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      Renewable energy, like solar energy, has become a viable solution to the scarcity, environmental degradation, and greenhouse effects of 

fossil fuels. Many technology companies are developing reliable and affordable sustainable energy technology to convert sunlight into 

electricity and reduce greenhouse gas emissions and nuclear by-products. In this research, eight metal-free organic phenothiazine and 

phenoxazine-based dyes of the D-A-π-A architecture were studied theoretically using DFT and TD-DFT techniques for use as dye-sensitized 

solar cells (DSSCs). The effects of π-spacers on the structural, electrical, photovoltaic, and optical characteristics of the designed dyes were 

examined. The results showed that 2-[3-(10H-phenoxazin-3-yl)furan-2-yl]-10H-phenoxazine (PO) dyes have lower band gaps (ΔEg)                             

than 2-[3-(10H-phenothiazin-3-yl)furan-2-yl]-10H-phenothiazine (PZ) dyes, which means 2-[3-(10H-phenoxazin-3-yl)furan-2-yl]-10H-

phenoxazine pushed electrons towards the acceptor unit readily than 2-[3-(10H-phenothiazin-3-yl)furan-2-yl]-10H-phenothiazine. And that 

thieno[3,4-b]pyrazine contributed to the lowering of band gaps (ΔEg) than thieno[3,2-b]thiophene, thus enhancing the photoelectronic 

properties of the dyes. The dyes' band gaps ΔEg ranged from 1.48 to 1.88 eV; open-circuit voltage (V୓େ) values ranged from 0.60 to                     

0.98 eV, and light-harvesting efficiency (LHE) values ranged from 0.6583 to 0.9444. Phenoxazin-3-yl-furan-2-yl-10H-phenoxazine-

thieno[3,4-b][1,4]dioxine-thieno[3,4-b]pyrazine dye (PODB), phenoxazin-3-yl-furan-2-yl-10H-phenoxazine-thieno[3,4-b][1,4]dthiine-

thieno[3,4-b]pyrazine dye (POTB), and phenothiazin-3-yl-furan-2-yl-10H-phenothiazine-thieno[3,4-b]dioxine-thieno[3,2-b]thiophene dye 

(PZDT) were identified as the most suitable candidates for DSSC applications based on molecular, optical, and most photovoltaic parameters. 
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INTRODUCTION 
 

      The use of renewable resources, such as solar energy, has 

been made possible by several technologies to mitigate the 

environmental problems and scarcity associated with fossil 

fuels. Many techno-industries have worked extremely hard to 

develop cutting-edge sustainable energy technology that is 

both dependable and affordable [1]. Solar energy is a 

renewable energy source that uses solar cells to transform 

sunlight into electricity. Compared to other energy sources, it  
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offers various advantages, such as not producing greenhouse 

gases or nuclear waste [2]. It is predicted that solar cells of 

10 % power, constructed on just 0.1% of the earth's surface, 

will be sufficient to meet current technological and industrial 

energy needs. An effective strategy to increase the formation 

of photocurrents and, consequently, the photo-voltaic 

efficiency of DSSCs appeared to be the invention of novel 

dyes that properly complement the solar emission spectrum 

[1-3]. 

      A dye-sensitized solar cell (DSSC) uses a dye-sensitizer 

to absorb sunlight and generate an electric current [4]. The 

performance of a DSSC depends on the choice of dye. DSSCs  
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are cost-effective and easy to manufacture, making them 

attractive for replacing non-renewable energy sources and 

reducing environmental pollution [5-8]. DSSCs function by 

incorporating components such as dye sensitizers, 

mesoporous semiconductors (perhaps a metal oxide-like), 

electrolytes, counter electrodes, and photoelectrodes. 

Therefore, a typical DSSC consists of four basic parts: the 

photoanode, the cathode, the electrolyte, and the sensitizer 

[6]. The engineering design of DSSCs is based on employing 

photosensitive materials in solar cells which consist of a thin 

layer of nanocrystalline metal oxide, such as zinc oxide 

(ZnO) or titanium dioxide (TiOଶ), is placed on a glass 

substrate to form the photoanode of a DSSC. The sensitizers, 

whether synthetic or natural, are essential parts of DSSCs and 

are crucial in broadening their absorption spectra. Different 

natural, organic, and organometallic dyes can be used as 

sensitizers in this way. The 𝐼ି 𝐼ଷ
ି⁄  (iodide/triiodide) redox 

couple, which is closed by a counter-electrode commonly 

made of platinum (cathode), makes up the electrolyte of a 

DSSC [8,9]. 

