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Abstract  

To understand the importance of the organic material of type  donor-π-acceptor dyes (D-π-A), used for dye-

sensitized solar cells (DSSCs), we present in this paper the result of six compounds based on thienopyrazine 

(D1-D6) studied by density functional theory (DFT) and time dependent DFT (TD-DFT) approaches to shed 

light on how the π-conjugation order influence the performance of the dyes. The electron acceptor (anchoring) 

group was 2-cyanoacrylic acid for all dyes whereas the electron-donor unit varied and the influence was 

investigated. The theoretical results have shown that TD-DFT calculations using the Coulomb attenuating 

method CAM-B3LYP with the polarized split-valence 6-31G (d, p) basis sets and the polarizable continuum 

model (PCM) were reasonably capable of predicting the excitation energies, the absorption and the emission 

spectra of the dyes. The study of structural, electronic and optical properties for these dyes could help to design 

more efficient functional photovoltaic organic materials. Key parameters in close connection with the short–

circuit current density (Jsc), including light harvesting efficiency (LHE), injection driving force (ΔGinject) and 

total reorganization energy (ltotal), were discussed. 

 

Keywords: Dye-sensitized Solar Cells; Thienopyrazine derivatives; DFT; Photovoltaic; Optoelectronic 

properties. 

 

1. Introduction 

Organic materials based on π-conjugated molecules have been drawing broad research attention due to their 

practical applications in device technology [1-3], such as solar cells [4, 5], light-emitting diodes (LEDs) [6-11], 

and field-effect transistors (FETs) [12-17]. In the field of organic solar cells, conjugated molecules are a subject 
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of an increasing interest in recent years due to their advantages of low cost, light weight, process ability and 

potential to make flexible photovoltaic devices in comparison with the traditional silicon-based solar cells. 

One class of these devices that received great attention was Dye Sensitized Solar Cells (DSSCs) that have 

attracted ever-increasing attention in scientific research and in practical applications since the first report by 

O’Regan and Grätzel in 1991, because of its potential advantages, such as low cost and highly efficient 

conversion of sunlight into electricity [18, 19]. In particular, these DSSC are composed of a wide band gap 

semi-conductor (typically TiO2) sensitized with molecular dyes, able to capture light in the visible region of the 

spectrum, and a redox electrolyte (typically Iodide/triiodide    I
-
/I3

-
) [20, 21]. In DSSCs, incoming light causes 

electronic excitations of the dye sensitizers leading to electron injection to the conduction band of 

nanocrystalline metal oxide, then, the dyes regain electrons from the redox couple in an electrolyte solution 

[22]. In general, a power conversion efficiency dye sensitizer has the following characteristics: the highest 

occupied molecular orbital (HOMO) energy must be located below the HOMO energy of electrolyte to accept 

the electron from a redox electrolyte pair (I
-
/I3

-
), the lowest unoccupied molecular orbital (LUMO) should have 

a higher energy than that of the conduction band of semi-conductor (TiO2). 

The most extensively studied organic dyes usually adopt the donor– space–acceptor (D--A) structural motif, 

which exhibit several advantages: high molar extinction coefficients, low cost of production, and an 

extraordinary diversity [23]. In this structure, the intra-molecular charge transfer (ICT) from D to A at the 

photo-excitation will inject the photoelectron into the conduction band of the semiconductor through the 

electron accepting group at the anchoring unit. By changing the electron donor, acceptor, and/or – spacer 

group, the HOMO and LUMO energy levels are affected [24]. Thus, many researchers have conducted for the 

objective to develop new π-conjugated materials based on with donor-acceptor-donor (D--D) structure, 

especially compounds containing thienopyrazine have been the subject of several studies and numerous works 

[25, 26]. However, the electronic and photovoltaic properties of Dye Sensitized Solar Cells (DSSCs) based on 

these materials are rarely discussed and studied. In this context, we present herein theoretical study of the 

structural and optoelectronic properties of new designed donor and acceptor systems based on thienopyrazine      

(D1, D2, D3, D4, D5 and D6) shown in Figure 1.  

