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ABSTRACT 
 
In this paper, a theoretical study of several conjugated aromatic compounds based on several pyrroleis reported 
using Density Functional Theory method (DFT). Theoretical calculation has been carried out in order to 
characterize their stability, geometric and electronic properties. In fact, substituent nature, number and position are 
crucial parameters to define structural and electronic molecule properties. Besides, assessing HOMO and LUMO 
energy levels of compounds is essential in investigating suitable materials for optoelectronic applications. The 
theoretical knowledge of HOMO and LUMO energy levels of the components are basic in studying organic solar 
cells, so the HOMO, LUMO and Gap energy Voc (open circuit voltage) of the studied compounds have been 
calculated and discussed. The properties suggest these materials as a good candidate for organic solar cells. 
 
Keywords: π-conjugated.molecules, pyrrolederivatives, DFT, band-gap, electronic properties, Voc(open circuit 
voltage). 
_____________________________________________________________________________________________ 
 

INTRODUCTION 
 
Organic materials based on conjugated molecules have attracted continuing interest as a result of their suitability in 
a broad range of electronic applications, such a batteries [2], electroluminescent devices [3], field-effect transistors 
[4] and photovoltaic [5]. Therefore, designing and synthesizing conjugated molecules with interesting properties 
play a crucial role in technology at the same time it important to understand the nature of the relationship between 
the molecular structure and the electronic properties to provide guidelines for the development of new materials. 
 
Many researchers have become interested in synthesizing short-chain compounds based on conjugated molecules 
because they are not amorphous and can be synthesized as well-defined structures [6]. Moreover, the short 
conjugated molecules units have attracted much attention, because of their unique electronic properties, to their high 
photoluminescence quantum efficiency and thermal stability [7]. Many studies have been made recently on the 
integration of conjugated heterocyclic and the effect on the optoelectronic properties [8]. Previously [1] have 
described the synthesis of a series of 3,4-dihydro 2H-pyrrole (Figure1). To the best of our knowledge a systematic 
theoretical study of such compounds has not been reported. Fundamental understanding of structural and energetic 
properties of this kind of materials could be useful so as design new molecules. 
 
Theoretical analysis of the electronic structure of conjugated systems can establish the relationships between 
molecular structure and electronic properties. Theoretical studies on the electronic structures of π-conjugated 
compounds have given great contributions to the rationalization of the properties of known materials and to the 
prediction of the yet unknown ones. In this context, quantum chemical methods have been increasingly applied to 
predict the band gap of conjugated systems [9]. This work will further elucidate geometric and electronic properties 
with the aim to prove the relationship between molecular structure and electronic properties, and driving towards 
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the next synthesis compounds which are as active materials in optoelectronic. The quantum chemical investigation 
has been performed to the optical and electronic properties of a series of compounds based on 3,4-dihydro 2H-
pyrrole, 2H-pyrrole and pyrrole derivatives. Different electron side groups were introduced to investigate their 
effects on the electronic structure. The theoretical knowledge of the HOMO and LUMO energy levels of the 
components is basis in studying organic solar cells as the HOMO, LUMO, Gap energy and Voc of the studied 
compounds have been calculated and reported. Particular attention is paid to electronic structure, absorption and 
emission properties. Their properties suggest they are good candidates for organic solar cells.  
 

 
 

N° R5 R4 R3 
Pyr1 Ph H H 
Pyr2 Ph Ph H 
Pyr3 Ph Me H 
Pyr4 Ph H Ph 
Pyr5 Ph H Me 
Pyr6 Ph Ph Ph 
Pyr7 Ph Me Ph 
Pyr8 Ph Ph Me 
Pyr9 Me H Ph 
Pyr10 Me H H 
Pyr11 Me Ph H 
Pyr12 Me Me H 
Pyr13 Me H Me 
Pyr14 Me Ph Ph 
Pyr15 Me Me Ph 
Pyr16 Me Ph Me 
Pyr17 Ph Me Me 
Pyr18 H H H 
Pyr19 H Me Me 
Pyr20 H Ph Ph 
Pyr21 H H Me 
Pyr22 H Me H 
Pyr23 H Ph H 
Pyr24 H H Ph 
Pyr25 H Me Ph 
Pyr26 H Ph Me 

 
Figure 1: Chemical structure of studied compounds Pyr i (I = 1–26) 

 
MATERIALS  AND METHODS 

 
DFT method of three-parameter compound of Becke (B3LYP) [10] was used in all the study of the neutral and 
polaronic compounds. The 6-31G (d) basis set was used for all calculations [11]. To obtain the charged structures, 
we start from the optimized structures of the neutral form. The calculations were carried out using the GAUSSIAN 
03 program [12].The geometry structures of neutral molecules were optimized under no constraint. We have also 
examined HOMO and LUMO levels; the energy Egap is evaluated as the difference between the HOMO and LUMO 
energies. The ground state energies and oscillator strengths were investigated using the ZINDO/s, calculations on 
the fully optimized geometries [13]. 
 