      Several organic dye sensitizers have been examined as 

electron donor units and used in DSSCs, including 

triphenylamine, coumarin, carbazole [10], phenothiazine, 

indoline, porphyrin, tetrahydroquinoline [11], and metal-

based donors or sensitizers such as ruthenium based 

complexes [12,13], Co(II/III) based dyes [14,15] and Cu 

based dyes [16,17]. Conversely, these metal dye-sensitizers 

have been reported to have exhibited about 13% to 15% in 

solar energy conversion efficiency [13-17]. On the other 

hand, cyano acrylic acid has been a preferred anchoring 

acceptor (A) unit due to its electron-withdrawing, as well as 

its ability to bond very well to semiconductor surfaces [18]. 

The choice of π-bridge is regarded as the most important 

component, even though donor and acceptor building blocks 

are essential for producing highly effective D-π-A dyes [19]. 

The planarity of π-bridges with both donor and acceptor is 

very essential to effectively inhibit unwanted charge 

recombination during intra-molecular electron transfer 

[20,21]. Also, in order to achieve this, other potential 

structures of artificial sensitizers, including D-A-π-A [22], D-

D-π-A [23], D-π-A-A, D-A-A [24] and A-π-D-π-A [9] are 

well-known and gained significant importance due to their 

high efficacy.  

      Density  functional  theory (DFT) approaches are  useful 

 

 

for describing ground state properties of molecules and 

deliver reliable results when analyzing the electrical 

properties of many-electron systems [24-26]. Thus, DFT and 

Time-Dependent DFT (TD-DFT) have been widely 

employed in the study of molecular, electrical, and 

photoelectric properties of either isolated, polymeric, and 

condensed molecules [27], as well as for estimation of 

photoelectric properties of dye-sensitizers for DSSCs [28-

30]. 

      Phenothiazine (PTZ), a well-known donor, has sulfur and 

nitrogen that are rich in electrons. Its ring is non-planar and 

has a butterfly conformation in the ground state, which can 

stop molecules from aggregating and lead to the production 

of molecular excimer [10,30,31]. Phenothiazine-based dyes' 

aggregation behavior has been investigated [32]. Due to the 

additional electron-rich sulfur atom, PTZ is a better donor 

than other amines like triphenylamine, tetrahydroquinoline, 

carbazole, and iminodibenzyl, and those containing different 

-spacers have been thoroughly investigated [10,33-35]. 

      Phenothiazine-based dyes coupled with other electron-

donating groups, such as triphenylamine have been explored, 

but the results showed poor efficiency of the studied dyes 

[36,37].  Also, phenothiazine (PTZ) and phenoxazine (POZ) 

donor moieties have distinctive electrical and optical 

characteristics that are considered capable of pushing 

electrons in organic dye sensitizers for application in DSSCs. 

The synthesized dimer of PTZ and POZ chromophores 

coupled with different donor moieties achieved the power 

conversion efficiency (PCE) of 5.87 and 6.40 % [38], 5.40 

[39], 3.78, 4.41, 2.48 [36], and 6.6, 7.8, 7.1, 6.55 % [40] 

conversion efficiencies. Recently, a series of 2-[3-(10H-

phenothiazin-3-yl)furan-2-yl]-10H-phenothiazine (JK-POZ, 

1-3) and 2-[3-(10H-phenoxazin-3-yl)furan-2-yl]-10H-

phenoxazine (JK-PTZ, 1-3) dyes were designed in form of 

D–π–A–A organic dyes. The results showed that JK-POZ-3 

and JK-PTZ-3 dyes (i.e., 2-[3-(10H-phenothiazin-3-yl)furan-

2-yl]-10H-phenothiazine and 2-[3-(10Hphenoxazin-3-

yl)furan-2-yl]-10H-phenoxazine dyes containing  3,4-

ethylenedioxythiophene - bisthieno[3,2-b:2',3'-d]thiophene 

π-linker showed outstanding optoelectronic properties [41].  

In extension of this work, two series of dyes were designed 

by changing  3,4-ethylenedioxythiophene π-linker to 1,3-

dihydro-2,1,3-benzothiadiazole, and thienothiophene                     

π-linker to bisthieno[3,2-b:2',3'-d]thiophene as reported [42].  
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The results revealed that the HOMO energy, ELUMO-EHOMO 

energy, injection drive force, reorganization energy (λ total) 

and coupling constant (│VRP│) favored dyes with 3,4-

ethylenedioxythiophene (PBPD dyes) over 1,3-dihydro-

2,1,3-benzothiadiazole (PTPD dyes) [42].  