 

 
Figure 1: Chemical structure of study compounds Di (i =1 to 6) 
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2. Theoretical methodology 

All molecular calculations were performed in the gas phase using Density Functional Theory (DFT) using the 

B3LYP (Becke three-parameter Lee–Yang–Parr) exchange correlation functional [27]. The basis set 6-31 G (d, 

p) was used for all atoms. All the optimizations were done without constraint on dihedral angles. In a recent 

work, Tretiak and Magyar [28] have demonstrated in a series of D--A systems that a good description of the 

charge transfer states can be achieved when a large fraction of Hartree-Fock (HF) exchange is used. A newly 

designed, functional, the long rang Coulomb attenuating method (CAM-B3LYP) considered long-range 

interactions by comprising 19% of HF and 81% of B88 exchange at short-range and 65% of HF and 35% of B88 

at long-range [29]. Furthermore, The CAM-B3LYP has been applied and was reasonably capable of predicting 

the excitation energies and the absorption spectra of the D--A molecules [30-33]. Therefore, the vertical 

excitation energy and electronic absorption spectra were simulated using the TD-CAM-B3LYP method in this 

work. The inclusion of the solvent effect on theoretical calculations is important when seeking to reproduce or 

predict the experimental spectra with a reasonable accuracy. Polarizable continuum model (PCM) [34] has 

emerged in the last two decades as the most effective tools to treat bulk solvent effects for both the ground and 

excited-states. In this paper, the integral equation formalism polarizable continuum model (IEF-PCM) [35-36] 

was chosen in excitation energy calculations. The ground state energies and oscillator strengths were 

investigated using TD-DFT calculations on the fully DFT optimized geometries. The calculations were carried 

out using the Gaussian 09 program [37]. 

 

3. Results and discussion 

3.1. Ground state geometry  

The best predicted theoretical results of molecular geometries from the DFT method with the hybrid B3LYP 

function can be justified by comparing with the experimental results reported in the literature. To verify the 

theoretical geometry, it was found in other works [38, 39] that the experimental X-ray diffraction data for 

EDOT–thienopyrazine–EDOT is in excellent agreement with the theoretical result obtained by using DFT-

optimized geometries with the hybrid B3LYP function. All the molecular geometries have been calculated with 

the hybrid B3LYP function combined with 6-31G (d, p) basis sets using Gaussian 09 program. The optimized 

structures of all studied compounds are illustrated in Figure 2. It reveals that the π-electron delocalization 

between different aromatic units is clear. The results of the optimized structures for all studied compounds show 

that they have similar conformation (quasi-flat conformation). 

 

 
D1 

 
D2 

 
D3 

 
D4 

 
D5 

 
D6 

 

Figure 2:  Optimized geometries obtained by B3LYP/6-31G (d, p) of the studied molecules. 
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The main optimized ground and excited state geometry parameters of six compounds (D1, D2, D3, D4, D5 and 

D6) are given in Table 1. In the systems D-π-A, the π-spacer is used as the bridge of intramolecular charge 

transfer (ICT), therefore, the bridge bonds between A and π-spacer, and D and π-spacer tike an account of the 

interaction among themselves. Herein, the bridge bonds between D and π-spacer and A and π-spacer were 

marked as LB1 and LB2 respectively. The shorter length of the bridge bonds favored the ICT within the D- π-A 

molecules. Table 1 shows that LB1 of D1, D2, D3, D4, D5 and D6 in the ground state (S0) are  1.463, 1.435, 

1.462, 1.463, 1.462 and 1.818 Å respectively, from the length range of C–C to C=C, of which LB1 shows more 

C=C features. These bond lengths are sorted in the order of D2>D3=D5>D1=D4>D6, which presents the 

intensity of interaction between thiophene-thienopyrazine-thiophene based bridge and donor groups.  However, 

the abnormal LB1 of D2 and D6 results from the intense and lowest π-conjugated effect respectively. For all the 

molecules, LB2 does not change significantly. It implies the interaction between A and -spacer is hardly 

influenced by D- interactions. 

In order to state the molecular planarity clearly, two parameters were introduced: 1, 2. Here, 1 is the 

torsional angle between D and -spacer, 2 is the torsional angle between A and -spacer. Table 1 shows that 

2 is similar for all molecules in the ground state,  while 1 for D1, D2, D3, D4, D5 and D6 are 19.72°, 0.78°, 

22.19°, 22.04° , 22.71° and 41.37° respectively (Tab. 1), which indicates a tendency that close to coplanarity 

except D1, D3, D4, D5and D6 due probably to the steric effects of donor groups. It indicates the 1 of D6 is 

abnormally great, which may be caused by the associated influence of diphenylphosphane conjugation and 

thiophene steric effects. Therefore, the introduction of diphenylphosphane is disadvantageous to the molecular 

planarity and conjugated effect. On the other hand the values of the bond lengths and torsional angle obtained 

for these studied molecules in the excited state (S1) are quasi-similar in comparison with those in the ground 

state (S0). 