RESULTS 
 
The results of the optimized structures (Figure.2) for all studied compounds so that they have similar conformations 
(quasi planar conformation). We found that the modification of several groups attached to the ring does not change 
the geometric parameters. 
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Figure 2: Optimized geometries obtained by B3LYP/6-31G (d) of the studied molecules 

 
Table 1 lists the calculated frontier orbital energies and energy Egap between highest occupied molecular orbital 
(HOMO) and lowest unoccupied molecular orbital (LUMO) and the energyEgapof the studied molecules, also the 
open circuit voltageVoc(eV) andα =ELOMO (Donor) –ELUMO (Acceptor).These parameters will be discussed in the 
photovoltaic part. 
 
Table 1: Energy values of ELUMO (eV), EHOMO (eV),Egap(eV),α (eV) and the open circuit voltageVoc(eV) of the studied molecules obtained 

by B3LYP/6-31G (d) 
 

N° EHOMO  (eV) ELUMO  (eV) Egap (eV) Voc(eV) α (eV) 
Pyr1 -6.081 -2.023 4.058 2.081 1.677 
Pyr2 -5.558 -2.351 3.207 1.558 1.349 
Pyr3 -5.491 -2.332 3.159 1.491 1.368 
Pyr4 -5.625 -2.404 3.221 1.625 1.296 
Pyr5 -5.514 -2.355 3.159 1.514 1.345 
Pyr6 -5.503 -2.576 2.927 1.503 1.124 
Pyr7 -5.543 -2.610 2.933 1.543 1.090 
Pyr8 -5.475 -2.327 3.148 1.475 1.373 
Pyr9 -5.539 -2.321 3.218 1.539 1.379 
Pyr10 -5.684 -1.892 3.792 1.684 1.808 
Pyr11 -5.683 -1.869 3.815 1.683 1.831 
Pyr12 -5.475 -1.727 3.748 1.475 1.973 
Pyr13 -5.514 -1.683 3.831 1.514 2.017 
Pyr14 -5.706 -1.856 3.849 1.706 1.844 
Pyr15 -5.513 -1.732 3.781 1.513 1.968 
Pyr16 -5.494 -1.805 3.689 1.494 1.895 
Pyr17 -5.430 -2.255 3.176 1.430 1.445 
Pyr18 -5.902 -1.895 4.007 1.902 1.805 
Pyr19 -5.634 -1.691 3.943 1.634 2.009 
Pyr20 -5.978 -1.940 4.038 1.978 1.760 
Pyr21 -5.764 -1.760 4.003 1.764 1.940 
Pyr22 -5.753 -1.816 3.937 1.753 1.884 
Pyr23 -5.962 -1.957 4.005 1.962 1.743 
Pyr24 -5.966 -1.919 4.047 1.966 1.781 
Pyr25 -5.787 -1.815 3.972 1.787 1.885 
Pyr26 -5.626 -1.949 3.677 1.626 1.751 

