The 6-31G* [44] basis set was used for all atoms. The geometrical structures of the neutral 
molecules were optimized under no constraint. The LUMO and LUMO levels also were calculated. The energy 
gap was evaluated as the difference between the LUMO and HOMO energies. The ground-state energies and 
oscillator strengths were computed using ZINDO/s [45, 46] calculations on the fully optimized geometries. 
These calculation methods have been successfully applied to other conjugated polymers [34, 35, 47, 48]. 
 
3. Results and discussion 
3.1. Structural parameters 
The optimized ground state geometries of the oligomers obtained at the B3LYP/6-31G* level are given in Fig. 2. 
The optimized inter-atomic bond lengths and dihedral angles are summarized in Table 2 and Table 3 
respectively. 
PTPTP is the unsubstituted oligomer and is used here as a reference [34]. 6OCH3PTPTP is an oligomer with 
OCH3 donor lateral side chains [34] and is used here for comparison. Another oligomer with side group donors 
(6FPTPTP) has also been included. The remaining three oligomers acceptor groups are the focus of this study. 
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Figure 2: Optimized structures of the oligomers. 
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Figure 3. Structure with atomic labels and dihedral angles θi 

 
Table 2: Optimized inter-atomic distances (Å). 

 
Table 3: Optimized dihedral angles (°). 

 
Dihedral 
angles 

(°) 
6CNPTPTP 6NO2PTPTP 6CH3COPTPTP PTPTP 6FPTPTP 6OCH3PTPTP 

θθθθ1 35.05 37.99 54.35 26.5 06.51 19.60 
θθθθ 2 34.10 41.83 47.98 23.5 15.88 19.60 
θθθθ 3 34.12 41.82 46.90 23.5 15.87 26.80 
θθθθ 4 35.05 38.10 51.58 26.5 06.41 26.80 

 
As can be seen, the inter-ring distances C1-C7 and C9-C12 (fig. 3 and table 2) are slightly larger in the acceptor 
oligomers in comparison with the unsubstituted or donor ones. We note also that the dihedral angles in the 
oligomers with acceptor groups are higher than those in the other oligomers (Table 3). For the oligomers with 
donor groups, the angles are smaller compared with the unsubstituted ones, and the oligomer substituted with 
F has dihedral angles much smaller than those of 6OCH3PTPTP. The unsubstituted oligomers have dihedral 
angles intermediate between those of the other two types. 
 
 

Bond (Å) 6CNPTPTP 6NO2PTPTP 6CH3COPTPTP PTPTP 6FPTPTP 6OCH3PTPTP 

C1-C2 1.420 1.414 1.423 1.408 1.405 1.416 
C2-C3 1.406 1.396 1.409 1.392 1.388 1.399 
C3-C4 1.386 1.387 1.390 1.397 1.393 1.391 
C4-C5 1.405 1.392 1.404 1.396 1.391 1.397 
C5-C6 1.400 1.387 1.402 1.393 1.384 1.395 
C6-C1 1.404 1.410 1.408 1.407 1.411 1.410 
C1-C7 1.469 1.476 1.475 1.466 1.464 1.468 
C7-S8 1.746 1.749 1.813 1.753 1.754 1.756 
S8-C9 1.750 1.742 1.835 1.754 1.752 1.756 

C9-C10 1.380 1.378 1.372 1.378 1.382 1.383 
C10-C11 1.414 1.412 1.429 1.418 1.413 1.414 
C11-C7 1.381 1.384 1.370 1.378 1.382 1.380 
C9-C12 1.465 1.468 1.470 1.463 1.461 1.464 
C12-C13 1.402 1.404 1.410 1.408 1.409 1.414 
C13-C14 1.399 1.388 1.400 1.388 1.382 1.391 
C14-C15 1.421 1.408 1.425 1.408 1.407 1.407 
C15-C16 1.402 1.404 1.408 1.408 1.409 1.414 
C16-C17 1.399 1.388 1.401 1.388 1.382 1.391 
C17-C12 1.421 1.408 1.426 1.408 1.407 1.407 
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3.2. Electronic properties  
To investigate the influence of the effect of side chains on the optoelectronic properties of the studied 
compounds, we present in Table 4 the DFT-calculated HOMO, LUMO, and band gap energies. The gap was 
evaluated theoretically as the difference between the LUMO and HOMO levels. Experimentally speaking, the 
HOMO and LUMO energies can be obtained from an empirical formula proposed by Brédas et al. [49] based 
on the onset of the oxidation and reduction peak measured by cyclic voltammetry. However, it is to be noted 
that solid-state packing effects are not included in the DFT calculations, which tend to affect the HOMO and 
LUMO energy levels in thin films compared to isolated molecules as considered in the present calculations.  
 

