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 In the present paper, four π-conjugated materials, based on terphenyl and pyrrole, with A–D–A 
structure have been theoretically studied to propose new organic compounds to be used in the 
organic solar cell field. Moreover, the geometrical and optoelectronic properties of the designed 
molecules M1, M2, M3 and M4 have been computed after optimization in their fundamental states, 
using the quantum chemical method DFT / B3LYP/ 6−311G (d, p). Different parameters 
including HOMO and LUMO energy levels, bandgap energy, frontier molecular orbital (FMO), 
chemical reactivity indices, the density of states (DOS), Voc, electrostatic potential (ESP), and 
thermodynamic parameters at several temperatures in the range of 0-500 K have been 
determined. The absorption properties including the transition energy, the wavelengths (λmax), 
the excitation vertical energy, and the corresponding oscillator strengths of these molecules have 
been studied using the quantum chemical method TD−DFT / CAM–B3LYP / 6–311G (d, p). The 
obtained results of our studied compounds show that M3 (with 2H, 2'H-1, 1'-biisoindole moiety) 
as a donor group has special optoelectronic, absorption, and good photovoltaic characteristics. 
Thus, they can be utilized as an electron-donating in organic solar cells BHJ type. 

© 2021 Growing Science Ltd.  All rights reserved. 
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1. Introduction 
      

          In the last few years, organic solar cells have supplied remarkable importance to researchers because 
they present special characteristics including lightweight, fabrication possibility on flexible substrates, 
and high throughput.1 Various researchers are condensing their efforts into synthesizing molecules with 
small chains based on π-conjugated compounds since the structure of these compounds is not 
amorphous and can be manufactured with determined structures.2 These materials operate as fitting 
candidates for studying low-cost organic photovoltaic apparatus,3 due to their special characteristics; 
taking as examples photochemical, thermal stability, charge mobility.4 Let’s recall that the π-
conjugated compounds are broadly used in different applications5 such as OFET,6 OLEDs7 and organic 
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solar cell.8 A conjugated material contains an alternation of single and dual bonds, this leads to the 
delocalization of π electrons on the monomer units.9 The presence of π electrons makes these molecules 
electron donors. By absorbing emitted photons, these electrons can be excited from the HOMO level 
to the LUMO.4 Because of their important particular characteristics,10 our molecules have become 
favorable materials for polymer solar cells (PSC).11 
 

       PSCs lean on the concept of bulk heterojunction (BHJ) because of their ease of manufacture, the 
low cost of fabrication, the lightweight, and attractive flexibility.12, 13 The architecture of a BHJ organic 
solar cell consists mainly of a π-conjugated material as a donor and a fullerene derivative ([6, 6]-phenyl-
C61-butyric acid methyl ester) PCBM-C60)14 as an acceptor.15 A more efficient generation of charge 
carriers is the function of such organic solar cell BHJ type.3  
 

       Among the various materials designed for BHJ solar cell devices, π-conjugated polymers are based 
on polyaniline, polythiophene, polyphenyl, and polypyrrole.16-18 Several studies are interested in 
polypyrrole because it owns interesting properties like stability, excellent conductivity, and facility of 
manufacture by chemical or electrochemical polymerizations.19 
 

        In this, we have implemented a theoretical investigation of the geometric and optoelectronic 
parameters of π-conjugated materials based on terphenyl and pyrrole with the structure A–D–A. In fact, 
four molecules named M1, M2, M3, and M4 have been studied. The structure of these four compounds 
is shown in Fig. 1. The fundamental state and geometry of these compounds are optimized by the 
quantum method DFT at B3LYP/6-311G (d, p) basis set.20, 21 The two methods DFT and TD-DFT were 
used aiming to study their electronic and absorption properties. Finally, the thermodynamic parameters 
of the optimized structures have been theoretically computed based on the vibration’s analysis. 
 

