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1. Introduction  
The conversion of solar energy directly into electricity is one of the most attractive renewable energy sources 

that can help replace fossil fuels and control global warming [1, 2]. New solar cells based on organic 

compounds are a subject of an increasing interest in recent years due to their advantages of low cost fabrication 

by using solution processing techniques at low temperature and avoiding costly vacuum processes, light weight, 

processability of organic materials and potential to make flexible photovoltaic devices in comparison with the 

traditional silicon-based solar cells [3-5]. However, the power conversion efficiency (PCE) and device 

performances are limited by the low exciton dissociation as well as low charge collection [6, 7]. To overcome 

these limitations, we can put bulk heterojunction (BHJ) (a blend of both donor and acceptor materials dispersed 

through the photoactive region) which is based on the conjugated molecules. Recently these conjugated 

molecules have been the subject of much research due to the growing interest in advanced photonic 

applications, low-cost, flexible and lightweight materials such as electroluminescent devices [8, 9], and 

photovoltaics [10-12]. To date, the most promising organic solar cells are based on composite of an electron-

donor conjugated polymer and electron-acceptor fullerene with power conversion efficiency (PCE) nearly 

10.6% [13, 14]. Nevertheless, despite the progress in terms of PCE, the short life time of organic solar cells 

limits considerably their commercial production in large scale. Researches were recently devoted to understand 

degradation mechanisms in organic solar cells in order to improve the stability and then the life time of OPV 

devices [15, 16]. In this work, we present theoretical study of the structural and optoelectronic properties of new 
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Abstract 

The pyrimidine-based compounds and derivatives are among the organic luminescent 

compounds that become very good candidates for new technologies such as organic 

light emitting diodes and solar cells. In this work, full geometry optimization with no 

constraints of pyrimidine derivatives were performed using the Density Functional 

Theory (DFT) based on Beck’s three-parameter exchange functional and Lee–Yang–

Parr nonlocal correlation functional (B3LYP) and the 6-31G(d, p) orbital basis sets for 

all atoms as implemented in Gaussian 09 program. The Molecular properties estimated 

include the highest occupied molecular orbital (HOMO), lowest unoccupied molecular 

orbital (LUMO), and other molecular properties derived from HOMO and LUMO and 

their respective energies. Besides, Time-Dependent Density Functional Theory 

(TD/DFT) calculations were used to enumerate the absorption properties like the 

maximum absorption wavelengths, the excitation energy and oscillator strengths 

corresponding to the pyrimidine derivatives. We have also calculated the open circuit 

voltage and the difference between both the LUMO energy levels of the donor and the 

acceptor. Hence, the aim of this study is to evidence the relationship between the 

chemical structure of the pyrimidine based materials and their optoelectronic properties 

behaviors and finally to conceive the compounds with effective character for solar cells. 

Our results lead to the likelihood to suggest pyrimidine based materials as bulk-

heterojunction solar cell for organic solar cells application because the electron injection 

process from the studied molecules to the conduction band of the acceptor and the 

subsequent regeneration are possible. 
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systems based on pyrimidine derivatives by quantum chemistry using DFT (Density Functional Theory) and 

B3LYP hybrid functional density to obtain full geometries optimization. The absorption spectra were simulated 

by TD/DFT (Time Dependent Density Functional Theory). With the goal to find potential sensitizers for a good 

use in organic solar cells, pyrimidine based compounds were studied. Different electron side groups 

(polyoxadiazol and polythiophen) were introduced to investigate their effects on the electronic structure. Hence, 

electronic and optical properties have been reported in order to predict the BHJ solar cell device efficiency for 

the studied compounds [17, 18]. Hence, we will scan the rapport between the molecular, the electronic structure 

and the efficiency of the solar cell in order to give further insights on the possibility of electron transfer between 

the donor and the acceptor entities in the pyrimidines π-conjugated based materials.  
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Figure 1:Structures of the studied molecules (where n=1, 2, 3). 