Table 4.  Calculated HOMO, LUMO and band-gap energies for the studied oligomers. 
 

Molecule HOMO (eV) LUMO (eV) Eg (eV) 
6CNPTPTP - 6.465 -3.138 3.327 
6CH3COPTPTP - 5.660 - 2.557 3.103 
6NO2PTPTP -6.584 - 3.489 3.095 
PTPTP -5.160 -1.690 3.470 
6FPTPTP - 5.404 - 2.170 3.234 
6OCH3PTPTP - 4.600 - 1.440 3.160 

 
It can be seen that 6NO2PTPTP has the smallest band gap Eg. Then Eg increases in the following order: 
6CH3COPTPTP, 6OCH3PTPTP, 6FPTPTP, 6CNPTPTP, and finally the unsubstituted PTPTP. Eg decreases in 
the oligomers with acceptor or donor groups compared with the unsubstituted oligomer. It is also seen that 
both acceptor and donor side-chains affect the HOMO and LUMO levels substantially. However, while the 
acceptor groups stabilize HOMO and LUMO, the donors destabilize them. 
 
3.3. Optical properties 
The wavelengths λmax (nm) found for the studied oligomers are shown in Table 5. 
 

Table 5: λmax (nm) for the studied oligomers. 
 

Oligomer λmax(nm) Oscillator Strength 

6CNPTPTP 422.05 1.396 

6NO2PTPTP 511.20 0.048 

6CH3COPTPTP 429.01 0.101 

6FPTPTP 443.95 1.745 

PTPTP 414.20 1.650 

6OCH3PTPTP 439.88  1.600 
 
It is seen that the oligomer with NO2 side chains has the highest λmax among the acceptor-substituted 
oligomers. Moreover, both of the oligomers with acceptor or donor groups have larger λmax compared with the 
unsubstituted one. These results were confirmed when we determined the optical gap in oligomers substituted 
with acceptor groups. The optical gap is estimated using the following formula: 
 

Eg
opt (eV) = 1240 / λ(nm) 

  
where λ is the absorption threshold wavelength of the material determined graphically as in Figs. 4-6. Based 
on this formula and the UV-vis spectra obtained by the ZINDO method, we calculated the optical gap of the 
studied oligomers (Fig. 4-6).  
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Figure 4. UV-vis spectrum of 6CNPTPTP (Eg

opt  = 2.35 eV). 
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Figure 5. UV-vis spectrum of 6CH3COPTPTP (Eg

opt  = 2.30 eV). 
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Figure 6. UV-vis spectrum of 6NO2PTPTP (Eg
opt  = 1.88 eV) 

 
The donor groups attached to the PTPTP oligomers push the electronic density towards the main chain (cf. Fig. 
7). The acceptor groups, in contrast, pull the electronic density from the main chain. Therefore, the donor 
groups favour the planarity of the chain cycles [34], while the acceptor groups cause a distortion in the main 
chain. This distortion is reflected in the intercyclic distances and dihedral angles; they increase in the acceptor 
case in comparison with the donor ones. 
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Figure 7. Contour plots of the frontier orbitals HOMO and LUMO for the studied oligomers 
 
The band gap energies found for the oligomers 6CNPTPTP, 6NO2PTPTP, and 6CH3COPTPTP are all less 
than the value found for the unsubstituted oligomer. This is due to the acceptor effect of the lateral side-chains. 
The electronic properties of some oligomers with lateral donor groups (e.g. 6FPTPTP and 6OCH3PTPTP) are 
also included in order to see the difference between the donor and the acceptor effects. Eg decreases with the 
increase in the acceptor mesomeric effect (-M) in the NO2, CH3CO and CN groups. This explains also the 
difference between the value of Eg in the oligomers with acceptor groups and that in the unsubstituted one. 
It was found that Eg in the oligomers with acceptor groups is comparable to that in the oligomers with donor 
groups. This is probably because the mesomeric effects –M and +M have approximately a same absolute 
value, namely, │-Macceptor│≈│+Mdonor│. 