 

 

 
  

Fig. 1. Structures of the Mi compounds and fullerene derivative (PCBM). 
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2. Computational methods 
 
      The quantum chemical method DFT at B3LYP,22-24 with the 6–311G (d, p) basis set,25-27 has been 
employed for all calculations. All of these calculations are done via the Gaussian 09 software.28 The 
optimization of the geometric structure for our compounds in the fundamental state is realized. From 
the stable structure of the fundamental state, the HOMO and LUMO energy levels, and bandgap 
energy29 have been determined. The density of states (DOS) distribution has been visualized using the 
GaussSum software.30 The thermodynamic parameters such as entropy (S), internal energy (U), 
enthalpy (H), and free energy (G) have been investigated at the various temperatures in the range of 0-
500 K, based on vibrational frequency computations by DFT/B3LYP/6311g (d, p) method. Here, 
different parameters such as the wavelengths (λmax), the corresponding oscillator strengths, and the 
excitation energy of our studied compounds have been realized in their fundamental state geometries 
by the TD−DFT/CAM–B3LYP/6–311 G (d, p).31 

3. Results and discussion 
 

3.1. Geometrical properties 
 
      To define the geometrical properties as the bond lengths (Å) and dihedral angles (θº), quantum 
chemical method DFT/B3LYP/6−311G (d, p) is applied to optimize our investigated compounds Mi 
(i=1-4) in their fundamental state. Fig. 2 displays optimized geometries of our investigated molecules 
and Table 1 exhibits their parameters (di and θi).  
 

 

 
Fig. 2: The optimized structure of the molecules Mi 

Table 1. The selected parameters di (Å) and θi (º) for Mi molecules at DFT/B3LYP/6−311G (d, p) 
Compound d1 d2 d3 d4 d5 d6 θ1 θ2 θ3 θ4 θ5 θ6 
M1 1.48 1.48 1.45 1.45 1.48 1.48 140.74 142.96 160.63 159.04 142.79 140.69 
M2 1.49 1.49 1.46 1.46 1.49 1.49 132.68 130.22 156.88 145.34 130.89 128.70 
M3 1.48 1.48 1.45 1.45 1.48 1.48 140.60 142.63 151.28 150.36 142.64 141.21 
M4 1.48 1.48 1.45 1.45 1.48 1.48 140.74 143.42 167.75 166.20 143.66 140.96 

      In this context, the bond length values (di) for the four compounds vary from 1.45 Å to 1.48 Å. It 
is noticed that the bond lengths (di) decrease when they approach the pyrrole unit in all molecules and 
do not know a significant variation.4 According to these results, it is indicated that these bonds tend 
towards single ones and have a Cــ   C character (~1.5Å).32 This makes intramolecular charge transferـ
(ICT) easily betwixt the units forming each molecule. The optimized structure for all molecules reveals 
that the dihedral angles have values between 140° and 167 ° from the findings mentioned in Table 1, 
suggesting that these compounds have twisted configurations.5 

1M 
2M 

3M 4M 
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3.2. Optoelectronic properties 
 

      To study such an organic solar cell, it is necessary to know the energy levels of HOMO and 
LUMO.33 Therefore, the energy levels of HOMO and LUMO represent a major role in deciding if a 
successful charge transfer can occur betwixt the donor and the acceptor.34 Electronic parameters such 
as ELUMO, EHOMO, and Egap (Egap = ELUMO − EHOMO) for the studied compounds have been theoretically 
determined based on the DFT/B3LYP/6−311G (d, p) method. To transfer electrons easily betwixt the 
levels of HOMO and LUMO when the material absorbs light, it is necessary to have a small bandgap 
value.4 Table 2 exhibits the computed energies of the studied compounds Mi: Egap, ELUMO, and EHOMO. 
 

Table. 2. the computed energies of electronic parameters obtained by DFT/ B3LYP/6−311G (d, p) 
Compounds -EHOMO (eV) -ELUMO (eV) Egap (eV) 
M1 4.39 1.53 2.86 
M2 4.39 1.64 2.76 
M3 4.56 1.84 2.73 
M4 4.50 1.55 2.95 

