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Abstract. In the current search, we have reported the theoretical analysis by utilizing DFT (TD-
DFT)-B3LYP at 6-31G (d, p) level on the geometries, optoelectronic and absorption characteristics 
of novel series of the donor-π-acceptor dyes. The π-conjugated bridge is based on the thiophene, 
benzene, pyridine, and pyrazine; the thieno [2,3-b] indole has been used as an electron donor (D) 
and theeacida2-cyanoacrylic has been used as an electron acceptor (A) group. The theoretical 
information of the electronic structures, such as energy levels (HOMO and LUMO) and energy gap 
of the molecules, is based on studying the dyes in organic solar cells. Consequently, the energy 
levels, energy gap, photovoltaic properties, quantum chemical and absorption parameters of all the 
dyes have been computed and reported. The calculations show that the dyes under study can 
theoretically be good photosensitizers in DSSCs. Moreover, the results indicate that the LUMO 
levels of all dyes design lie over the conduction band (Ecb) of the semiconductors TiO2 (or 
PC70BM) likewise the HOMO levels lie under the decrease potential vitality of the I−/I3− 
(electrolytes) in comparison to the ability of electron transfer from the molecular dye excited state 
to TiO2 (or PC70BM) and chargeerenewal after photo-oxidation process, separately. 

Introduction 
Because of the inexorably genuine vitality requesting and ecological concerning nature of 

conservative energy systems, new systems dependent on sustainable foundations have drawn 
increasingly new consideration. During the previous years, huge accentuation had been put on the 
improvement and comprehension of light-determined charge partition in atomic systems as 
strategies of translating and storing solar energy [1,2]. The DSSCs “dye sensitized solar cells” have 
concerned well-known importance because of their high efficiency and low cost for the conversion 
of sunlight into electricity [1,3]. A large number of collective research efforts have been engaged 
toward creating materials that are application stable in the easily processable, conducting state, 
relatively modest to produce at reasonable expense cost and use of flexible and lightweight 
materials such as electroluminescent devices, batteries, photovoltaic and organic field effect 
transistors [3,4]. Generally, the design of natural dyeseare push-pull, which depends on a dipolar, 
electron-giver, π-connect spacer and electron-acceptor, with the acceptor ligand tied down on the 
semiconductor surface. The structure of (D-π-A) system can instigate the ICT “Intra-sub-atomic 
Charge Transfer” from the benefactor to the A terminal “acceptor unit” over the extension, and after 
that stimulate the empowered electrons of the shading to implant into the conduction band of the 
semiconductor and over the long haul recuperate the invigorated hues to the ground state by the 
redox couple [5,6]. The feature key of these new semiconductors is the employment of the chemical 
properties allows control of the band gap [5,7]. These characteristics rely upon the level of 
electronic concentration in these materials and on the anticipated band gap of conjugated systems 
[8]. Organic solar cells is the most used among electronic applications, we note that theoretical 
understanding of the energy levels “HOMO and LUMO” of the materials is fundamental in 
examining organic solarrcells [7,8]. In this study, we have designed from the C1 molecule eight 
compounds by adding the number of the thiophene, benzene, pyridine, and pyrazine in a different 
arrangement on the bridge as in Fig.1. The theoretical examination on the electronic properties and 
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geometries of these novel conjugated compounds is reported and were studied by the DFT at 
B3LYP level and 6-31G (d, p) basis set. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: The chemical structures of all dyes sunder study 
Computational Method. The geometries of all the new molecules (D-π-A) at ground state in 

gas phase were fully optimized at the DFT level “density function theory” at B3LYP “hybrid 
functional of exchange-correlation Becke three-parameter Lee-Yang-Parr” with 6-31G (d, p) basis 
set, besides using TD-DFT for excitation state with same function and basis set, which have proved 
their effectiveness in the study of analogous systems. Optimizations have been carried out without 
symmetry constraints [9,10]. The computations were completed using the Gaussian09 program 
package with Gauss View 5.0.8, which was utilized to produce the input initial files to Gaussian 09 
and design the rudimentary structure of the compounds under study [11,12]. 