 

2. Materials and methods 
Full geometry optimizations of pyrimidine π-conjugated based derivatives (figure 1) at ground states were 

performed under no constraints in the structure with the Density Functional Theory (DFT) based on Beck’s 

three-parameter exchange functional and Lee–Yang–Parr nonlocal correlation functional (B3LYP) [19-21] and 

the 6-31G (d, p) orbital basis sets for all atoms as implemented in Gaussian 09 program [22] supported by Gauss 

View 5.0 interface [23] for a visual presentation of the graphics. The highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO) levels of the compounds under study were 

calculated and compared to LUMO of PCEM and PCBM, the gap energy is evaluated as the difference between 

the HOMO and LUMO energies (Egap = ELUMO – EHOMO). Calculated values of HOMO, LUMO, Egap and Voc 

(open circuit voltage), corresponding to the tested compounds, are fundamental in the study of organic solar 

cells. Vertical electronic excitation spectra, including maximal wavelengths (λmax), oscillators strengths (O.S) 

and excitation energy (Ex) were systematically investigated using TD/DFT for instance B3LYP/6-31G(d) 

method, on the basis of the optimized ground state structures. Noteworthy, all calculations were carried out in 

the gas phase. 

 

3. Results and discussion 
3.1. Geometry optimization 

The optimized structures of all studied compounds are illustrated in figure 2. The results of the optimized 

structures for the compounds under study show that they have similar quasi planar conformations. We found 

also that the modification of the kind and position of substitution on the pyrimidine ring does not change the 

geometric parameters and especially the planar conformation for all the molecules under study. 
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Figure 2:Optimized geometries of the studied molecules as calculated at the B3LYP/6-31G (d, p) level. 

 

3.2. Electronic properties 

It’s important to examine characters of the frontier orbitals because the relative ordering of the occupied and 

virtual orbitals provides a reasonable qualitative indication of the excitation properties and of the ability of 

electron or hole transport [24, 25]. The HOMOs and LUMOs of all studied molecules gathered in Figure 3, 

show that the HOMOs possess a π-bonding character within subunit and a π-antibonding character between the 

consecutive subunits while the LUMOs generally indicate a π-antibonding character within subunit and a π-

bonding character between the subunits and therefore, the compounds investigated in this paper will have 

aromatic character. We noted also that HOMO and LUMO cover, generally, the entire backbone of the 

molecules under study.  
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Figure 3: The contour plots of HOMO and LUMO orbitals of the studied compounds. 

 

Table 1 lists the calculated frontier orbital energies and energy gap (Egap) between highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of the studied molecules.  

 
Table 1: Calculated frontier orbital energies, energy gap and open circuit voltage (EHOMO, ELUMO, Egap and Voc) at the 

B3LYP/6-31G (d, p) level for the studied molecules. 

 

The energy gap of the studied molecules based on pyrimidine substituted by oxadiazol drops from 5.23 eV (for 

O21) to 3.87 eV (for O43). The results assembled in Table 1 show a band gap decline when the length of 

conjugation is augmented and the subsequent tendencies are perceived: 4.99 eV, 4.66 eV and 4.42 eV for O11, 

O12 and O13 respectively, 5.23 eV, 4.76 eV and 4.44 eV for O21, O22 and O23 respectively, 5.19 eV, 4.72 eV 

and 4.37 eV for O31, O32 and O33 respectively, 4.53 eV, 4.04 eV and 3.87 eV for O41, O42 and O43 

Molecules EHOMO 

(eV) 

ELUMO 

(eV) 

Egap 

(eV) 

VOC (eV) 

PCBM 

α (eV) 

PCBM 

VOC (eV) 

PCEM 

α (eV) 