       It has been shown by several researchers that the energy levels of HOMO, LUMO, and the bandgap 
of a π-conjugated molecule are characteristically dependent on the length of the chain.35 It is noted that 
in π-conjugated compounds, the increase in the length of the conjugation leads to destabilizing HOMO 
energy and to stabilizing LUMO energy.36 As mentioned in Table 2 above, the EHOMO / ELUMO energies 
values are -4.392 eV/-1.53 eV for M1, -4.39 eV/-1.64 eV for M2, -4.56 eV/-1.84 eV for M3 and -4.50 
eV/-1.55 eV for M4. The corresponding band gap values (Egap) range between 2.73 eV and 2.95 eV and 
are decreased as follows: M4 (2.95 eV) > M1 (2.86 eV) > M2 (2.76 eV) > M3 (2.73 eV). On the other 
hand, this decrease is attached to the presence of the biisoindole group, which conducts to decreasing 
the EHOMO and increasing the ELUMO; this leads to decreasing Egap.37 
 

       To clearly inform on the excitation properties and the ICT for the π-conjugated systems, a study of 
HOMO and LUMO of our oligomers is important.38 Therefore, based on the method 
DFT/B3LYP/6−311G (d, p), the HOMO and LUMO orbitals of these compounds have been carried 
out from the optimized structure.5 The frontier molecular orbitals (FMO) for these compounds are 
displayed in Fig. 3. It is remarked from Fig. 3 that the electron density of all orbitals HOMO has 
relatively an analogous character and is localized on the donor moieties; whereas, the electron density 
of all orbitals LUMO is distributed on the terphenyl moieties (acceptor group). The LUMO's density is 
distributed over all the π-conjugated molecules. Generally, the FMO of all compounds has similar 
distribution characteristics; for example, the HOMO’s have a π-bonding character in the subunits and 
a π-antibonding character betwixt the consecutive subunits,39 while the LUMO's usually own a π-
antibonding character inside the subunit and a π-bonding character between the subunits.40 

 

 HOMO LUMO 
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M3 
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Fig. 3: The contour plots of HOMO and LUMO orbitals for the studied compounds 

 
3.3. Chemical reactivity indices 
 
      Several global reactivity parameters have been introduced in the chemical literature41 such as 
electronegativity (χ),42 hardness (ƞ),43, 44  electrophilicity index (ꙍ),45 and the chemical potential (µ). 
On the base of the energy values of HOMO and LUMO orbitals for such compound, chemical reactivity 
indices parameters can be calculated via the following formulas: 46, 47  
- Chemical potential     : µ = (EHOMO + ELUMO) /2; 
- Hardness                    : ƞ = (ELUMO - EHOMO) /2; 
- Electronegativity       : χ = - (EHOMO + ELUMO) /2; 
- Electrophilicity index: ꙍ= µ2/2 ƞ 
 
Table. 3. The calculated chemical reactivity indices (all in eV) for the Mi molecules and PCBM. 

Compounds η μ χ ꙍ 
M1 1.43 -2.96 2.96 6.27 
M2 1.38 -3.01 3.01 6.26 
M3 1.36 -3.20 3.20 6.98 
M4 1.48 -3.02 3.02 6.74 
PCBM 1.20 -4.90 4.90 14.41 

      The results referred in Table 3 exhibit that the PCBM has the tiniest chemical potential value (μ = 
-4.90) relative to the other compounds examined, suggesting that the electrons can readily rap out from 
the donor compounds of the BHJ solar cell to the PCBM, which is a strong acceptor. As regards 
electronegativity (χ), it can be observed that the PCBM possesses a high value compared to other 
compounds. This implies that the latter has the potential to draw the electrons of other substances 
towards it. On the other hand, the PCBM has the lowest chemical hardness value (almost). This 
indicates that it is very difficult for the PCBM to release electrons. However, these molecules are better 
for easily releasing electrons. The findings then exhibit that electrophilicity values are lower relative to 
PCBM in the investigated molecules. This indicates that these molecules are good electron donors. 
Finally, in the BHJ type solar cells, we infer that these molecules can act as better electron donors, 
whereas the PCBM is a good electron acceptor. 
 