J. Mater. Environ. Sci. 5 (1) (2014) 133-142                                                                                         Zgou et al. 
ISSN : 2028-2508 
CODEN: JMESCN 
 

139 
 

The positions of LUMO and HOMO are resummarized according to Fig. 8. This figure shows the LUMO and 
HOMO positions for all the studied oligomers compared with an acceptor polymer (PC60BM) [50-52] which is 
generally used in organic photovoltaic cells. 
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Figure 8: HOMO and LUMO levels of the oligomers compared with those of PC60BM. 

 
As mentioned above, it is clear that the acceptor lateral groups (NO2, CN, CH3CO) decrease considerably the 
LUMO and HOMO levels. This decrease enhances the chemical stability of these oligomers. In other words, 
they acquire higher ionization potentials. 
In organic solar cells, Voc is linearly dependent on the HOMO level of the donor semiconductor and on the 
LUMO level of the acceptor semiconductor (connected respectively to the oxidation potential and reduction 
potential of each material) [53, 54]. This result affects directly VOC, which is proportional to the difference 
between the LUMO of the acceptor polymer and the HOMO of the donor one: 

VOC ~ │HOMO D│-│LUMO A│ [54]  
The HOMO level of the donor polymer must not be less than that of PC60BM and must not be than the work 
energy of ITO [54, 55]. Moreover, the LUMO level of the donor polymer must exceed the LUMO of PC60BM 
by at least 0.3 eV [54, 55]. Therefore, in Fig. 8, only oligomers with HOMO level between the HOMO and 
LUMO levels of PC60BM are attractive for photovoltaic applications. 
 
Table 6: Energy difference between the absolute value of the oligomer’s HOMO and PC60BM’s LUMO. 
 

 
Oligomer 

 
HOMO (eV) 

∆∆∆∆E=lHOMOl–lLUMO (PC 60BM)l 
LUMO (PC 60BM) = -3.7eV 

PTPTP -5.160 1.460 
6FPTPTP - 5.404 1.704 

6CH3COPTPTP - 5.660 1.960 

PTPTP 

6CNPTPTP 

6FPTPTP 

6CH3COPTPTP 

6NO2PTPTP 

PC60BM 



J. Mater. Environ. Sci. 5 (1) (2014) 133-142                                                                                         Zgou et al. 
ISSN : 2028-2508 
CODEN: JMESCN 
 

140 
 

In this study, it was found that λmax of the oligomer substituted with NO2 groups is higher than that of the other 
oligomers. This is because the mesomeric acceptor effect -M of NO2 is stronger in comparison with –M of CN 
and CH3CO groups. It was also seen that λmax of the oligomers substituted with either type of groups (acceptor 
or donor) are higher than that of the unsubstituted oligomer. This is also due to the mesomeric effects +M and 
–M of these groups. 
We have found also that the acceptor groups decrease the gap and increase λmax . The same tendency has also 
been observed (slightly) for the donor groups. However, the acceptor groups stabilize the HOMO and LUMO 
levels in contrast with the donors. 
The C-S bond lengths of the thiophene rings in the oligomer 6CH3COPTPTP are largely superior to those of 
the other oligomers (cf. Table 2). This decreases the resonance energy in the thiophene oligomer cycles and 
therefore contributes significantly in reducing the gap of 6CH3COPTPTP.  
The nature of the acceptor groups studied makes it possible to tailor the HOMO/LUMO positions with those 
of PC60BM so as to optimize them for photovoltaic applications. In this case, 6CH3COPTPTP can be chosen 
for its interesting properties (Eg, λmax, and ∆ED-A = │HOMOD│-│LUMOA│). 6CNPTPTP and 6NO2PTPTP 
have HOMO levels much lower than both the HOMO level of the acceptor material PC60BM and the work 
function of ITO [54]. Therefore, they are not promising for these applications. 
 