      In furtherance of the study of the effects of π-linkers on 

the molecular, electronic, and photoelectrical properties of 

phenothiazine and phenoxazine-based dye-sensitizers 

[41,42], this work was designed in such that 2,3-

dihydrothieno[3,4-b][1,4]dioxine/thieno[3,4-b][1,4]dithiine 

and thieno[3,2-b]thiophene/thieno[3,4-b]pyrazine π-linkers 

were used to give eight unique dyes as shown in Fig. 1. The 

dyes with 2-[3-(10H-phenoxazin-3-yl)furan-2-yl]-10H-

phenoxazine  and 2-[3-(10H-phenothiazin-3-yl)furan-2-yl]-

10H-phenothiazine as donor units are denoted with prefix PO 

and PZ, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
COMPUTATIONAL DETAILS 
 

      The graphic user interface of Spartan 14, a quantum 

chemical software package was used for the optimization of 

the designed sensitizers. The geometrical optimization of                 

the designed D-π-A dyes was carried out at DFT of the                    

three-parameter density functional (B3LYP), which                  

includes the Lee, Yang, and Parr correlation functional and 

Becke's gradient exchange correction with 6-31G** basis set. 

To ascertain the local minimum on the potential energy 

surface, frequency calculations at the same theoretical level 

were performed on the geometry. Also, TD-DFT was 

performed on the dyes for ultraviolet-visible (UV-Vis) 

absorption spectra calculations, this method has been 

described as good enough to be adequate and productive for 

estimating the excitation properties of  organic dyes [43-45].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Q

NH

O

NH

Q

 
S

N

O OH

N

d1

r1

d2

r2

d3

r3

d4

r4

Q= S, O
Donor

Acceptor

Spacer

 
Dyes π2 π1 Dyes π2 π1 

Q = O 

(POTT) 

S

S S

 
S

S

 

Q = O 

 

(POTB) 

S

S S

 

S

N N

 
Q = O 

(PODT) 

S

O O

 
S

S

 

Q = O 

 

(PODB) 

S

O O

 

S

N N

 
Q = S 

PZDT 

S

O O

 
S

S

 

Q = S 

 

(PZDB) 

S

O O

 

S

N N

 
Q = S 

(PZTT) 

S

S S

 
S

S

 

Q = S 

 

(PZTB) 

S

S S

 

S

N N

 
Fig. 1. Schematic structure of the simulated dyes with the conjugated π-linkers. 
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The frontier orbitals energy (the HOMO and LUMO) levels 

were calculated to provide easy access to the molecular 

descriptors, the conceptual DFT method was used to 

determine the chemical reactivity parameters such as 

chemical hardness (η), global electrophilicity index (ω), 

electro-donating power (ω+) and electro-accepting power     

(ω-) as described in [46] as shown in Eqs. (1)-(4): 

 

      𝜂 =  
(𝐼𝑃 − 𝐸𝐴)

2
                                                                    (1) 

 

      𝜔 =  
(𝐼𝑃 + 𝐸𝐴)ଶ

4(𝐼𝑃 − 𝐸𝐴)
                                                                (2) 

 

      𝜔ା =  
(𝐼𝑃 + 3𝐸𝐴)ଶ

16(𝐼𝑃 − 𝐸𝐴)
                                                          (3) 

 

      𝜔ି =  
(3𝐼𝑃 + 𝐸𝐴)ଶ

16(𝐼𝑃 − 𝐸𝐴)
                                                         (4) 

 

where ionization potential (IP) and electron affinity (EA) are 

approximated to be negative of the HOMO (𝐼𝑃 =  −𝐸ுைெை) 

and LUMO (𝐸𝐴 =  −𝐸௅௎ெை), respectively [47]. 

      The short-circuit current density (Jୗେ) and the open-

circuit photo-voltage (𝑉ை஼) are the two primary factors that 

affect the power conversion efficiency (PCE) of solar cells as 

shown in Eq. (5) [41,48]. 

 

       𝑃𝐶𝐸 =  
௃ೄ಴௏ೀ಴

௉೔೙
𝐹𝐹                                                               (5) 

 

where 𝑃௜௡ is the incident solar power on the cell and FF is the 

fill factor. 𝐽ௌ஼  in the equation 5 is calculated using Eq. (6) 

[49,50]: 

 

        𝐽ௌ஼ = 𝑞 න 𝐿𝐻𝐸(𝜆) 𝜙௜௡௝𝜂௖௢௟௟𝑑𝜆                                       (6) 

 

where LHE (λ) signifies the light-harvesting efficiency at a 
specific wavelength, q is the charge of the electron, 𝜙௜௡௝ 

represents the electron injection efficiency, and 𝜂௖௢௟௟  

indicates the charge-collection efficiency.  

However, LHE plays a great role in determining 𝐽ௌ஼  and 

performance of DSSCs. A large LHE is often associated with  

a large photocurrent, and it is calculated using Eq. (7) [51]: 

 

 

      𝐿𝐻𝐸 = 1 − 10ି௙                                                                 (7) 

 

where f is the oscillator strength corresponding to the 

maximum wavelength (𝜆௠௔௫) of the dye. 