Results and Discussion 
Molecular Structures. Figure 2, Indicate the optimized geometries of the molecular under study 

through DFT-B3LYP level at 6-31G (d, p) labeled as Ci (where i=1-9). The frequency calculations 
demonstrated that the estimations of virial proportion (- V/T) for the contemplated mixes introduced 
they lie in a similar range for every compound, in which the trial esteem for hydrogen particle           
(-V/T=2.0032)[13]. The calculated results found an indicated with good relax without any 
imaginary frequency for each compound by utilizing the DFT method. The relax structures for the 
mixes show they the majority of the comparable compliance, they have semi planar adaptation. 
Also, the results showed the continuous units have like dihedral angles “(between 180o and -180o)”. 
The inter-ring bond distances are around the value 1.421 Å and the C-C-C bonds are around 120o, 
the addition of a number of the bridge does not change these parameters. The bond lengths for all 
compounds are in the following range: C=C is 1.389-1.430Å, C-C=1.368-1.561Å and C-H=1.071-
1.073Å displaying a delocalized π-bond character, Also, it was found that the values of range the 
bond lengths for C-N=1.318-1.332Å, C=N=1.351-1.340Å, S-C=1.780-1.763Å, and O-C=1.301-

Bridge: 

“C1
” 

“C2
 

“C3
 

“C4
” 

“C5
 

“C6
” 

“C7
 

“C8
 

“C9
 

(Donor) (Acceptor
 

222 Current Advances in Materials Applications



1.299Å respectively, and these results are in good agreement with the experimental and other 
studies [8,13].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 2: Optimization of molecules under study by utilizing DFT/ B3LYP at 6-31G (d, p) level 
ElectroniciStructure. The frontier molecular FMs “highest occupied molecular orbital (HOMO) 

and lowest unoccupied molecular orbital (LUMO)” and energy gap (Egap) are critical elements to 
regulate whether successful charge exchange will occur among donor and acceptor.  

Furthermore, the HOMO, LUMO levels, and energy gap Egap play a very important character in 
defining the stability of the compound, chemical reactivity, optical and electrical properties. It is 
concluded that the adaptation of structureepushes up-down the energy of levels “HOMO and 
LUMO” in covenant with their electron donor-acceptor property. The hypothetically estimated 
HOMO esteems in Table 1, demonstrate that the HOMO dimensions of the considerable number of 
dyes are lowerrthan the redoxecapability of  𝐼𝐼−/𝐼𝐼3− “-4.80 eV”, which guarantee reestablishing of 
electronssfrom theeelectrolyte.  

Furthermore, the LUMOslevels of compounds are higher than the conduction band of TiO2 and 
PC70BM indicate the ability of dyes to inject electrons into TiO2 or PC70BM [14,15]. To ensure 
that the transferred electron is from the excited examined compounds to the ECB “conductive band” 
of the acceptorrTiO2 and PC70BM. 

The Egap of dyes were found range; 2.288-2.926 eV. We noted the Egap increase in order 
C1<C9<C8<C7<C5<C6<C4<C3. Also, we showed that the highest values of Egap were in 
molecules (C3, C4, and C6). We can explain these results by the electron donating affect the 
substituents groups on the bridge. In addition, we can note that the number and position of moieties 
that constitute the bridge have a remarkable effect on the gap energies of different compounds. 
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Table 1: The electronic properties (EHOMO, ELUMO, Egap) of the compounds at ground state in gas 
phase 

The energy forms of FMs levels (HOMO and LUMO) (which refers to the electron density of the 
molecules Ci (i=1-9)), we note that the electron density of the HOMO energy of all molecules 
leaves to the left side of the molecule and the electron density of the LUMO energy is centered on 
the right side, as shown in Fig. 3. While solid restriction of the HOMOs happens on the giver 
subunits of the mixes, solid concentration of the LUMOs happens on the scaffolds between the 
subunits demonstrating the stream of electron thickness. The electron thickness of LUMO is chiefly 
confined on the acceptor units, so the electronic advances of the contemplated particles 
frommHOMO tooLUMO levels could prompt intermolecular charge exchange fromethe benefactor 
parts to the securing bunches done the conjugated extension. Then again, we see that the 
HOMOoorbital of all mixes prepare a holdingccharacter, while the LUMOoorbital of all mixes 
prepare an enemy of holding character. The FMOs propose that every one of the dyes bear solid “D-
π-A” characterrand electroniccchanges are from HOMOttooLUMO levels which could support 
theeICT procedure and solid electronicccouplingewith TiO2 or PC70BM surface. 
 