PCEM 

O11 -7.30 -2.32 4.99 3.30 1.39 2.9 1.78 

O12 -7.44 -2.78 4.66 3.44 0.92 3.04 1.32 

O13 -7.49 -3.07 4.42 3.49 0.63 3.09 1.03 

O21 -7.26 -2.03 5.23 3.26 1.68 2.86 2.07 

O22 -7.27 -2.51 4.76 3.27 1.19 2.87 1.59 

O23 -7.27 -2.84 4.44 3.27 0.86 2.87 1.26 

O31 -7.31 -2.12 5.19 3.31 1.58 2.91 1.98 

O32 -7.38 -2.66 4.72 3.38 1.04 2.98 1.44 

O33 -7.39 -3.01 4.37 3.39 0.69 2.99 1.09 

O41 -7.31 -2.78 4.53 3.31 0.92 2.91 1.32 

O42 -7.30 -3.26 4.04 3.30 0.44 2.90 0.84 

O43 -7.35 -3.48 3.87 3.35 0.22 2.95 0.62 

O51 -7.60 -2.82 4.78 3.60 0.88 3.20 1.28 

O 52 -7.56 -3.21 4.36 3.56 0.49 3.16 0.89 

O53 -7.54 -3.42 4.12 3.54 0.28 3.14 0.68 

T11 -6.36 -1.79 4.56 2.36 1.91 1.96 2.31 

T12 -5.69 -2.08 3.61 1.69 1.62 1.29 2.02 

T13 -5.36 -2.24 3.13 1.36 1.46 0.96 1.86 

T21 -6.08 -1.52 4.56 2.08 2.18 1.68 2.58 

T22 -5.45 -1.84 3.61 1.45 1.86 1.05 2.26 

T23 -5.17 -2.03 3.14 1.17 1.67 0.77 2.07 

T31 -6.30 -1.56 4.74 2.30 2.14 1.90 2.54 

T32 -5.67 -1.91 3.76 1.67 1.79 1.27 2.19 

T33 -5.35 -2.11 3.23 1.35 1.59 0.95 1.99 

T41 -5.76 -1.83 3.93 1.76 1.87 1.36 2.27 

T42 -5.25 -2.16 3.09 1.25 1.54 0.85 1.94 

T43 -5.04 -2.30 2.74 1.04 1.40 0.64 1.8 

T51 -6.22 -1.90 4.32 2.22 1.80 1.82 2.2 

T52 -5.52 -2.19 3.33 1.52 1.51 1.12 1.91 

T53 -5.22 -2.32 2.90 1.22 1.38 0.82 1.78 
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respectively, and lastly 4.78 eV, 4.36 eV and 4.12 eV for O51, O52 and O53 respectively. In addition, the 

energy gap of the studied molecules based on pyrimidine substituted by polythiophen decreases from 4.74 eV 

(for T31) to 2.74 eV (for T43). The results gathered in Table 1 show a bandgap decrease when the length of 

conjugation is increased and the following trends are observed: 4.56 eV, 3.61 eV and 3.13 eV for T11, T12 and 

T13 respectively, 4.56 eV, 3.61 eV and 3.14 eV for T21, T22 and T23 respectively, 4.74 eV, 3.76 eV and 3.23 

eV for T31, T32 and T33 respectively, 3.93 eV, 3.09 eV and 2.74 eV for T41, T42 and T43 compounds 

respectively, and finally 4.32 eV, 3.33 eV and 2.90 eV for T51, T52 and T53 respectively. The different 

structures play key roles on electronic properties and the effect of slight structural variations, especially the 

effect of the motifs branched to the pyrimidine molecule on the HOMO and LUMO energies is clearly seen. 

Figures 4 and 5 display the evolution of the calculated HOMO and LUMO energies as a function of reciprocal 

chain length for the series of pyrimidine-(oxadiazol)n and pyrimidine-(thiophen)n under study. With the results 

presented in Figures 6 and 7 we can emphasize that the HOMO energies are destabilized with the increase of the 

conjugation length, whereas the LUMO energies are stabilized. These results indicate that the chain length of 

polymers has a big effect on electronic transition. We highlight also that there is a linear correlation between the 

energy gap and the inverse chain length as exhibited in Figures 6 and 7. In fact, there is a good linear relation 

(about r2 = 0.99) between the energy gap and the inverse chain length. In theory, the bandgap of the polymer is 

the orbital energy difference between the HOMO and the LUMO when the repeated unit number is infinite. For 

our molecules under study, the values of bandgap, calculated using Figures 6 and 7, will be between 3.54 eV 

and 4.14 eV for the series of pyrimidine-(oxadiazol)n and between 2.16 eV and 2.49 eV for the series of 

pyrimidine-(thiophen)n. Therefore, for the pyrimidine-(thiophen)n (respectively, pyrimidine-(oxadiazol)n) 

derivatives, the molecule T43 (respectively, O43) has the smallest bandgap suggesting this compound to have 

the most outstanding photophysical properties. 
 

  

Figure 4:  HOMO and LUMO energies calculated at 

B3LYP/6-31G (d, p) level as a function of reciprocal chain 

length n of pyrimidine-(oxadiazol)n. 