3.4. The density of states (DOS) 
 
      A BHJ solar cell consists of disordered semiconductors and materials with localized band tail 
states.48 In BHJ, carriers have dispersive mobility, while electron transport is controlled by the acceptor, 
and the holes are carried by the donor,48 although both carriers can move easily between the two 
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materials. The density of states (DOS) study is therefore important because this parameter is the 
connection betwixt the structure of the BHJ solar cell and its electronic characteristics.48 Recent work 
has shown that the density of states (DOS) can explain charge transport properties in semiconductor 
materials. The DOS is indispensable for the study of electrons at the valence and conduction bands (α 
and β electrons), whereas this parameter is valid just for the free electrons. The DOS distribution is 
determined with the GaussSum application and is displayed in Fig. 4. The lines at the end of the x-axis 
with energy between -20 eV and -2 eV are filled orbitals, whereas those between -2 eV and 0 eV are 
considered empty orbitals. An empty orbital is called an acceptor one, while the donor orbital is the 
occupied one. At specific energy levels, a high-intensity density of states (DOS) signifies that several 
states are available to be occupied, whereas a zero-intensity DOS implies that the system cannot occupy 
any state.49 
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Fig. 4. DOS of the M1 M2, M3, and M4, compounds 

 
3.5. Molecular electrostatic potential (MEP) analysis 
 
      The electrostatic molecular potential (MEP) is a three-dimensional graphical representation on a 
surface with constant electrical density.50 MEP maps illustrate the distribution of the nuclear and 
electronic charges of molecules.51 They are used for chemical reactivity prediction (electrophilic 
attacks and nucleophilic ones) and hydrogen bond interplay.52 The molecular electrostatic potential is 
determined via the quantum chemical method DFT-B3LYP/6−311G (d, p). Fig. 5 displays MEP 
surfaces. Also, the electrostatic potential values in the MEP maps are shown in three colors: blue, red, 
and green.51 The color code of the map is between - 0.149 e0 and 0.149 e0, - 0.167 e−0 and 0.167 e−0, - 
0.151 e−0 and 0.151 e−0 and - 0.112 e−0 and 0.112 e−0 for the molecules M1, M2, M3 and M4 
respectively.38 
 
       It is remarked that the electrostatic potential values as mentioned above, seem with several colors, 
where the red color in a map corresponds to a region rich in electrons (negative), the electron-deficient 
zone (positive) is colored in blue, while the region with zero potential is in green.53 It is observed from 
Fig. 5 that the blue-colored region (electron-deficient area) is localized on the pyrrole ring. Therefore, 
the terphenyl group is electropositive. This indicates that this group can be deemed as a suitable donor. 
Furthermore, it is noticed that the rest of the units are surrounded by a null potential.4 
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Fig. ٥. MEP surfaces of the four Mi compounds 

 
3.6. Photovoltaic properties 
 
      Commonly, the parameter widely used to analyze the performances of such an organic solar cell is 
the power conversion efficiency (PCE).33 Consequently, in the study of their photovoltaic 
characteristics, the energy levels of both orbitals HOMO and LUMO of the acceptor and donor 
compounds are considered as essential factors. In this work, a photovoltaic study of the studied 
compounds is performed. Calculations of the electronic parameters (LUMO and HOMO) for the Mi 
molecules are performed via the DFT method with B3LYP / 6–311G (d, p) from their optimized 
structures. These two parameters (HOMO and LUMO) help to define the photovoltaic properties of the 
studied compounds, such as energy corresponding to the open-circuit voltage (Voc), short circuit 
current, and fill factor.  
 
       The energy corresponding to the open-circuit voltage (Voc) of the bulk heterojunction (BHJ) Solar 
cell may be theoretically calculated as the difference between the donor's HOMO energy level (Mi) and 
the acceptor's LUMO ones (PCBM),54 taking into account the energy lost during the photo-charge 
generation.55 The latter parameter can be expressed as follows (Eq. (1)):56 

( )3.0    1 EE Acceptor
LUMO

Donor
HOMO −−=

e
Voc , (1) 

where 𝐸   is the energy level of the donor Mi, 𝐸   is the energy level of the acceptor and  0.3 
V presents the empirical value for VOC losses57 proposed by Scharber and his collaborators who 
proposed equations (1) and (2). Different studies suggested that the physical reasons for this 0.3 V loss 
factor emphasize the impact of the disorder on the maximum achievable VOC in organic solar cells.58, 