 

 

 

 

 

 

 

 
 

 

 

Dyes EHOMO (eV) ELUMO (eV) Egap (eV) 

C1 -5.333 -3.044 2.288 
C2 -5.458 -2.998 2.459 
C3 -5.647 -2.721 2.926 
C4 -5.578 -2.778 2.800 
C5 -5.558 -2.805 2.753 
C6 -5.528 -2.748 2.779 
C7 -5.487 -2.778 2.709 
C8 -5.477 -2.805 2.671 
C9 -5.406 -2.995 2.410 

TiO2 -5.928 -3.900 ------- 
PC70BM -5.800 -3.830 ------- 
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Fig. 3: The distribution of HOMO and LUMO pattern of all dyes (C1-C9) 
Optoelectronic Properties. In order to evaluate the performance of a photovoltaic cell, the 

power conversion efficiency (PCE or η) can be computed as in Eq. 1[5,8]: 

𝜂𝜂 = 𝐹𝐹𝐹𝐹×𝑉𝑉𝑜𝑜𝑜𝑜×𝐽𝐽𝑠𝑠𝑜𝑜
𝑃𝑃𝑖𝑖𝑖𝑖

                                                                                                                              (1)           

Here FF represents theeFilliFactor, 𝑉𝑉𝑜𝑜𝑜𝑜 is the openicircuitivoltage, the short-circuit current 𝐽𝐽𝑠𝑠𝑜𝑜 
and 𝑃𝑃𝑖𝑖𝑖𝑖 represents the power density. Among the parameter influence on the efficiencyiof solar 
cells is the 𝑉𝑉𝑜𝑜𝑜𝑜. Therefore, as part of this research, we will attempt to evaluate the value of 𝑉𝑉𝑜𝑜𝑜𝑜 for all 
compounds. The maximum 𝑉𝑉𝑜𝑜𝑜𝑜 of DSSCs canibeeapproximately valued by theeenergy difference 
between the ELUMO of the dye and ECB “conduction band” of the semiconductorrTiO2 and PC70BM, 
considering the energy lost duringitheephoto-chargeegeneration. On the way to examine the 
association between 𝑉𝑉𝑜𝑜𝑜𝑜aanddELUMO of theedyes basedioneelectroniinjection fromiLUMO to the 
ECB of TiO2 and PC70BM, the connection of the energy can be calculated by Eq. 2 [14]: 

VOC = |ELUMO(Donor)| − |ELUMO(Acceptor)| − 0.3                                                                       (2) 
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“C1” “C2” 

“C3” “C4” 

“C5” “C6” 

“C7” “C8” 

“C9” 

Materials Science Forum Vol. 1002 225



Results found that the hypothetical estimations of the VOC/TiO2 of the examined mixes go from 
1.133 to 1.447eV and VOC/PC70BM territory from 1.203 to 1.517eV as appeared in Table 2. These 
qualities are adequate for a conceivable successful electron infusion. In like manner, all the 
inspected mixes can be used as sensitizers for the reason that the electron injection process from the 
energized compound to the ECB of the acceptor (TiO2 and PC70BM), and the future recharging is 
conceivable in natural sharpened sun based cell.  
Table 2: The optoelectronic Properties ( VOC and α in eV) by DFT/B3LYP at 6-31G (d, p) level 

The factor α represents the difference between the LUMOs energies of the donor investigated dyes 
and the LUMOs energies of TiO2 or PC70BM as in the Eq. 3.  

α = |𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿(𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷)− 𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿(𝑇𝑇𝑇𝑇𝑇𝑇2,𝑃𝑃𝑃𝑃70𝐵𝐵𝐵𝐵)|                                                           (3)                    
The calculated values of α/TiO2 are in the range from 0.855 to1.178 eV, from 1.203 to 1.517 
eV/PC70BM.These values suggest that the photo excited electron transfers from the molecules Ci 
(i=1-9) to TiO2 and PC70BM that might be proficient to be helpful as actives layers in organics 
solar cells devices [17]. 