Conclusion  
In this work, we have studied the optoelectronic properties of oligomers based on thiophene and phenylene. 
Three types of oligomer have been studied: unsubstituted, substituted with acceptor groups, and substituted 
with donor groups. It has been found that the acceptor groups decrease the gap and increase λmax . The same 
tendency has also been observed (slightly) for the donor groups. However, the acceptor groups stabilize the 
HOMO and LUMO levels in contrast with the donors. The nature of the acceptor groups studied makes it 
possible to tailor the HOMO/LUMO positions with those of PC60BM so as to optimize them for photovoltaic 
applications. From this study, it can be concluded that the 6CH3COPTPTP is promising for photovoltaic 
applications. Moreover, this material’s side chain CH3CO can be easily extended (CH3-(CH2)n-CO) so as to 
render the material more soluble and easier in processing. 
 
Acknowledgments-The authors are grateful to the “Association Marocaine des Chimistes Théoriciens 
(AMCT)” for help on computation software. 
 
References 
1. Skotheim T.A. (Ed.), Handbook of conducting Polymers, Marcel Dekker, New York, (1986), Bernier, 

Lefrantet Bidan, Elsevier, (1995); Special issues on molecular materials for electronic and optoelectronic 
devices, Acc. Chem. Res., 32 (1999) 191. 

2. Ego C., Marsitzky D., Becker S., Zhang J. Y., Grimsdale A.C., Mullen K., MacKenzie J. D., Silva C., 
Friend R. H.,  J. Am. Chem.  Soc., 125 (2003) 437–443.  

3.Liu J., Guo X.,Bu L. J., Xie Z. Y., Cheng Y. X., Geng Y. H., Wang L. X., Jing X. B., Wang F. S., Adv Funct 
Mater, 17(2007) 1917–1925.  

4. Wu W. C., Liu C. L., Chen W. C.,Polymer,47 (2006) 527–538.  
5. Yang R. Q., Tian R. Y., Yan J. G., Zhang Y., Yang J., Hou Q., Yang W., Zhang C., Cao Y., 

Macromolecules, 38(2005) 244–253.  
6. Lin Y., Chen Z. K., Ye T. L., Dai Y. F., Ma D. G., Ma Z., Liu Q. D., Chen Y., J. Polym. Sci. Part A: Polym. 

Chem., 48 (2010) 292–301.  
7. Tang W. H., Lin T. T., Ke L., Chen, Z. K. J. Polym. Sci. Part A: Polym. Chem., 46(2008) 7725–7738. 
8. Tang W.H., Ke L., Tan L.W., Lin T. T., Kietzke T., Chen Z. K., Macromolecules, (2007) 40 6164–6171. 
9. Brabec C.J., Dyakonov V., Parisi J., Sariciftci N.S., Organic Photo Voltaics: Concepts and Realization; 

Springer-Verlag: Heidelberg, (2003). 
10. Chua L. L., Zaumseil J., Chang J. F., Ou E. C. W., Ho P. K. H., Sirringhaus H., Friend R. H., Nature, 434 

(2005) 194–199.  
11. Chen M. X., Crispin X., Perzon E.,  Andersson M. R., Pullerits T., Andersson M., Inganas O., Berggren 

M.,  Appl. Phys. Lett., 87(2005) 252105–252107. 



J. Mater. Environ. Sci. 5 (1) (2014) 133-142                                                                                         Zgou et al. 
ISSN : 2028-2508 
CODEN: JMESCN 
 

141 
 

12.  Lee W. Y., Cheng K. F., Wang T. F., Chueh C. C., Chen W. C., Tuan C.S., Lin J. L., Macromol. Chem. 
Phys., 208 (2007) 1919–1927.  