59 Durrant and his collaborators60, 61 identify the effect of charge carrier recombination and the structure 
of the donor-acceptor blend on the VOC in bulk heterojunction solar cells. Based on an analysis of 
transient optoelectronic studies, a model has been developed to predict the open-circuit voltage of BHJ 
devices. They found for different polymer fullerene solar cells open circuit voltage losses in the range 
of 0.225–0.435 V.62 
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      For each couple (Donor/acceptor), we have determined the value of the parameter ΔELUMO using 
the following expression: 
 

AcceptorDonor
LUMO LUMO LUMO=|  | - |  |,ΔΕ Ε Ε                                                                                     (2) 

 

where 𝐸  is the energy level of the donor Mi and 𝐸  is the energy level of the derivative 
fullerene acceptor. In order to own high solar cell efficiency, a high Voc value is needed. For this, the 
π-conjugated compounds must have a low LUMO energy, and the electron acceptor (PCBM) must have 
a high LUMO one.51 The obtained results of the two parameters cited in equations (2) and (3) are shown 
in Table 4. 
 

Table. 4: Energy values obtained with B3LYP / 6−311G (d, p) of Egap, Voc and ΔELUMO 
Compounds EHOMO (eV) ELUMO (eV) Egap (eV) Voc (V) ΔELUMO (eV) 
M1 -4.39 -1.53 2.86 0.39 2.17 
M2 -4.39 -1.64 2.76 0.39 2.06 
M3 -4.56 -1.84 2.73 0.56 1.86 
M4 -4.50 -1.55 2.95 0.50 2.15 

      It is noted from the results in Table 4 that the Voc values for our molecules M1, M2, M3, and M4 are 
0.39 V, 0.39 V, 0.56 V, and 0.50 V respectively. This indicates that these values are sufficient for the 
electrons to be injected into the unoccupied orbital of the acceptor. Besides, the LUMO energy 
differences (ΔELUMO) values betwixt the occupied orbitals and the unoccupied ones vary from 1.86 to 
2.17 eV. This assures an electron transfer between the donors and the acceptor. As a result, these 
compounds may be used as a BHJ solar cell because of their ability to inject the valence band electrons 
(excited molecules) into the conduction band (PCBM).63 
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Fig. 6. Diagram of HOMO and LOMO energy of studied molecules and acceptor PCBM 

 
3.7. Absorption properties 
 
      To study the excited states absorption spectra,64 TD−DFT computations at CAM−B3LYP/6−311G 
(d, p) have been performed. This functional (CAM−B3LYP) is considered the best instrument to 
prophesy the optical properties of conjugated organic materials65 because it presents a good agreement 
between the UV-vis spectra predicted by this functional and those measured experimentally.66 
Therefore, the absorption properties such as electronic vertical transition energy, oscillator strengths, 
maximum absorption wavelength, and nature of the transitions have been computed with 
CAM−B3LYP/6−311G (d, p). The obtained data of absorption have been collected in Table 5 and the 
corresponding spectra are displayed in Fig. 7. 
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Table. 5. Absorption spectral data of Mi molecules obtained by CAM−B3LYP/6−311G (d, p) 
compounds λabs (nm) Etr (eV) f Assignment 
M1 506.99 2.45 0.90 H → L (73%) 
M2 513.90 2.41 1.00 H → L (99%) 
M3 514.43 2.41 1.11 H → L (99%) 
M4 472.41 2.62 1.44 H → L (99%) 

     The obtained results in Table 5 show that the strongest absorption in UV-visible (λmax>400 nm) for 
these compounds generally corresponds to the electronic transition HOMO → LUMO.55 It is noted that 
this absorption consists of the transition of the π bonding to the π* anti-bonding (π-π* transition).67 As 
displayed in Fig. 6, every compound exhibits a single band. The great intensive band is situated in 
region 340 – 730 nm, which consists of π-π* transition in aromatic groups of the complete molecule. 
Moreover, it is remarked that for all compounds, the absorption area varies from 472 nm to 514 nm. 
Thus, the maximum absorption wavelength has been observed in compound M3; whereas, through 
Table 5, it is observed that the calculated wavelength of the studied compounds decreases as follows: 
M3 (514 nm) > M2 (513 nm) > M1 (506 nm) > M4 (472 nm). This bathochromic effect shift of the four 
compounds can be explained by better delocalization of electrons permitted by the atoms oxygen and 
nitrogen toward relation to the carbon ones.55 
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Fig. 7: Absorption spectra for the Mi molecules obtained by CAM-B3LYP/6-311G (d, p) 