PCBM C60 (A) -6.100 -3.700 - - - 

 
The HOMO and the LUMO energy levels of the donor and acceptor components are very important factors to 
determine whether effective charge transfer will happen between donor and acceptor.  
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As shown in table 1,The HOMO and LUMO energies of Pyr1 to Pyr26 change significantly, the LUMOs for Pyr1, 
Pyr2, Pyr3, Pyr4, Pyr5, Pyr6, Pyr7, Pyr8, Pyr9, Pyr10, Pyr11, Pyr12, Pyr13, Pyr14, Pyr15, Pyr16, Pyr17, Pyr18, Pyr19, Pyr20, 
Pyr21, Pyr22 , Pyr23, Pyr24, Pyr25andPyr26 are located at -2.023; -2.351; -2.332; -2.404;-2.355; -2.576; -2.610;-2.327; -
2.321; -1.892;-1.869; -1.727; -1.683; -1.856; -1.732; -1.805;-2.255; -1.895; -1.691;-1.940; -1.760; -1.816;-1.957; -
1.919;- 1.815and-1.949 eV, respectively. The HOMOs for Pyr1, Pyr2, Pyr3, Pyr4, Pyr5, Pyr6, Pyr7, Pyr8, Pyr9, Pyr10, 
Pyr11, Pyr12, Pyr13, Pyr14, Pyr15, Pyr16, Pyr17, Pyr18, Pyr19, Pyr20, Pyr21, Pyr22 , Pyr23, Pyr24, Pyr25 and Pyr26 are located 
at-6.081; -5.558; -5.491; -5.625;-5.514; -5.503; -5.543;-5.475; -5.539; -5.684;-5.683; -5.475; -5.514; -5.706; -5.513; 
-5.494;-5.430; -5.902; -5.634; -5.978; -5.764; -5.753;-5.962; -5.966; -5.787and -5.626 eV, respectively. 
 
It can also be found that, the HOMO and LUMO energies of the studied compounds are slightly different. This 
implies that different structures play key roles on electronic properties and the effect of slight structural variations, 
especially the effect of the motifs branched to the molecule on the HOMO and LUMO energies is clearly seen. In 
addition, energy (Egap) of the studied molecules differs slightly from 2.927 eVto 4.058 eV depending on the 
different structures. They are studied in the following order: 
 
Pyr1>Pyr24>Pyr20>Pyr18>Pyr23>Pyr21>Pyr25>Pyr19>Pyr22>Pyr14>Pyr13>Pyr11>Pyr10>Pyr15>Pyr12>Pyr16>Pyr26

>Pyr4>Pyr9>Pyr2>Pyr17>Pyr3>Pyr5>Pyr8>Pyr7>Pyr6 

 
Generally, the most efficient material solar cells are based on the bulk hetero-junction structure of the blend of π-
conjugated molecule or polymer donors and fullerene derivative acceptors [14]. Here, we have studied the 
photovoltaic properties of the compounds Pyr1 to Pyr26 as donor blended with [6.6]-phenyl-C61-butyric acid methyl 
ester (PCBM), which is the most broadly used as an acceptor in solar cell devices. The HOMO and the LUMO 
energy levels of the donor and acceptor components are very important factors to determine whether effective 
charge transfer will happen between donor and acceptor. Figure 3 shows detailed data of absolute energy of the 
frontier orbitals for studying compounds and PCBM as an acceptor. It is deduced that the nature of donor or 
acceptor pushes up/down the HOMO/LUMO energies in agreement with their electron character. To evaluate the 
possibilities of electron transfer from the excited studied molecules to the conductive band of PCBM, the HOMO 
and LUMO levels were compared. As shown in Table 1, both HOMO and LUMO levels of the studied molecules 
agreed well with the requirement for an efficient photosentizer. Indeed, the difference in the LUMO energy levels of 
the studied compounds Pyr1 to Pyr26 and PCBM was in the range of 1,090 to 2,017 eV, suggesting that the photo-
excited electron transfer from our compounds to PCBM may be sufficiently efficient to be useful in photovoltaic 
devices [15]. 
 
On the other hand and knowing that in organic solar cells, the open circuit voltage is found to be linearly dependent 
on the HOMO level of the donor and the LUMO level of the acceptor [16]. The power conversion efficiency (PCE) 
was calculated according to the following equation (1):  

(1)                
    )..(

1

sc
J

oc
VFF

in
P

PCE =
 

 
Where Pin is the incident power density, Jsc is the short-circuit current, Voc is the open-circuit voltage, and FF 
denotes the fill factor. The maximum open circuit voltage (Voc) of the Bulk Hetero Junction solar cell is related to 
the difference between the highest occupied molecular orbital (HOMO) of the electron donor and the LUMO of the 
electron acceptor, taking into account the energy lost during the photo-charge generation [17]. The theoretical 
values of open-circuit voltage Voc have been calculated from the following expression (2): 
 

(2)          Acceptor  E  Donor E V LUMOHOMOoc 3.0)()( −−=  

 
The obtained values of Voc of the studied molecules range from 1,430 eV to 2,081 eV, these values are sufficient for 
a possible efficient electron injection. Therefore, all the studied molecules can be used as sensitizers because the 
electron injection process from the excited molecule to the conduction band of fullerene derivative [6,6]-phenyl-
C61-butyric acid methyl ester (PCBM) and the subsequent regeneration is possible in an organic sensitized solar 
cell (Table 1, Figure 3). 
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Figure 3:Sketch of DFT/B3LYP/6-31G (d) calculated energy of the HOMO, LUMO levels of studied molecules 