13. Cheng K. F., Liu C. L., Chen W. C., J.Polym. Sci. Part A: Polym. Chem., 45 (2007) 5872–5883. 
14. Liu C. L., Tsai J. H., Lee W. Y., Chen W. C., Jenekhe S. A., Macromolecules, 41(2008) 6952–6959.  
15 Champion R. D., Cheng K. F., Pai C. L., Chen W. C., Jenekhe S. A., Macromol Rapid Commun, 26 (2005) 

1835–1840.  
16. Babel A., Zhu Y., Cheng K. F., Chen W. C. Jenekhe S. A., Adv Funct Mater, 17(2007) 2542–2549. 
17. Zhu Y., Champion R. D.,Jenekhe S. A., Macromolecules, 39(2006) 8712–8719. 
18. Zhou E. J., Tan Z., Yang Y., Huo L. J., Zou Y. P., Yang C. H., Li Y. F.,Macromolecules 40(2007) 1831–

1837. 
19. Dennler G., Scharber M. C.,Ameri T., Denk P., Forberich K., Waldauf C., Brabec C., J. Adv. Mater., 20 

(2008) 579–583.  
20. Liang Y., Feng D., Wu Y., Tsai S.-T., Li G., Ray C., Yu L., J.,  J. Am. Chem . Soc., 131 (2009) 7792–7799. 
21. Coakley K. M., McGehee M. D., Chem. Mater.,  16(2004) 4533–4542.  
22. Chen C. P., Chan S. H., Chao T. C., Ting C., Ko B. T.,  J. Am. Chem . Soc., 130 (2008) 12828–12833.  
23. Chan S. H., Chen C. P., Chao T. C., Ting C., Lin C. S., Ko B. T., Macromolecules, 41 (2008) 5519–5526.  
24. Yu C. Y., Chen, C. P.,Chan S. H., Hwang G. W., Ting C., Chem. Mater.,21 (2009) 3262–3269.  
25. Lu J. P., Liang F. S., Drolet N., Ding J. F., Tao Y., Movileanu R., Chem.Commun., 42 (2008) 5315–5317.  
26. Tsai J. H., Chueh C. C., Lai M. H., Wang C. F., Chen W. C., Ko B. T., Ting C., Macromolecules, 42 

(2009) 1897–1905.  
27. Lai M. H., Chueh C. C., Chen W. C., Wu J. L., Chen F. C., J. Polym. Sci. Part A: Polym. Chem.,47 (2009) 

973–985.  
28. Li G., Shrotriya V., Huang J. S., Yao Y., Moriarty T., Emery K., Yang Y.,Nat Mater, 4 (2005) 864–868.  
29. Kim Y., Cook S., Tuladhar S. M., Choulis S. A., Nelson J., Durrant J. R., Bradley D. D. C., Giles M., 

McCulloch I., Ha C. S., Ree M.,Nat. Mater., 5(2006) 197–203.  
30. Peet J., Kim J. Y., Coates N. E., MaW. L., Moses D., Heeger A. J., Bazan G. C., Nat Mater, 6 (2007) 497–

500.  
31. Wong W. Y., Wang X. Z., He Z., Djurisic A. B., Yip C. T., Cheung K. Y., Wang H., Mak C. S. K., Chan 

W. K., Nat.Mater., 6 (2007) 521–527. 
32. Zgou H., Hamidi M., Lère-Porte J.-P., Serein-Spirau F., Silva R.A., Bouachrine M., J. Mater. Environ. Sci. 
1 (S1) (2010) 293-302. 
33. Seung-Yong Song, Hong-Ku Shim, Synthetic Metals, 111–112 (2000)  437–439.   
34. Zgou H., Hamidi M., Bouachrine  M., Acta. Phys. Chim. Sin., 24 (1)  (2008)37-40.   
35. Zgou H., Hamidi M.,  Bouachrine M., Journal of Molecular Structure (TEOCHEM), 814 (2007) 25-32. 
36.  Sheats J. R., J. Mater.Res., 19 (1974) 1974–1989. 
37. Toufik H., Bouzzine S.M., Lamchouri F., Nawdali M., Hamidi M., Bouachrine M., J. Mater. Environ. Sci. 
3 (2) (2012) 286-29. 
38. Pei J., Yu W. L., Huang W., Macromolecules, 33 (2000) 2462.  
39.  Lee C.,Yang W.R.,Parr G., Phys. Rev. B, 37 (1993) 785. 
40. Bouzzine M., Bouzakraoui S., Bouachrine M., Hamidi M., Hamdaoui B., Phy. Chem. News, 1 (2004) 110. 
41. Bouachrine M., Bouzakraoui S., Hamidi M., Ayachi S., Alimi K., Lère-Porte J-P., Moreau ; J., Synth. Met., 