Figure 5:  HOMO and LUMO energies calculated at 

B3LYP/6-31G (d, p) level as a function of reciprocal chain 

length n of pyrimidine-(thiophen)n. 
 

3.2. Photovoltaic properties 

Figures 6 and 7 show detailed data of absolute energy of the frontier molecular orbitals for O11, O12, O13, 

O21, O22, O23, O31, O32, O33, O41, O42, O43, O51, O52, O53, T11, T12, T13, T21, T22, T23, T31, T32, 

T33, T41, T42, T43, T51, T52 and T53, as well as ITO, PCEM, PCBM and Al which are included in order to 

evaluate the possibilities of electron transfer from the studied molecules to the conductive band of PCEM or 

PCBM and also for comparison purposes. It is deduced that substitution pushes up/down the HOMO/LUMO 

energies in agreement with their electron donor/acceptor character. Therefore, we conclude that the LUMO 

(respectively, HOMO) energy levels of the pyrimidine-polyoxadiazol are destabilized (respectively, stabilized). 

Contrariwise, the LUMO (respectively, HOMO) energy levels of the pyrimidine-polythiophen based materials 

are stabilized (respectively, destabilized).  Besides, the HOMO levels of the studied compounds were lower than 

that of PCEM or PCBM while the LUMO levels were higher than that of PCEM or PCBM. 

The LUMO energy levels of the studied pyrimidine-polythiophen based molecules are much higher than that of 

ITO conduction band edge (-4.7 eV). Thus, molecules in excited states of T11, T12, T13, T21, T22, T23, T31, 

T32, T33, T41, T42, T43, T51, T52 and T53 have a strong ability to inject electrons into ITO electrodes. The 
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increase of the HOMO levels may suggest a negative effect on organic solar cell performance due to the broader 

gap between the HOMO level of the organic molecules and the HOMO level of PCEM or PCBM [26, 27]. 

 

 
 

 

Figure 6: HOMO and LUMO energy levels of PCEM, PCBM and pyrimidine-(oxadiazol)n, as calculated at the 

DFT/B3LYP/6-31G (d, p) level. 

Both HOMO and LUMO levels of the studied molecules agree well with the requirement for an efficient 

photosentizer. It should be noted that the HOMO and LUMO levels of the pyrimidine-polythiophen based 

molecules under study are higher than that of PCEM or PCBM [28] (which varies in literature from -3.8 to -4.3 

eV). 

 

Figure 7: HOMO and LUMO energy levels of PCEM, PCBM and pyrimidine-(thiophen)n, as calculated at the 

DFT/B3LYP/6-31G (d, p) level. 

 

The power conversion efficiency (PCE) was calculated according to the following equation (1): 

𝑃𝐶𝐸 =  
1

𝑃𝑖𝑛   (𝐹𝐹 . 𝑉𝑂𝐶  . 𝐽𝑆𝐶  ) 
  (1) 

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. To evaluate the possibilities of electron transfer from the excited studied molecules to the 

conductive band of PCBM, the HOMO and LUMO levels are compared. 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. The maximum open circuit voltage (Voc) of the BHJ solar cell is related to the difference between 

the highest occupied molecular orbital (HOMO) of the donor (our studied molecules) and the LUMO of the 

electron acceptor (PCBM or PCEM), taking into account the energy lost during the photo-charge generation 

[29]. The theoretical values of open-circuit voltage Voc have been calculated from the following expression: 

 VOC =   EHOMO (Donor) −  ELUMO  Acceptor  − 0,3  (2) 

The obtained values of Voc of the studied molecules calculated according to the equation (2) range from  3.26 

eV to 3.6 eV for the pyrimidine (oxadiazol)n based derivatives and from 1.04 eV to 2.36 eV for the pyrimidine-

(thiophen)n based derivatives when considering PCBM as the acceptor and from 2.86 eV to 3.2 eV for the 

pyrimidine-(oxadiazol)n based derivatives and from 0.64 eV to 1,96 eV for the pyrimidine-(thiophen)n based 

derivatives when considering PCEM as the acceptor (see Table 1). Provided that energy gap of 0.2 eV is 
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necessary for efficient electron injection, these values are sufficiently large for effective electron injection. 