 
3.8. Thermodynamic properties 
 
      On the base of vibrational analysis at DFT/B3LYP/6-311G (d, p) level, the standard statistical 
thermodynamic functions: entropy (S), internal energy (U), enthalpy (H), and free energy (G) for the 
title polymers were obtained from the theoretical harmonic functions and all thermodynamic 
calculations were done in the gas phase. Fig. 8 depicts the correlation of S, U, H, and G with 
temperature. It could be seen that these thermodynamic functions (S, U, and H), except the free energy 
(G), are increasing with temperature varying from 100 to 500 K. This is explained by the fact that the 
vibrational intensities rise with temperature.68 However, it is noted that the chain length does not affect 
the calculated results. However, the calculated entropy, internal energy, and enthalpy increase with the 
increase of chain length. The negative value of free energy means that the reaction is 
thermodynamically favorable and spontaneous. 
 
      The correlation equations between entropy, internal energy, enthalpy, free energy changes, and 
temperatures have been fitted by quadratic formulas as follows: 
    
S = 279.06459 + 0.46508 T – 5.50423×10-4 T2                     (R= 0.9485, SD = 6.85246) 
U = -5.88776×10-5 + 0.02494 T – 7.04128× 10-10 T2         (R= 1, SD = 2.98627×10-4) 
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H = 1.78571×10-5 + 0.03326 T – 1.5006 × 10-10 T2         (R= 1, SD = 2.95968×10-4) 
G = 2.2747 – 0.31417 T – 8.00565×10-5 T2                                (R= 0.99995, SD = 0.36922) 

 
Fig. 8. Correlations graphic (a) between entropy and temperature, (b) between internal energy and 
temperature, (c) between enthalpy and temperature, and (d) between free energy and temperature 

 
      The corresponding fitting equations with fitting factors (R2) for these thermodynamic properties (S, 
U, H, and G) are 0.9485, 1, 1, and 0.99995, respectively. Standard deviation (SD) values for these 
thermodynamic properties are 6.85246, 2.98627×10-4, 2.95968×10-4, and 0.36922, respectively. All the 
thermodynamic data supply helpful information for the further study of these compounds and estimate 
the direction of chemical reactions according to the second law of thermodynamics.69 
 
4. Conclusion 
 
      In conclusion, the quantum method DFT and its TD-DFT approaches are used to optimize the 
geometrical structure of new conjugated molecules based on terphenyl and pyrrole with an A-D-A 
structure for application in BHJ solar cells. Also, this quantum method is relied on to theoretically 
calculate their electronic, photovoltaic, and optical properties. Besides, the aim is to see the donor 
effects on the parameters di, θi, EHOMO, ELUMO, Egap, Voc, λmax, and chemical reactivity indices of the 
cell. The obtained results show that the band gaps of our studied compounds range between 2.73 eV 
and 2.95 eV. This indicates that these molecules possess a high order of conjugation. On the other hand, 
it is observed that the better Voc values designated for the Mi molecules blend with the acceptor PCBM. 
For our studied compounds, the computed Voc values are between 0.39 V and 0.56 V, suggesting that 
these values are enough for possible effective electron injection. The computed absorption spectra of 
these four compounds exhibit an electronic transition HOMO → LUMO (π–π* type). It is observed 
that the absorption peaks for our studied compounds vary from 472 nm to 514 nm. Furthermore, the 
thermodynamic parameters (entropy, internal energy, enthalpy, and free energy) rise with the increase 
of the temperature which varies from 100 to 500 K by dint of the fact that the vibrational intensities 
rise with temperature. This can make them suitable to harvest light effectively.
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