Furthermore, other parameters that are essential for the 

performance of DSSC are the free energy of electron 
injection (𝛥𝐺௜௡௝௘௖௧) and the driving force regeneration 

(𝛥𝐺௥௘௚). The 𝛥𝐺௜௡௝௘௖௧  can be computed using Eq. (8) [52]. 

 
      𝛥𝐺௜௡௝௘௖௧ =  𝐸ௗ௬௘∗∗

−  𝐸஼஻                                                   (8) 

 

where 𝐸஼஻    is the reduction potential of the TiOଶ  conduction 

band, CB (-4.0 eV) and 𝐸ௗ௬௘∗∗
is the oxidation potential 

energy of the dye in the excited state [53] as shown in Eq. (9) 

 

      𝐸ௗ௬௘∗∗
=  𝐸ௗ௬௘ −  𝐸௢௢                                                         (9) 

 

And where 𝐸ௗ௬௘∗∗
 is the oxidation potential energy of the dye 

in the excited state, 𝐸௢௢ stands for the vertical transition 

energy corresponding to the 𝜆௠௔௫ and 𝐸ௗ௬௘ indicates the 

oxidation potential of the molecule in the neutral state         

(𝐸ௗ௬௘  = −𝐸ுைெை) [54]. 
The 𝛥𝐺௥௘௚  on the other hand, is determined using Eq. (10): 

 
      𝛥𝐺௥௘௚ =  𝐸ௗ௬௘ −  𝐸ூష ூయ

ష⁄                                                (10) 

 
where 𝐸ூష ூయ

ష⁄  is the redox potential energy of the redox 

electrolyte -4.70 eV [18].  

The theoretical open-circuit voltage (𝑉ை஼), an essential 

parameter to measure the force that drives electrons and 

subsequently photoelectric current is calculated as (𝑉ை஼ =

 𝐸௅௎ெை −  𝐸஼஻), and the 𝑉ை஼  increases as the E୐୙୑୓ increases 

[55]. The total energy of the rearrangement of dyes (𝜆௧௢௧௔௟ =

 𝜆௛ +  𝜆௘) is determined from the optimized energies of the 

positive and negative states of the dyes [9]. The hole (𝜆௛ ) 

and electron (𝜆௘) reorganization energies are estimated using 

Eqs. (11) and (12). And they have a significant effect on 𝐽ௌ஼ , 

high LHE value is known to require a small total 

reorganization energy [56,57].  

 

      𝜆௛ = (𝐸଴
ା −  𝐸ା

ା) + (𝐸ା
଴ −  𝐸଴)                                      (11) 

 

      𝜆௘ = (𝐸଴
ି −  𝐸ି

ି) + (𝐸ି
଴ −  𝐸଴)                                      (12) 
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where 𝐸଴, 𝐸଴
ା (𝐸଴

ି), 𝐸ା
ା(𝐸ି

ି) and 𝐸ା
଴(𝐸ି

଴) stand for the 

optimized energy of the neutral molecule, the energy of the 

cation (anion) based on the neutral molecule geometry, the 

energy of the optimized cation (anion) structures, and the 

energy of the neutral molecule calculated at the cationic 

(anionic) state.  

 
RESULTS AND DISCUSSION 
 

The Backbone Geometries of the Dyes 
      The geometric optimization of the dye-sensitizers               

was  carried out  in   the  ground  state  in  vacuum  with  the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B3LYP/6-31G** level of theory. The optimized structures 

and the backbone/selected geometries are displayed in Fig. 2 

and Table 1, respectively. The geometrical parameters are the 

bond distance (r) and dihedral angles (d) as shown in Fig. 1, 

where d1 (r1), d2 (r2), d3 (r3) and d4 (r4) represent the 

dihedral angle (bond distance) of D-π2, π2-π1, π1-

cyanothiophene and 3-cyanothiophene-anchoring group, 

respectively. It has been reported that planarity and steric 

hindrance affect the molecular stability and mobility of π-

electrons; hence the intramolecular charge transfer (ICT) and 

performance of the dye [58]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. Structural optimization of the studied molecules. 
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      To facilitate intramolecular charge transfer and 

bathochromic shift of a dye-sensitizer, a smaller torsion angle 

or co-planarity of the dye is preferable [59]. The effects of π-

linkers on the geometries of the dyes could be analyzed by 

first considering phenoxazin-3-yl-furan-2-yl-10H-

phenoxazine-thieno[3,4-b][1,4]dthiine-thieno[3,2-b] 

thiophene dye (POTT) and phenoxazin-3-yl-furan-2-yl-10H-

phenoxazine-thieno[3,4-b][1,4]dioxine-thieno[3,2-b] 