 

Table 1: Optimized selected bond lengthsand bond angles of the studied molecules obtained by B3LYP/6-

31G (d, p) level. 

 S0 S1 

Compounds LB1 LB2 1 2 LB1 LB2 1 2 

D1 1.463 1.421 19.72 2.77 1.449 1.411 14.17 3.41 

D2 1.435 1.423 0.78 2.95 1.425 1.413 0.56 3.98 

D3 1.462 1.421 22.19 2.85 1.449 1.411 10.07 3.67 

D4 1.463 1.422 22.04 2.82 1.451 1.411 11.61 3.34 

D5 1.462 1.422 22.71 2.84 1.452 1.412 12.68 3.53 

D6 1.818 1.422 41.37 2.76 1.810 1.412 42.23 3.50 

 

3.2. Frontier molecular orbitals 

Generally for enhance the light harvesting efficiency of DSSCs, the choice of the appropriate donor and 

acceptor spacer are essential, so the strong group donating of electron give a high EHOMO energy level, while the 

strong group accepting of electron causes of a low ELUMO energy level. Therefore, we calculated the frontier 

orbital energy gaps between HOMO and LUMO of six compounds (D1, D2, D3, D4, D5 and D6) which are 

illustrated in Figure 3. The calculation by using B3LYP/6-31G (d, p) of the highest occupied and lowest 

unoccupied molecular orbital’s get approximate HOMO/LUMO energies of -5.025/-3.057 eV for D1, -5.276/-

3.293 eV for D2, -5.091/-3.099 eV for D3,                       -5.139/-3.124 eV for D4, -5.155/ -3.140 eV for D5 and  

-3.140/ -3.159 eV for D6, corresponding to energy gaps of 1.968 eV for D1, 1.983 eV for D2, 1.992 eV for D3, 

2.015 eV for D4, 2.015 eV for D5 and  2.171eV for D6. The increased π-conjugated system of six compounds 

(D1, D2, D3, D4, D5, and  D6) make the energy of HOMO and LUMO stabilized and the energy gaps between 

HOMO and LUMO decrease, which would make the organic photovoltaic (OPV) spectra red shifted. We can 

remark that the energy gap increases when going from D1 to D6 in the following order            D1<D2< D3 

<D4<D5<D6. Finally, the energy gap of D1, D2 and D3 are much smaller than that of the other compounds. 
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This probably due to the effect of π-conjugation of donor units with the π-bridge, this leads to the increase of 

charge transfer from the donor unit (R) to the acceptor moiety. 

 
Figure 3: Schematic energy diagram of all dyes, TiO2 and electrolyte (I

-
/I

-
3) 

 

It is found that increasing more π-conjugated donor units in D1, D2 and D3 gradually decreased the Eg for dyes 

with long conjugation length D1–D3, it was shown clearly that inserting the group cyclic which contain or 

attached with a hetero atom ring in the electron-donor group (oxygen in the dyes D1 and D3 respectively and 

sulfur in the dye D2) increases the Eg. This finding was supported by the researcher’s previous report, which 

indicated that the phenylene unit was not suitable for the extension of the conjugation system [40]. Compounds 

D1, D2 and D3 with this lowest energy gap are expected to have most outstanding photophysical properties. 

The electron spatial distribution of the highest occupied molecular orbital (HOMO), and lowest unoccupied 

molecular orbital (LUMO) in the ground state of all compounds in the gas phase is plotted (Figure 4). The 

distributions of HOMO levels have difference. The HOMOs of D1, D2 and D3 are almost delocalized over the 

whole molecule, but that of D4, D5 and D6 mainly distributes in π-bridge and only a little part of it is localized 

in the acceptor unit. While the LUMO orbital possesses for six compounds have a larger contribution of the π-

bridge groups (thiophene-thienopyrazine-thiophene) and near the carboxyl groups is observed of all compounds, 

which is called anchoring or acceptor group. The results show that electron transfer from acceptor chromophor 

via thiophene-thienopyrazine-thiophene to carboxyl anchoring group takes place during the excitation process of 

D1, D2, D3, D4, D5 and D6. The electronic transition of D1, D2, D3, D4, D5 and D6 indicates that when an 

electron at ground state is excited by a photon from the sunlight, electron would transfer from the donor group 

(D1, D2, D3, D4, D5 or D6) to TiO2 electrode. Because D1, D2, D3, D4, D5 and D6 are anchored onto the TiO2 

surface through carboxylic acid, an electron injection process will be facilitated as the molecule is excited. 