145 (2004) 237. 
42. Frisch M. J.,  Trucks G. W., Schlegel H. B., Scuseria G. E., Robb M. A.,  Cheeseman J. R., Scalmani G., 

Barone V., Mennucci B., Petersson G. A., Nakatsuji H., Caricato M., Li X., Hratchian H. P.,  Izmaylov A. 
F.,  Bloino J., Zheng G., Sonnenberg, J. L., Hada M., Ehara M., Toyota K., Fukuda R.,Hasegawa J., 
Ishida M., Nakajima T., Honda Y., Kitao O., Nakai H., Vreven T.,  Montgomery J. A.,  Peralta J. E., 
Ogliaro F., Bearpark M., Heyd J. J.,  Brothers E., Kudin K. N., Staroverov V. N., Kobayashi R., 
Normand J., Raghavachari K.,Rendell A., Burant J. C., Iyengar S. S.,  Tomasi J., Cossi M., Rega N., 
Millam J. M., Klene M., Knox J. E.,  Cross J. B., Bakken V., Adamo C., Jaramillo J., Gomperts R., 
Stratmann R. E., Yazyev O., Austin A.J., Cammi R., Pomelli C.,Ochterski J.W., Martin R.L., Morokuma 
K., Zakrzewski V. G., Voth G. A., Salvador P., Dannenberg J. J., Dapprich S., Daniels A. D., Farkas O., 
Foresman J.B.,  Ortiz J.V.,  Cioslowski J. and Fox D. J.,Gaussian, Inc., Wallingford CT, (2009). 

43. Becke A.D., J. Chem. Phys. 98 (2) (1993) 1372–1377. 
44. Rassolov V. A., Ratner M. A., PopleJ. A., Redfern P. C., Curtiss L. A., J. Comp. Chem., 22 (2001) 976-84.  



J. Mater. Environ. Sci. 5 (1) (2014) 133-142                                                                                         Zgou et al. 
ISSN : 2028-2508 
CODEN: JMESCN 
 

142 
 

45. Bacon A.D. and Zerner, M.C.,Theor. Chim. Acta, 32(1973) 111. 
46. (a) Anderson W.P., Edwerd W.D. and Zerner M.C., Inorg. Chem., 25 (1986)2727.(b) M. Kotzian and N. 

Roesch M.C., Theor. chim. Acta, 81 (1992) 201. 
47. Bouachrine M., Bouzzine SM., Hamidi M., Lére-Porte J-P., Serein-Spirau  F., Sotiropoulos J. M., Miqueu 
K.,  J. Mater. Environ. Sci. 1 (2) (2010) 78-83. 
48. Moawia O. A., WojciechPisula, Subodh G. Mhaisalkar, Molecules, 17 (2012) 12163-12171. 
49. Brédas J.L., Silbey R., Boudreux D. S.,  Chance R. R., J. Am. Soc., 105 (1983) 6555, 
50. Li G., Shrotriya V., HuangJ., Ya, Y., Moriarty T., Emery K., Yang Y., Nature Materials, 4 (2005) 864-

868.   
51. Ma W., Yang C., Gong X., Lee K., Heeger A. J.,  Adv. Funct. Mater., 15 (10) (2005) 1617-1622.  
52. Reyes-Reyes M., Kim K., Dewald J., Lopez-Sandoval R., Avadhanula A., Curran S., Caroll D. L., 

Organic Letters, 7 (26) (2005) 5749-5752, 
53. Brabec C. J., Cravino A., Meissner D., Sariciftci N. S., Fromherz T., Rispens M. T., Sanchez L., 

Hummelen J. C., Adv. Funct. Mater., 11 (5) (2001) 374-380.  
54. Scharber M. C., Mühlbacher D., Koppe M., Denk P., Waldauf C., Heeger A. J., Brabec C. J.,  Adv. Mater. 

18 (2006) 789-794. 
55. Bundgaard E., Krebs F.C., Solar Energy Materials and solar Cells, 91 (2007) 954. 
 
 
 
(2014) ; http://www.jmaterenvironsci.com 
 