thiophene dye (PODT) or phenothiazin-3-yl-furan-2-yl-10H-

phenothiazine-thieno[3,4-b][1,4]dthiine-thieno[3,2-b] 

thiophene dye (PZTT) and phenothiazin-3-yl-furan-2-yl-

10H-phenothiazine-thieno[3,4-b][1,4]dioxine-thieno[3,2-b] 

thiophene dye (PZDT). The backbone geometries of POTT 

(PZTT) and PODT (PZDT) dyes (i.e. by changing π2-linker 

from 2,3-dihydrothieno(3,4-b)[1,4]dioxine to thieno[3,4-b] 

dithiine) shows that phenoxazin-3-yl-furan-2-yl-10H-

phenoxazine-thieno[3,4-b][1,4]dthiine-thieno[3,2-b] 

thiophene (POTT) and phenoxazin-3-yl-furan-2-yl-10H-

phenoxazine-thieno[3,4-b][1,4]dioxine-thieno[3,2-

b]thiophene (PODT) or phenothiazin-3-yl-furan-2-yl-10H-

phenothiazine-thieno[3,4-b][1,4]dthiine-thieno[3,2-b] 

thiophene (PZTT) and phenothiazin-3-yl-furan-2-yl-10H-

phenothiazine-thieno[3,4-b][1,4]dioxine-thieno[3,2-b] 

thiophene (PZDT) have very similar geometries and hence 

may have a little or no appreciable effect on ICT of these 

dyes. However, considering POTT (PZTT) and phenoxazin-

3-yl-furan-2-yl-10H-phenoxazine-thieno[3,4-b][1,4]dthiine-

thieno[3,4-b]pyrazine (POTB) phenothiazin-3-yl-furan-2-yl-

10H-phenothiazine-thieno[3,4-b][1,4]dthiine-thieno[3,4-

b]pyrazine (PZTB) or PODT (PZDT) and Phenoxazin-3-yl-

furan-2-yl-10H-phenoxazine-thieno[3,4-b][1,4]dioxine- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

thieno[3,4-b]pyrazine (PODB) phenothiazin-3-yl-furan-2-yl-

10H-phenothiazine-thieno[3,4-b][1,4]dioxine-thieno[3,4-b] 

pyrazine (PZDB) dyes (i.e. by changing π1-linker from 

thieno[3,2-b]thiophene to thieno[3,4-b]pyrazine) indicates 

that d2 (r2) and d3 (r3) geometries of the dyes are affected 

(Table 1). For instance, d2 (r2) and d3 (r3) are -164.58° 

(1,446 Å) and -165.02° (1,440 Å), respectively for PODT, 

whereas they are 130.00° (1.445 Å) and -178.23° (1,437 Å) 

of PODB, respectively. Likewise, the d2 (r2) and d3 (r3) for 

POTT are 166.30° (1.446 Å) and 165.35° (1.440 Å), but they 

are -129.15° (1.447 Å) and -178.00° (1.438 Å) for POTB, 

respectively (Table 1). This shows that the intra-charge 

transfers and photoelectronic current are expected to be 

affected by changing thieno[3,2-b]thiophene to thieno[3,4-

b]pyrazine in the dye [60,61]. Also, 2-[3-(10H-phenothiazin-

3-yl)furan-2-yl]-10H-phenothiazine (PZ) dye series are 

generally more planar around d1 and d2 than 2-[3-(10H-

phenoxazin-3-yl)furan-2-yl]-10H-phenoxazine (PO) dye 

series which may possibly lead to effective intramolecular 

charge transfer and conjugation than corresponding PO dyes, 

thus shorten of r1 and r2 bond lengths (Table 1).  

 

Frontier Molecular Orbitals 
      Frontier molecular orbitals (the HOMO and LUMO) are 

essential parameters that provide detailed optoelectronic 

characteristics of a dye [9,62]. These orbitals can be used to 

analyze charge density distributions and charge stability, as 

well as the nature of electronic transitions in a dye from the 

ground state (the HOMO) to the excited state (the LUMO) 

[9,63]. The frontier orbitals overlaid presented in Fig. 3 show 

that  the  HOMOs  overlaid  are  on  the  donor  unit and  the  

Table 1. Distances of r (Å) and the Dihedral Angles d (°) of the Studied Dyes 

 

Dyes d1 (°) r1 (Å) d2 (°) r2 (Å) d3 (°) r3 (Å) d4 (°) r4 (Å) 