 

3.3. Photovoltaic properties  

The HOMO and the LUMO energy levels of the donor and acceptor components are very important factors to 

determine whether the effective charge transfer will happen between the donors (Di) and acceptor (TiO2). To 

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

acceptor TiO2, the HOMO and LUMO levels were compared (Figure 3). It is important to note that the LUMO 

levels of the dyes are higher than that of the conduction band of TiO2 (-4.0 eV, [41]). The LUMO energy levels 

of all dyes are much higher than that of TiO2 conduction band edge suggesting that the photo-excited electron 

transfer from Di to TiO2 may be sufficiently efficient to be useful in photovoltaic devices. 
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Figure 4: The contour plots of HOMO and LUMO orbital’s of the studied compounds Di (i═1 to 6). 

 

The power conversion efficiency () was calculated according to the Eq. 1:  

 = 𝐹𝐹 
Voc 𝐽sc

P inc .
              (1) 

where Pinc.is the incident power density, Jsc is the short-circuit current, Voc is the open-circuit voltage, and FF 

denotes the fill factor. 

To analyze the relationship between VOC and ELUMO of the dyes based on electron injection (In DSSCs) from 

LUMO to the conduction band of semiconductor TiO2 (ECB), the energy relationship can be expressed [42]: 

                Voc  = ELUMO - ECB                          (2) 
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The obtained values Voc of the studied dyes calculated according to the Eq. 2 range from 0.707 eV to 0.943 eV 

of TiO2 (Tab. 2) these values are sufficient for a possible efficient electron injection. 

 

Table 2: Estimated electrochemical parameters for all dyes  

dyes P.I (eV) A.E(eV) λh λe λtotal E00 E
dyes

 E
dyes*

 ΔGinject LHE VOC 

D1 5.887 2.186 0.22 0.27 0.49 2.0963 5.025 2.9287 -1.0713 0.95 0.943 

D2 6.181 2.409 0.22 0.14 0.36 2.1215 5.276 3.1545 -0.8455 0.94 0.707 

D3 5.970 2.214 0.22 0.27 0.49 2.1183 5.091 2.9727 -1.0273 0.94 0.901 

D4 5.991 2.267 0.23 0.25 0.48 2.1334 5.138 3.0046 -0.9954 0.95 0.876 

D5 6.043 2.253 0.22 0.27 0.49 2.1362 5.155 3.0188 -0.9812 0.94 0.860 

D6 6.221 2.292 0.30 0.36 0.66 2.2618 5.330 3.0682 -0.9318 0.91 0.841 

 

3.3.1. Theoretical background 

Generally, in DSSCs, the short–circuit current density Jsc is determined as: 

𝐽𝑆𝐶 =  𝐿𝐻𝐸 𝜆 
0

𝜆
𝛷𝑖𝑛𝑗𝑒𝑐𝑡  𝜂𝑐𝑜𝑙𝑙𝑒𝑐𝑡   𝑑𝜆                                                                (3) 

where the LHE(λ) is the light harvesting efficiency at a given wavelength, inject is the electron injection 

efficiency, and collect is the charge collection efficiency.  As a result, to understand the relationship between the 

Jsc and theoretically, we investigated the LHE, inject and total reorganization energy (total). As mentioned in 

Eq. 3, the large LHE lead to high Jsc, therefore enhance the efficient of DSSCs. The LHE can be expressed as 

[43]: 

LHE = 1− 10
-ƒ

                                                 (4) 

where ƒ is the oscillating strength of the dyes associate to the absorption energy (E00). 

 

Based on Eq. 3, the large inject lead to a high Jsc, in which the inject is related to the driving force (ΔG
inject

) of 

the electron injection from the photo-induced excited states of organic dyes to semiconductor surface. 

Generally, the larger ΔG
inject

, the larger inject, and it (in eV) can be expressed as [51]: 

𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡 = 𝐸𝑖𝑑𝑦𝑒 ∗ − 𝐸𝐶𝐵                         (5) 
where E

dye
* present the oxidation potential energy of the dye in the excited state and ECB present the reduction 

potential of the conduction band of semi-conductor (TiO2). In this work we will use the    ECB = –4.0 eV for 

TiO2 [41], for the reason that it is very used for the some works [44-49], and the E
dye*

 can be estimated by the 

following equation [46-50]: 

𝐸𝑑𝑦𝑒 ∗ = 𝐸𝑑𝑦𝑒 − 𝐸00                              (6) 

where E
dye

 present the energy of oxidation potential for ours dye in the ground state, whereas E00 is the energy 

of electronic vertical transition corresponding to λmax.        