 
The frontier molecular orbital (MO) contribution is very important in determining the charge-separated states of the 
studied molecules because the relative ordering of occupied and virtual orbital provides a reasonable qualitative 
indication of excitations properties [18].In general, as shown in figure 4 (LUMO, HOMO), the HOMOs of these 
oligomers in the neutral form possess a π-bonding character within subunit and a π-antibonding character between 
the consecutive subunits while the LUMOs possess a π-antibonding character within subunit and a π-bonding 
character between the subunits whereas it is the opposite in the case of doped forms.  
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Figure 4: Obtained isodensity plots of the frontier orbital HOMO and LUMO of the studied compounds obtained at B3LYP/6-31(d) level 
 
Absorption Properties based on the optimized molecular structures with B3LYP/6-31G (d) method. We have 
calculated the UV-vis. spectra of each studied compound: Pyri (1 to 26) using by ZINDO method (Figure 5).   
 
As illustrated in table 2, we can find the values of calculated wavelength λabs and oscillator strengths O.S. Excitation 
to the S1 state corresponds almost exclusively to the promotion of an electron from the HOMO to the LUMO 
orbital. The absorption wavelengths arising from S0→S1 electronic transition increase progressively with the 
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increasing of conjugation lengths. It is reasonable, since HOMO→LUMO transition is predominant in S0→S1 
electronic transition; the results are a decrease of the LUMO and an increase of the HOMO energy [19].  
 
These values are calculated by ZINDO method starting with optimized geometry obtained at B3LYP/6-31G (d) 
level. Data in table 5 shows that there is a bathochromic shift when passing from Pyr1 to Pyr26  in this order (Pyr1, 
Pyr2, Pyr3, Pyr4, Pyr5, Pyr6, Pyr7, Pyr8, Pyr9, Pyr10, Pyr11, Pyr12, Pyr13, Pyr14, Pyr15, Pyr16, Pyr17, Pyr18, Pyr19, Pyr20, 
Pyr21, Pyr22 , Pyr23, Pyr24, Pyr25, Pyr26) which also can be seen respectively in Pyr1 (356.13nm), Pyr2 (374.09nm), 
Pyr3 (362.26nm), Pyr4 (374.02nm), Pyr5 (357.84nm), Pyr6 (376.09nm),Pyr7 (371.13nm), Pyr8 (374.17nm), Pyr9 
(352.43nm), Pyr10 (317.58nm), Pyr11 (333.19nm), Pyr12 (326.97nm), Pyr13 (319.99nm), Pyr14 (341.93nm), Pyr15 
(299.51nm),Pyr16 (332.33nm), Pyr17 (361.63nm), Pyr18 (303.10nm), Pyr19 (312.71nm), Pyr20 (330.91nm), Pyr21 
(308.32nm), Pyr22 (311.36nm), Pyr23 (321.41nm) , Pyr24 (339.02nm), Pyr25 (332.82nm),Pyr26 (320.52nm).This effect 
is obviously due to insertion of different Donor or acceptor to the π-spacer unit. Those interesting points are seen 
both in the theoretical and experimental results. 
 

Table 2: Absorption spectra data obtained by ZINDOmethods for the Pyri (i=1 to 26) compounds at B3LYP/6-31G (d) optimized 
geometries 