POTT 162.31 1.437 166.30 1.446 165.35 1.440 -147.68 1.436 

PZTT -178.52 1.430 -168.86 1.436 -165.09 1.438 148.32 1.434 

PODT -162.89 1.437 -164.58 1.446 -165.02 1.440 147.66 1.436 

PZDT -178.15 1.430 -168.59 1.436 -164.82 1.438 148.12 1.434 

POTB -164.41 1.438 -129.15 1.447 -178.00 1.438 148.69 1.435 

PZTB -177.98 1.429 -143.40 1.432 174.85 1.434 -147.85 1.435 

PODB -170.01 1.437 -130.63 1.445 -178.27 1.437 148.74 1.435 

PZDB -178.20 1.427 -178.09 1.419 -176.35 1.430 150.80 1.430 
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LUMOs overlaid are towards the acceptor unit, this is an 

indication of a possible transfer of charges from the donor 

unit through π-linker to the anchoring unit in a pull-push 
manner [64,65]. The HOMO-LUMO band gap (E୥) shows 

the effect of π-spacers/linkers on the electrical and 

optoelectronic properties of a dye with small band gap favors 

or facilitates strong charge transfer and vice versa [41,66,67].  

      The operational theory of DSSC devices requires that 

photosensitizer materials should have the appropriate energy 

levels for electron injection and material regeneration to be 

possible. Therefore, Fig. 4 shows that the HOMO energies of 

all dyes are lower than the redox potential of 𝐼ି 𝐼ଷ
ି⁄ (-4.70 eV) 

which is critical for dye regeneration, and the LUMO 

energies are well above -4.00 eV of the conduction band (CB) 

of the 𝑇𝑖𝑂ଶ, suggesting that the electrons can be injected into 

the semiconductor quickly during the molecules' excitation 

[18]. The HOMO energy values of the dyes are ordered as 

PODT (-4.72 eV) > PODB (-4.76 eV) > POTT (-4.83 eV) > 

POTB (-4.84 eV) > PZDT (-4.89 eV) ˃ PZDB (-4.95 eV) ˃ 

PZTT (-5.04 eV) ˃ PZTB (-5.06 eV), indicating that PZTB, 

PZTT, PZDB, and PZDT dyes have higher regeneration 

capacities.  Meanwhile,  the   LUMO    energies    are   -3.14  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(POTT), -3.16 (PZTT), -3.05 (PZDT), -3.02 (PODT), -3.40 

(PZTB), -3.36 (POTB), -3.16 (PODB) and -3.22 eV (PZDB), 

showing that all the dyes are expected to have good drive 

force for electrons injection [68]. The computed energy gaps 

of the modeled dyes decrease in the following order: PZTT 

(1.88 eV) > PZDT (1.84 eV) > PZDB (1.73 eV) > PODT 

(1.70 eV) > POTT (1.69 eV) > PZTB (1.66 eV) > PODB 

(1.60 eV) > POTB (1.48 eV). This shows that 2-[3-(10H-

phenoxazin-3-yl)furan-2-yl]-10H-phenoxazine (PO) dyes 

generally have lower Eg than 2-[3-(10H-phenothiazin-3-

yl)furan-2-yl]-10H-phenothiazine (PZ) dyes, indicating 2-[3-

(10H-phenoxazin-3-yl)furan-2-yl]-10H-phenoxazine has 

strong electron donating ability that 2-[3-(10H-phenothiazin-

3-yl)furan-2-yl]-10H-phenothiazine which agreed with 

earlier observation [41]. Likewise, changing the π1-linker 

from thieno[3,2-b]thiophene to thieno[3,4-b]pyrazine lowers 

the Eg, which should enhance photoelectronic properties in 

line with observed geometries [58]. It is also suggested that 

PZTB, PODB, and POTB should have better short-circuit 

current density (Jୗେ) and thus, viable dye-sensitizer 

candidates for DSSC application (Fig. 4). 

 
Fig. 3. Frontier molecular orbitals overlaid contours of the dyes. 
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 Fig. 4. The frontier orbital energy Gap of the dyes. 

 
 
Natural Bond Orbital (NBO) Analysis 
      The primary goal of population analysis in D-π-A 

structures is to provide a picture of the charge distribution 

and electron transfer from a subsystem's filled Donor (D) 

orbital to another subsystem's vacant acceptor (A) orbital. 

[23,69]. NBO population analysis was carried out based on 

the optimized geometries of the ground state to analyze the 

charge population of the dyes. Table 2 shows the computed 

NBO values of D, π-linker, A, and D-A at the B3LYP/6-

31G** level. The positive values of NBO charges are present 

on the donor moiety of the dyes, indicating that they can 

function as an efficient electron-donor group. On the other 

hand, the negative NBO values on acceptor groups indicated 

that they are effective electron-withdrawing groups [58]. The 

charges on π-conjugated linkers are very small and tend 

towards zero, indicating that they might not trap the electrons 

and serve as a transporter for the mechanism that transfers 

electrons from D to A units. The NBO charges on the donor 

groups of each molecule are organized as follows during 

photoexcitation: PODB (0.141e) > PZDB (0.124e) > PODT 

(0.116e) > POTB (0.108e) > POTT (0.107e) > PZDT 

(0.106e) > PZTB (0.093e) > PZTT (0.092e), indicating that 

PODB, PZDB and PODT have higher NBO charge density 

values (Table 2). Additionally, q(D-A) denotes the 

distinction between the electron acceptor and donor. PODB 

has the highest q(D-A) (0.276e), followed by PZDB (0.235e), 

PODT (0.221e), PZDT (0.209e), POTB (0.204e), POTT 

(0.199e), PZTB (0.186e) and PZTT (0.182e), indicating that 

these dyes have bigger charge separation than the other dyes. 