Therefore, the studied molecules can be used as sensitizers because the electron injection process from the 

excited molecule to the conduction band of PCEM or PCBM and the subsequent regeneration are feasible in 

organic sensitized solar cell. Besides, to efficiently inject the electron into the conduction band of PCBM or 

PCEM; the value of LUMO Donor must be greater than that of PCEM or PCBM and accordingly α must be 

positive [30-33]. This condition is fulfilled for the studied molecules as it can be verified in Table 1. 

3.3. Absorption properties 

The absorption properties of a new material matches with the solar spectrum is an important factor for the 

application as a photovoltaic material, and a good photovoltaic material should have broad and strong visible 

absorption characteristics [32]. The TD/DFT method has been used on the basis of the optimized geometry to 

obtain the energy of the singlet–singlet electronic transitions and absorption properties (λmax) of O11, O12, 

O13, O21, O22, O23, O31, O32, O33, O41, O42, O43, O51, O52, O53, T11, T12, T13, T21, T22, T23, T31, 

T32, T33, T41, T42, T43, T51, T52 and T53. As illustrated in figures 8 and 9, we can find the values of 

calculated wavelength λmax and oscillator strengths O.S of the pyrimidine-(oxadiazol)n and the pyrimidine-

(thiophen)n based derivatives.  

 

 
Figure 8:Simulated UV-visible optical absorption spectra of each compound of the pyrimidine-(oxadiazol)n based 

derivatives at the TD/DFT B3LYP/6-31G(d,p) level. 

 

 
Figure 9:Simulated UV-visible optical absorption spectra of each compound of the pyrimidine-(thiophen)n based 

derivatives at the TD/DFT B3LYP/6-31G(d,p) level. 

 

The calculated absorption wavelengths (λmax) arising from S0→S1 electronic transition increase progressively 

with the increasing of conjugation lengths in the following orders: O11>O12>O13>, O21>O22>O23, 

O31>O32>O33, O41>O42>O43 and O51>O52>O53 for pyrimidine-(oxadiazol)n (T11>T12>T13>, 

T21>T22>T23, T31>T32>T33, T41>T42>T43 and T51>T52>T53 for pyrimidine-(thiophen)n, respectively). 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. We typically see a red shift as the conjugation 
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length increases. We emphasize that the calculated values of λmax are shifted in the same direction upon 

substitution whatever the substituent’s position on the pyrimidine ring. 

The increase of the values of the calculated oscillator strengths O.S is obviously due to the bathochromic shift 

when moving from n=1 to n=3 (depending on the length of conjugation). Therefore, among the pyrimidine-

(oxadiazol)n (pyrimidine-(thiophen)n, respectively) derivatives, the molecule O43 (T43, respectively) has the 

best optic properties which suggest this compound as good candidate for optoelectronic applications. These 

results show that the performance of solar cells favors better with increasing the length of π conjugated polymer 

grafted to the pyrimidine ring. Overall the molecules considered in the present study, the molecule T43 has the 

best optic properties (λmax = 505.11nm, OS= 2.23) which recommend this compound as the best candidate for 

opto-electronic applications. 

 
Conclusions 

 
This study has been devoted to a theoretical analysis of the geometries and electronic properties of various 

compounds based on pyrimidines π-conjugated materials which display the effect of aromatic groups on the 

electronic structures and optoelectronic properties of these materials and lead to the possibility to suggest these 

materials for organic solar cells application. We have shown that for the pyrimidine-(polythiophen) and 

pyrimidine-(polyoxadiazol) derivatives the energy bandgap decreases when the length of the polymer is 

increased thanks to the effect of the conjugated systems in the studied compounds. The energy bandgap of T43 

is much smaller than that of the other compounds. In addition, T43 have a relatively high value of λmax 

(absorption) along with the strongest O.S and is expected therefore to have the most outstanding optical 

properties. The obtained properties (small gap and high λmax) suggest these materials are good candidates for 

optoelectronic applications. All the studied molecules can be used as sensitizers because the electron injection 

process from the excited molecule to the conduction band of PCBM and the subsequent regeneration are 

feasible in the organic sensitized solar cell. The quantum chemical calculation procedure, presented in this work, 

may be used as a model system for understanding the relationships between molecular structure and electronic 

properties and to predict the electronic properties in addition to design novel materials for organic solar cells 

application. 
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