Quantum Chemical Parameters. A segment of the quantum manufactured properties beginning 
from the beginning means all course of action of the particles (D-π-A) are recorded in Table 3, for 
example, electro antagonism (χ), worldwide hardness (H), non-abrasiveness (S), the worldwide 
electrophilicity (ω), the portion of electrons exchanged (∆N) and back donation(∆E). These are the 
critical properties to gauge the atomic steadiness and reactivity. Plainly the substance hardness 
basically implies the resistanceetowards the distortion or polarizationnof theeelectron haze of the 
iotas, particles or atoms under little disturbance of creation reaction. A hard particle has an 
extensive animation hole and a slight atom has a little vitality hole [1,16]. In our present 
investigation, the compound C1 has low hardness esteem (1.144eV) and a low vitality hole 
contrasted and different mixes. For the least complex exchange of electron, adsorptionicould occur 
at the part of the atom where delicate quality, which is a neighborhoodiproperty, has most 
noteworthy regard [16]. C1 with the non-abrasiveness estimation of 0.437 eV has the most 
astounding hindrance effectiveness. Table 3, shows the order of electronegativity as the following 
C7<C6<C8<C4<C5<C3<C1<C9<C2. Hence, an increase in the difference of electronegativity 
between the metal and the inhibitor is observed in the order C7>C6>C8>C4>C5>C3>C1>C9>C2.  

 
 

 
 

Dyes 𝐕𝐕𝐎𝐎𝐎𝐎  /TiO2 
(eV) 

αi/TiO2  
 (eV) 

𝐕𝐕𝐎𝐎𝐎𝐎 /PC70BM 
(eV) 

αi /PC70BM 
(eV) 

C1 1.133 0.855 1.203 0.785 
C2 1.258 0.901 1.328 0.831 
C3 1.447 1.178 1.517 1.178 
C4 1.378 1.121 1.448 1.121 
C5 1.358 1.094 1.428 1.094 
C6 1.328 1.151 1.398 1.151 
C7 1.287 1.121 1.357 1.121 
C8 1.277 1.094 1.347 1.024 
C9 1.206 0.904 1.276 0.834 
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Table 3: The quantum chemical properties of dyes by DFT-B3LYP with 6-31G (d, p) 

 
In general, approximately all the compounds in this study have a high index of electrophilicity 

(greater than 7eV) but the compounds C1, C9 and C2 have the highest, this result means that these 
two compounds have high ability to interact with other surrounding species ( molecules or 
subgroups). The values of net electrophilicity in Table 3, showed that the studied compounds have 
high electrophilicity and the contribution comes from the donating electrophilicity more than the 
accepting electrophilicity. As a result, the studied compounds are electrophiles, not nucleophiles. 
Likewise, the number of electrons exchanged (∆N) and back-donation (∆E) was determined and 
arranged in Table 3. Estimations of ∆N demonstrate that the restraint effectiveness coming about 
because of electron gift concurs with Lukovits' investigation [16]. On the off chance that ∆N < 3.6, 
the restraint effectiveness increments by expanding the electron-giving capacity of these inhibitors 
to give electrons to the metal surface and it increments in the accompanying request; 
C1>C9>C2>C8>C7>C6>C5>C4>C3. The outcomes show that ∆N esteems connects emphatically 
with exploratory restraint efficiencies. Along these lines, the most elevated part of electrons 
exchanged are related with the best inhibitori(C1), whereas the least division is linked with 
theiinhibitor that has the least hindrance proficiency (C3). 

The Absorption Properties. The absorption of all dyes matches with the solar spectrum is a 
significant factor for the photovoltaic material specially dyes in DSSCS, and good dyes should have 
wide-ranging and strong visible absorption characteristics. The excitation state of the new dyes was 
examined and explored utilizing TD-DFT/B3LYB with 6-31G (d, p) basis sets. As confirmed in 
Table 4, the values of absorption energy Eabs. (eV), absorption wavelength λmax (nm),oscillator 
strength (O.S), the main assignment (HOMO→LUMO) and the transition characters %. We can 
reported, the calculated wavelength λmax of all dyes under study in the range from 577.422 to 
662.151 nm. Also, the results showed that the type transition of lowest singlet electronic excitation 
is 𝐷𝐷 → 𝜋𝜋∗ transition, where required the low energy. The O.S for an electronic transition is 
important parameter of dyes and related to the transition moment. This order according to type the 
π-connect is attached to the structure of D-π-A system structures. This significant point is seen both 
by investigating electronic and absorption results. All recent dyes under study have energy gaps as 
for semiconductor materials. Those remarkable points are seen both in the investigating the 
electronic structure and absorption properties.  