In order to enhance the Jsc and as mentioned in Eq. 3, the small total reorganization energy (total) lead 

to a high Jsc , in which the total  is the sum of reorganization energy of the hole and electron. Therefore, in order 

to enhance the LHE and inject as well as decreasing the reorganization energy (total). So we computed the hole 

and the electron reorganization energy (h and e) according to the following formula [51]: 

ʎ𝑖 = [𝐸0
± − 𝐸±

±] − [𝐸±
0 − 𝐸0]               (7) 

Where 𝐸0
± is the energy of the cation or anion calculated with the optimized structure of the neutral molecule, 

𝐸±
± is the energy of the cation or anion calculated with the optimized cation or anion structure, 𝐸±

0  is the energy 

of the neutral molecule calculated at the cationic or anionic state, and the E0 is the energy of the neutral 

molecule at ground state. 

as discussed previously and as mentioned in Eq. 3 we remark that the light harvesting ability (LHE) and the 

electronic injection free energy (ΔG
inject

) are the two main influencing factors on Jsc (Eq. 3) and therefore in 

efficiency of the organic dyes. The LHE is considered as a very important factor for the organic dyes in which 

we could appreciate the role of dyes in the DSSC, i.e. absorbing photons and injecting photo-excited electrons to 
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the conduction band of the semi–conductor (TiO2). In the order to know and to give an intuitional impression to 

how the influencing of donor spacer of the LHE, we simulated the UV/Vis absorption spectra of the six dyes.  

We find that as the donor spacer changing, the oscillator strengths were changed slightly. As shown in Table 2, 

the LHE of the dyes fall within the range: 0.91–0.95. The LHE values for the dyes are in narrow ranges. This 

means that all the dyes will give similar photocurrent. 

As mentioned above, for enhancing the value of Jsc another factor was introduced which is the electronic 

injection free energy ΔG
inject

. The details calculation of the ΔG
inject

 has been described in  Eq. 5. The ground state 

oxidation potential energy is related to ionization potential energy according the Koopman’s theorem [52]. 

Furthermore the E
dye 

can be estimated as negative EHOMO [53] and E
dye*

 is calculated based on Eq. 6.  Through 

the results shown in Table 3, we observe that the electron donor significantly influences on E
dye*

. We remark 

also that for all studied dyes, ΔG
inject

 is negative, this reveal that the electron injection process is spontaneous, 

and the calculated ΔG
inject

 for these six dyes is decreased in the following order of D2>D6>D5>D4>D3>D1. 

Among these six dyes, we observe that the dye D2, D6, D5 and D4 have the larger ΔG
inject

, this maybe is due to 

the influencing of the donor spacer from ours dyes.  As a results, and based just from LHE and ΔG
inject

 related to 

Jsc , we could conclude that the cell containing the dye D2, D6, D5 and D6 should have the highest Jsc due to its 

relative large LHE and injection driving force compared to the dyes D1, D3.  

In other side the reorganization energy λtotal is also important factor influencing in the kinetics of electron 

injection. Therefore for analyze the relationship between the electronic structure and the Jsc it is necessary to 

calculate the reorganization energy (λtotal). As mentioned previously, the small λtotal which contains the hole and 

electron reorganization energy increase the Jsc. Through the Table 2, we remark that the calculated λtotal of all 

dyes are increased in the following order: D2<D4<D1=D3=D5<D6. These results show that dyes D2 and D4 

have the smallest total reorganization energy whereas the dyes D6 have the largest. Furthermore, and for high 

efficient DSSCs, it is important to realize the balanced of both holes and electrons reorganization energy, 

therefore, the more balanced reorganization energy of hole and electron obtained, the more higher luminous 

efficiency will have [44, 52]. From the table 2 we remark that the differences between λh and λe of six dyes D1–

D6 are 0.5, 0.8, 0.5, 0.2, 0.5 and 0.6 eV respectively. Thus, the weak difference between both holes and 

electrons reorganization energy of all dyes indicate that these six dyes are more balanced transport. As a result, 

we could predict that these six dyes are favorable candidates from DSSCs and can exhibit a high efficiency. 