 
N° λ (nm) Eactivation O.S MO/character 

Pyr1 356.13 3.4815 0.7189 HOMO�LUMO (94%) 
Pyr2 374.09 3.3143 0.4789 HOMO�LUMO (92%) 
Pyr3 362.26 3.4225 0.6699 HOMO�LUMO (94%) 
Pyr4 374.02 3.3149 0.4418 HOMO�LUMO (90%) 
Pyr5 357.84 3.4648 0.6877 HOMO�LUMO (94%) 
Pyr6 376.09 3.2967 0.4055 HOMO�LUMO (86%) 
Pyr7 371.13 3.3408 0.4624 HOMO�LUMO (87%) 
Pyr8 374.17 3.3135 0.4690 HOMO�LUMO (92%) 
Pyr9 352.43 3.5180 0.1283 HOMO-1�LUMO (86%) 
Pyr10 317.58 3.9039 0.4555 HOMO�LUMO (95%) 
Pyr11 333.19 3.7210 0.4045 HOMO�LUMO (89%) 
Pyr12 326.97 3.7917 0.4265 HOMO�LUMO (95%) 
Pyr13 319.99 3.8744 0.4457 HOMO�LUMO (95%) 
Pyr14 341.93 3.6258 0.2127 HOMO-1�LUMO (22%) 
Pyr15 299.51 4.1394 0.3478 HOMO-1�LUMO (86%) 
Pyr16 332.33 3.7306 0.3908 HOMO�LUMO (88%) 
Pyr17 361.63 3.4285 0.6585 HOMO�LUMO (94%) 
Pyr18 303.10 4.0903 0.4274 HOMO�LUMO (95%) 
Pyr19 312.71 3.9647 0.3979 HOMO�LUMO (94%) 
Pyr20 330.91 3.7466 0.3318 HOMO-1�LUMO (85%) 
Pyr21 308.32 4.0211 0.4294 HOMO�LUMO (95%) 
Pyr22 311.36 3.9818 0.3896 HOMO�LUMO (95%) 
Pyr23 321.41 3.8573 0.3239 HOMO�LUMO (85%) 
Pyr24 339.02 3.6570 0.4417 HOMO�LUMO (88%) 
Pyr25 332.82 3.7251 0.3714 HOMO�LUMO (84%) 
Pyr26 320.52 3.8680 0.3205 HOMO�LUMO (82%) 

 
Data in table 2 shows that there is a bathochromic shift when passing from Pyr6 (376.09nm) to Pyr15 (299.51nm). 
This effect is obviously due to the aromaticity in the studied compounds. Those interesting points are seen both in 
the studying the electronic and absorption properties. 
 
The calculated wavelength λabs of the studied compounds decreases in the following order: 
 
Pyr6>Pyr8>Pyr2>Pyr4>Pyr7>Pyr3>Pyr17>Pyr5>Pyr1>Pyr9>Pyr14>Pyr24>Pyr11>Pyr25>Pyr16>Pyr20>Pyr12>Pyr23

> Pyr26>Pyr13>Pyr10>Pyr19>Pyr22> Pyr21>Pyr18>Pyr15 
 
whichis the same order of the reduction of the acceptor strength. This bathochromic effect from Pi is obviously due 
to increased π delocalization. This interesting point is seen both by analysing electronic and absorption results. 
Excitation to the S1statecorresponds exclusively to the promotion of an electron from the HOMO to the LUMO. The 
absorption wavelengths arising from S0-S1electronic transition increase progressively with the increasing of 
conjugation lengths. It is reasonable, since HOMO-LUMO transition is predominant in S0-S1electronic transition; 
the results are a decrease of the LUMO and an increase of the HOMO energy. 
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Figure 5:Simulated UV–visible optical absorption spectra of title compounds with calculated data at the ZINDO /B3LYP/6-31G (d) 
 

CONCLUSION 
 

This study is a theoretical analysis of the geometries and electronic properties of three various compounds based on 
the pyrroles which displays the effect of substituted groups on the structural and opto-electronic properties of these 
materials and leads to the possibility to suggest these materials for organic solar cells application. The concluding 
remarks are: 
 
*The results of the optimized structures for all studied compounds so that they have similar conformations (quasi 
planar conformation). We found that the modification of several groups does not change the geometric parameters.  
* The calculated frontier orbital energies HOMO and LUMO and energy Egap showed that the energy Egap of the 
studied molecules differ slightly from 4.058 eV to 2.927 eV depending on the different structures. Also we can 
remark that the energyEgap decreases, this is probably due to the effect of the conjugated system and aromaticity in 
the compounds studied. 
 
* The energy Egap of Pyr6 is much smaller than that of the other compounds. 
 
* The Molecule Pyr6 witch have a relatively high value of λmax (absorption),is expected to have the most outstanding 
photophysical properties. 
 
*All the studied molecules can be used as BHJ solar cell because the electron injection process from the studied 
molecule to the conduction band of PCBM and the subsequent regeneration are possible. 
 
* This calculation procedure can be used as a model system for understanding the relationships between electronic 
properties and molecular structure and also can be employed to explore their suitability in electroluminescent 
devices and in related applications. Presumably, the procedures of theoretical calculations can be employed to 
predict and assume the electronic properties on yet prepared and efficiency proved the other materials, and further to 
design new materials for organic solar cells.  
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