The performance of a solar cell that is the conversion of solar to electric efficiency is dependent 
on LHE “light harvesting efficiency” that helps in light absorbance by the dye-sensitized PC70BM 
or TiO2ssurface. The LHE can be calculated with the assistance of the O. S from TD-DFT method 
according to Eq. 4 [8, 17]: 

LHE =  1 − 10−O.S                                                                                                                    (4) 
The range of LHE for dyes under study are 0.888-0.668 and this values which could  produce  

more light leading to betters performance of cell as see in Table 4. We can note that the values of 

dyes H 
(eV) 

S 
(eV)-1 

χ 
(eV) 

ω 
(eV) 

µ 
(eV) 

∆N ∆E 

C1 1.144 0.437 4.189 7.668 -4.1890 1.228 -0.286 
C2 1.229 0.406 4.228 7.269 -4.2285 1.126 -0.307 
C3 1.463 0.341 4.184 5.983 -4.1844 0.962 -0.365 
C4 1.400 0.357 4.178 6.234 -4.1785 1.007 -0.350 
C5 1.376 0.363 4.182 6.352 -4.1822 1.023 -0.344 
C6 1.389 0.359 4.138 6.161 -4.1385 1.029 -0.347 
C7 1.354 0.369 4.133 6.305 -4.1331 1.058 -0.338 
C8 1.335 0.374 4.141 6.419 -4.1413 1.069 -0.333 
C9 1.205 0.414 4.201 7.322 -4.2010 1.161 -0.301 
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LHE values for the dyes are in narrow range. This means that all the dyes will give comparable 
photocurrent.  

Table 4: The absorption properties of all dyes at TD-DFT-B3LYB level and 6-31G (d, p) 

dyes Eabs  
(eV) 

λmax 
 (nm) 

O.S MainwAssignment LHE 

C1 1.9807 659.583 0.479 HOMO→LUMOo 0.668 
C2 2.0691 614.742 0.902 aHOMO→LUMO 0.875 
C3 2.0982 662.150 0.841 aHOMO→LUMO 0.856 
C4 2.3657 609.927 0.812 aHOMO→LUMO 0.846 
C5 2.1298 646.293 0.994 aHOMO→LUMO 0.899 
C6 2.5978 577.422 0.729 aHOMO→LUMO 0.813 
C7 2.1912 632.921 0.949 HOMO→LUMO 0.888 
C8 2.2196 621.976 0.849 aHOMO→LUMO 0.858 
C9 2.2589 614.443 0.899 aHOMO→LUMO 0.874 

Conclusions 
In this investigation, we have utilized the DFT (TD-DFT) at B3LYP level with 6-31G (d, p) 

technique to research the geometries, electronic, optoelectronic and absorption properties of new 
dyes as D-π-A system. The adjustment of synthetic structures can significantly regulate and 
improve the electronic, optical and absorption properties of immaculate examined new materials as 
dyes. The LUMOilevels of the compounds with moree1.0 eV upperrthan condaction band of TiO2 
and PC70BM showed that these materials areethermodynamically positive in control move into ECB 
of TiO2 and PC70BM. Similar outcomes, the HOMO of the dyesslies underrthe decreaseepotential 
vitality of the electrolyteewhich implies charge recombinationiof the color would happen after their 
photo-oxidation response. The HOMO, LUMO levels, and Egap of the examined mixes were all 
around constrained by presenting electron bunches in π- connect. The determined band hole of the 
considered atoms was in the scope of 2.288 to2.926 eV. The acquired VOC estimations of the 
considered particles extend from 1.133 to 1.447eV/TiO2 and from 1.203 to 1.517eV/PC70BM, 
these qualities are adequate for a conceivable effective electron infusion. The parameters η, S, χ, ω, 
µ, ∆N and ∆E affirm the restraint productivity in the request of 
C7>C6>C8>C4>C5>C3>C1>C9>C2, also all dyes have good absorption properties for conversion 
of solar to electric efficiency. Furthermore, the restraint productivity increment with the expansion 
in EHOMO, and diminishing in Egap. Finally, the calculated results of these dyes prove that these 
compounds can be used as potential sensitizers for TiO2 or PC70BM nanocrystallineesolar cells. 
We are additionally persuaded that the efficient utilization of this hypothetical methodology to the 
amalgamation procedure and comprehends the structureepropertiessrelationship of these new 
systems. 
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