 

3.3.2. Ionization potentials (IP) and electron affinities (EA) 

The adequate and balanced transport of both injected electrons and holes is main factor to determine the 

performance of electronic devices. For estimate the energy barrier for the injection of both holes and electrons 

into the dye, calculated by the DFT of the ionization potential (IP) and electron affinity (EA) are necessary. 

Table 2 shows the ionization potential and electrons affinities. One general challenge for the application in the 

LEDs is the achievement of high electron affinity (n-type) conjugated molecule for improving electron 

injection/transport and low ionization potential (p-type) conjugated molecule for better hole injection/transport 

in organic electronic devices. The energies required to inject holes in the dyes for six D1, D2, D3, D4, D5 and 

D6 are: 5.887, 6.181, 5.97, 5.991, 6.043 and 6.221eV, respectively, which are all lower, and this is adequate to 

the analysis results for HOMO energy. 

 

3.4. Absorption and emission properties 

The predicted of the Excitation energies and oscillator strengths by using the CAM-B3LYP is good agreement 

with the experimental results [53,54] than is found for B3LYP, because The CAM-(Coulomb-attenuating 

method) B3LYP was also examined for taking account of the long-range corrections for describing the long π-

conjugation [55], in other side the results shown in the Tab. 3 illustrate that the excitation energy (HOMO to 

LUMO) values (Gap opt.) obtained by TD-DFT/CAM-B3LYP /6-31G (d, p) level in chloroform solvent is 

quasi-agree with the values of gap energy obtained by DFT/B3LYP/6-31G (d, p) level, therefore the CAM-

B3LYP functional  is very well for predicting the Excitation energies (Eg opt.) (HOMO to LUMO). The 
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calculated by using the TD- CAM-B3LYP functional of six dyes  in vacuo and in chloroform solvent  for  

predicting  the Excitation energies and oscillator strengths are listed in Table 3 and Table 4 respectively.  

 

Table 3: Excitation absorption energy values (ΔE) for six dyes 

obtained by TD-DFT level in vacuo and in chloroform solvent. 

Dye 

Gap opt (eV) Gap (eV) 

TDDFT/B3LYP 

vacuo 

TDDFT/CAM-B3LYP 
DFT/B3LYP 

Vacuo chloroform 

D1 1.82 2.10 1.98 1.97 

D2 1.85 2.12 2.01 1.98 

D3 1.84 2.12 2.00 1.99 

D4 1.85 2.13 2.01 2.02 

D5 1.86 2.14 2.02 2.02 

D6 2.00 2.26 2.16 2.17 

 

The TD/CAM-B3LYP/6-31G (d, p) method was employed to simulate the optical property of the dyes. The 

computed vertical excited singlet states, transition energies and oscillating strength of all dyes in vacuo and 

chloroform solvent media are tabulated in Tab. 4. The first vertical excitation energies (ΔEexcit) of the dyes are in 

decreasing order: D6>D5>D4>D2>D3>D1. ΔEexcit for all dyes is lowering from vacuo to solvent phase. The 

transition energy in vacuo is almost equal to in chloroform. The transition characters related to the excitation in 

vacuo and in chloroform are similar. According to the transition character, most of the dyes show the 

HOMO→LUMO transition (in solvent) as the first singlet excitation. The major contribution of the transition 

characters in vacuo differs from those solvent due to the effect of polar environment on the electronic energy 

level. The maximum (max) wavelengths for UV–vis absorption spectra of all dyes simulated in various media 

are shown in Tab.4. The calculated max in chloroform and in vacuo are not different (max=34 nm). The spectra, 

in general, are characterized by one dominant, low-energy transition with large oscillator strength followed by a 

second, high-energy transition (or series of transitions) with smaller oscillator strengths. 

The absorption wavelengths increase progressively with the increasing of conjugation lengths. As shown in 

Table 5 and Figure 5, the absorption wavelengths of D1, D2, D3, D4, D5 and D6 in vacuo and in chloroform 

solvent are (591.46, 584.40, 585.30, 581.15, 580.40 and 548.16) and (625.38, 618.01, 620.04, 615.49, 613.46 

and 574.33) respectively, indicating all molecules have only one band in the Visible region (λabs> 400 nm) and 

D1 has the maximum absorbent wavelength. 

 
Figure 5: Simulated UV-visible optical absorption spectra of the title compounds with  

the calculated data at the TDDFT/CAM-B3LYP/6-31G(d,p) level in chloroform solvent. 
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Table 4: The vertical singlet states, transition character and oscillating strength of the absorption bands in UV–vis 

region for all dyes computed at the TDDFT/CAM-B3LYP/6-31G (d, p) level. 