Also, dyes with thieno[3,4-b]pyrazine as π-linker (π1) have a 

larger intramolecular charge separation state between the D 

and A units. Thus, an effective intramolecular charge 

separation state between the D and A units can lead to 

efficient   electron   transfer   and,   ultimately,   an   electron 

 

 

injection into the conduction band of TiOଶ [41]. Also, dyes 

with 2,3-dihydrothieno[3,4-b][1,4]dioxine as 𝜋2-linker (i.e. 

PODB, PODT, PZDB, and PZDT) show large intramolecular 

charge separation, which will improve electron injection 

driving force.   

 

Table 2. The Natural Bond orbital Charge (e) of the 

Fragments of Dyes in the Ground State at the B3LYP/6-

31G** Level of Theory 

 
Dyes Donor π-Spacer Acceptor q(D-A) 

POTT 0.107 -0.014 -0.092 0.199 
PZTT 0.092 -0.006 -0.090 0.182 
PODT 0.116 -0.014 -0.105 0.221 
PZDT 0.106 -0.001 -0.103 0.209 
POTB 0.108 -0.012 -0.096 0.204 
PZTB 0.093 0.000 -0.093 0.186 
PODB 0.141 -0.016 -0.135 0.276 
PZDB 0.124 -0.014 -0.111 0.235 

 

 

      MEP maps are one of the parameters that provide details 

on the interactions between molecules that form hydrogen 

bonds and their reactive sites [58]. Also, it helps in estimating 

the forms, sizes, charge densities, and delocalization of 

systems as well as the charge distributions on those systems 

in three dimensions [58]. As shown in Fig. 5, the simulated 

MEP maps exhibit three different colors: from red, orange, 

green to blue. The negative electrostatic potential or high 

electron density area is represented by red or yellow, the 

positive electrostatic potential or low electron density area is 

represented by blue, and the intermediate region is shown by 

green [70,71]. The blue region of the dyes shows acidic 

hydrogen atoms or electrophilic centers, while the red region 

is primarily found around oxygen atoms and cyano groups or 

nucleophilic centers.  An area with no electrostatic potential 

or a neutral region is indicated by green [58]. The blue color 

of the hydroxyl hydrogen atom shows that it is very acidic 

and can be readily given out, and the red color is on the 

carbonyl oxygen of the carboxylic group, indicating that all 

the designed dyes have a high possibility of effective 

coupling/anchoring with TiO2. The red color on the cyano 

group near the carboxylic group and cyano-thiophene as a 

result of high electron density makes the area the most 

profitable site for the electrolyte [9]. 
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Quantum Chemical Reactivity Indicators 
      The ionization potential (IP), electron affinity (EA), 

chemical hardness (η), electrophilicity index (𝜔), electron-

donating power (𝜔ି), and electron-accepting power (𝜔ା) are 

some of the essential chemical reactivity indicators 

calculated and listed in Table 3.  The IP is associated with         

the energy shift that occurs  when a  molecule  adds  holes or 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

extracts electrons, whereas EA is the energy change that 

occurs when a molecule absorbs electrons or extracts holes. 

A dye-sensitizer performs two functions in DSSCs by 

injecting an excited electron into 𝑇𝑖𝑂ଶ and pulling an electron 

from the electrolyte to fill the hole; thus, information on 

gaining and losing electrons or holes in a dye is related to the 

magnitude of electron affinity and ionization potential of the 

 
Fig. 5. Molecular electrostatic potential maps for the simulated dyes. 
 