Dye 
EnergiesΔE (eV) ʎ absorption Transition  characters

a 
ƒ 

Vacuo Chloroform Vacuo Chloroform Vacuo Chloroform Vacuo Chloroform 

D1 

2.09 

3.11 

3.26 

3.40 

3.57 

3.70 

1.98 

3.02 

3.23 

3.42 

3.50 

3.67 

591.46 

398.44 

380.21 

364.66 

347.08 

335.31 

625.38 

410.18 

383.47 

361.61 

354.14 

337.86 

H          L (69%) 

H          L+1 (50%) 

H-1          L (41%) 

H-7          L (33%) 

H-2           L (47%) 

H           L+2 (50%) 

H           L (69%) 

H         L+1 (53%) 

H-1        L (41%) 

H- 8          L (34%) 

H-2        L (49%) 

H        L+2 (52%) 

1.0923 

0.1749 

0.3474 

0.0042 

0.1925 

0.3701 

1.2732 

0.1685 

0.4179 

0.0088 

0.2565 

0.4051 

D2 

2.12 

3.14 

3.29 

3.40 

3.54 

3.66 

2.01 

3.05 

3.26 

3.42 

3.46 

3.63 

584.40 

395.02 

376.75 

364.73 

350.53 

338.75 

618.01 

406.27 

380.40 

362.53 

358.12 

341.95 

H           L (69%) 

H-1           L (52%) 

H         L+1 (46%) 

H -6         L (38%) 

H         L+2 (57%) 

H-2        L (58%) 

H        L (69%) 

H         L+1 (48%) 

H         L+1 (40%) 

H -6          L (36%) 

H         L+2 (49%) 

H-2          L (54%) 

1.0513 

0.2238 

0.3532 

0.0080 

0.3463 

0.1583 

1.2540 

0.2142 

0.4763 

0.0541 

0.2819 

0.2157 

D3 

2.12 

3.13 

3.29 

3.40 

3.63 

3.75 

2.00 

3.04 

3.27 

3.43 

3.55 

3.72 

585.30 

395.74 

377.35 

364.16 

341.90 

330.65 

620.04 

407.99 

380.69 

361.06 

348.94 

332.93 

H          L (69%) 

H          L+1(52%) 

H-1        L (44%) 

H-6          L (43%) 

H-2           L (50%) 

H            L+2 (52%) 

H        L (69%) 

H        L+1(55%) 

H-1        L (44%) 

H-7        L (40%) 

H-2         L (49%) 

H         L+2 (53%) 

1.0564 

0.1888 

0.3589 

0.0065 

0.1813 

0.4313 

1.2416 

0.1837 

0.4331 

0.0073 

0.2530 

0.4678 

D4 

2.13 

3.12 

3.22 

3.31 

3.39 

3.40 

2.01 

3.03 

3.15 

3.28 

3.43 

3.47 

581.15 

398.01 

384.73 

374.83 

365.73 

365.01 

615.49 

409.13 

393.01 

377.82 

361.74 

357.26 

H          L (69%) 

H -1          L (43%) 

H          L+2 (49%) 

H-1         L (40%) 

H-9         L+1 (61%) 

H-6           L (39%) 

H        L (69%) 

H          L+1 (40%) 

H          L+2 (49%) 

H-1        L (40%) 

H-6         L (40%) 

H-10         L (60%) 

1.1148 

0.1022 

0.2678 

0.2023 

0.0010 

0.0189 

1.2817 

0.0909 

0.2699 

0.2972 

0.0166 

0.0003 

D5 

2.14 

3.15 

3.30 

3.40 

3.65 

3.76 

2.02 

3.06 

3.28 

3.43 

3.58 

3.74 

580.40 

393.69 

375.39 

364.43 

339.74 

329.42 

613.46 

405.05 

378.27 

361.41 

346.22 

331.53 

H              L (69%) 

H-1          L (51%) 

H -1          L (44%) 

H-6            L (43%) 

H-2           L (49%) 

H           L+2 (49%) 

H          L (69%) 

H          L+1 (55%) 

H -1         L (46%) 

H-6          L (40%) 

H-2          L (48%) 

H         L+2 (49%) 

1.0411 

0.1894 

0.3516 

0.0095 

0.2049 

0.3748 

1.2234 

0.1858 

0.4348 

0.0083 

0.2820 

0.3939 

D6 

2.26 

3.23 

3.36 

3.40 

3.88 

4.04 

2.16 

3.17 

3.34 

3.41 

3.85 

4.00 

548.16 

383.99 

369.52 

364.30 

319.15 

307.09 

574.33 

391.05 

371.16 

363.12 

322.33 

309.64 

H            L (69%) 

H-1          L (49%) 

H-10          L (34%) 

H           L+1 (44%) 

H-2          L (64%) 

H           L+2 (54%) 

H          L (69%) 

H-1          L (51%) 

H -1          L (48%) 

H-10         L (38%) 

H-2         L (61%) 

H         L+2 (57%) 

0.8707 

0.2536 

0.1505 

0.1664 

0.0042 

0.4690 

1.0239 

0.2713 

0.3935 

0.0208 

0.0341 

0.5322 
a
 Major contribution to the transitions are in parenthesis. 

 

In order to study the emission photoluminescence properties of the studied compounds Di (i=1 to 6), the 

adiabatic emission spectra were obtained using the optimized geometry of the first excited singlet state at the 

TDDFT/CAMB3LYP/ 6-31G (d, p) level in chloroform. The emission spectra data of the compounds recorded 

in chloroform are collected in Table 5.  
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Table 5: Emission spectra data for all dyes obtained with PCM-CAM-B3LYP/6-31 G (d. p). 

 D1 D2 D3 D4 D5 D6 

λmax emi (nm) 

λmax abs (nm) 

SS (nm) 

805.02  

625.38 

179.64 

794.65  

618.01 

176.64 

801.53  

620.04 

181.49 

793.82  

615.49 

178.33 

790.72  

613.46 

177.26 

727.01  

574.33 

152.68 

 

The normalized photoluminescence (PL) spectrum of the studied compounds shows a maximum at 805.02 nm 

for D1, 794.65 nm for D2, 801.53 nm for D3, 793.82 nm for D4, 790.72 nm for D5 and 727.01 nm for D6 (Tab. 

5). This could be regarded as an electron transition process that is the reverse of the absorption corresponding 

mainly to the LUMO-HOMO electron transition configuration. Moreover, the observed red-shifted emission of 

the PL spectra is in reasonable agreement with the obtained results of absorption. We can also note that 

relatively high values of Stocks Shift (SS) are obtained from all dyes D1 (179.64 nm), D2 (176.64), D3 (181.49 

nm), D4 (178.33 nm), D5 (177.26 nm) and D6 (152.68 nm) (Tab. 5). In fact, the Stocks Shift, which is defined 

as the difference between the absorption and emission maximums (EVA-EVE), is usually related to the band 

widths of both absorption and emission bands [56, 57]. 

 

Conclusions 

In this study, we have used the DFT/B3LYP method to investigate theoretical analysis of the geometries and 

electronic properties of some thienopyrazine-derivatives in alternate donor-π-acceptor structure. The 

modification of chemical structures can greatly modulate and improve the electronic and optical properties of 

pristine studied materials. The electronic properties of new conjugated materials based on thienopyrazine and 

heterocyclic compounds and different acceptor moieties have been computed by using 6-31G (d, p) basis set at a 

density functional B3LYP level, in order to guide the synthesis of novel materials with specific electronic 

properties. The concluding remarks are:  

 The predicted band gaps by using DFT-B3LYP/6-31G (d, p) are in the range of 1.97 2.17 eV, knowing 

that the small band gap due to the increasing the displacement the electron between donor and acceptor 

spacer is very easy.  

 The LUMO energy levels of all dyes are much higher than that of TiO2 conduction band edge, 

suggesting that the photo-excited electron transfer from Di to TiO2 may be sufficiently efficient to be 

useful in photovoltaic devices. 

 The obtained values Voc range from 0.707 eV to 0.943 eV of TiO2. These values are sufficient for a 

possible efficient electron injection. 

 The TD-DFT calculations, at least TD-CAM-B3LYP/6-31G (d, p) was used to replicate the optical 

transitions in order to predict the excited and emission states; the predicted result of the absorption 

wavelengths for D1, D2, D3, D4, D5 and D6 is 805.02, 794.65, 801.53, 793.82, 790.72 and 727.01 nm 

respectively.  

In summary, the decreasing of the band gap of these six dyes due to increasing the absorption wavelengths, then 

the best dye which can be used in photovoltaic cells such as donor of electronic in DSSCs, is one which has the 

small band gap, large wavelengths, appropriate FMO energy levels, higher LHE and ΔG
inject

, and smallest λtotal, 

thus the all dyes Di (1 to 6) are appropriate to do this role. 
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