 
Table 3. Chemical Parameters and the Calculated Reactivity Indices of the Dye-Sensitizers Calculated at DFT/6-31G** 
Level 
 

Dyes IP (eV) EA (eV) η (eV) 𝜔ା (eV) 𝜔ି (eV) 𝜔 (eV) 
POTT 4.83 3.14 0.85 9.40 7.51 11.49 
PZTT 5.04 3.16 0.94 8.94 7.01 11.11 
PODT 4.72 3.02 0.85 8.81 6.98 10.85 
PZDT 4.89 3.05 0.92 8.57 6.70 10.67 
POTB 4.84 3.36 0.74 11.36 9.40 13.50 
PZTB 5.06 3.40 0.83 10.78 8.77 13.00 
PODB 4.76 3.16 0.80 9.80 7.92 11.88 
PZDB 4.95 3.22 0.87 9.65 7.71 11.80 
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dye [72]. The IP and EA values favor PODT and PODB 

(Table 3). The chemical hardness (η) has been attributed to 

the easiness of intramolecular charge transfer in a dye and its 

low value to promote charge transfer and separation [73]. The 

η values are ordered as PZTT > PZDT > PZDB > PODT > 

POTT > PZTB > PODB > POTB, indicating that POTB, 

PODB, and PZTB dyes have the lowest chemical hardness, 

and thus, should be able to transfer electrons readily which 

may improve light to energy conversion efficiency in DSSC 

[74]. The value of 𝜔 can be used to evaluate the stabilization 

energy, while 𝜔ା indicates electron-accepting ability of a 

molecular structure; hence higher values of 𝜔 and 𝜔ା are 

preferable for a good dye-sensitizer [49]. Therefore, 𝜔 and 

𝜔ା are ordered as: POTB > PZTB > PODB > PZDB > POTT 

> PZTT > PODT > PZDT, signifying that POTB, PZTB and 

PODB are preferred for electron-accepting power and 

stabilization energy abilities. The electron-donating powers 

(𝜔ି) exhibits a similar trend of electrophilicity and electron-

accepting power. As a result, POTB, PZTB, and PODB dyes 

should have the highest short-circuit current density and the 

best power conversion efficiency (PCE).  

 
Photo-absorption Properties 
      TD-DFT is very popular for calculating electronic 

transitions and ultraviolet-visible absorption spectra, so, the 

absorption wavelengths, oscillator strengths, and molecular 

orbital contributions to the electronic transitions are 

calculated using the TD-DFT/B3LYP/6-31G** level of 

theory, as shown in Table 4. The absorption λmax (oscillator 

strength, f) is 596.66 (0.869), 582.76 (0.794), 489.24 (1.026), 

611.98 (0.791), 640.06 (0.446), 652.20 (0.488), 635.32 

(1.255) and 625.84 nm (0.614) for POTT, PZTT, PZDT, 

PODT, PZTB, POTB, PODB, and PZDT, respectively. This 

suggests that all designed dyes have strong absorption in the 

UV-visible region of the electromagnetic spectrum, which is 

very vital for photocurrent conversion in DSSC [75]. The 

longest wavelength for all the dyes arise from electrons 

transiting from H→L, which represents π→π* transitions. 

Also, it is noticed that 2-[3-(10H-phenoxazin-3-yl)furan-2-

yl]-10H-phenoxazine (PO) dyes have longer wavelengths 

than 2-[3-(10H-phenothiazin-3-yl)furan-2-yl]-10H-

phenothiazine (PZ) dyes, which means 2-[3-(10H-

phenoxazin-3-yl)furan-2-yl]-10H-phenoxazine enhances 

photoelectronic   properties  of   the   dyes   than  2-[3-(10H- 

 

 
phenothiazin-3-yl)furan-2-yl]-10H-phenothiazine. Similarly, 
replacement of thieno[3,2-b]thiophene with thieno[3,4-
b]pyrazine also enhances the absorption properties which, in 
turn, adds to the improvement of photon harvesting 
capabilities of the dyes in line with observed geometries and 
frontier orbitals energies [58,65]. Therefore, PZTB, PODB, 
and POTB should be viable dye-sensitizer candidates for 
DSSC application. 
 
Photovoltaic Parameters for DSSC Performance 
      The essential parameters for proper investigations of 
photovoltaic properties of the designed dyes such as the 
electron injection drive force (𝛥𝐺௜௡௝௘௖௧), dye regeneration 
force (𝛥𝐺௥௘௚௘௡), light harvesting efficiency (LHE), the 

excited-state lifespan (τ), and the reorganization energy 
(λtotal) are estimated in order to measure the 𝐽ௌ஼  and 𝑉ை஼ , two 
vital factors that determine the efficiency of PCE.  The 𝐽ௌ஼  

determined by Eq. (5), is significantly influenced by the 
variables such as 𝛥𝐺௜௡௝௘௖௧ and LHE. To inject photoexcited 
electrons into the CB of 𝑇𝑖𝑂ଶ, suitable dyes must have a 

sizable LHE that reflects the ability of most photons in the 
UV-visible region to be absorbed [9,41]. The LHE, 𝛥𝐺௜௡௝௘௖௧ , 
𝛥𝐺௥௘௚௘௡ , and 𝑉ை஼  values are summarized in Table 5, where 

PODB (0.944) and PZDT (0.906) have highest values for 
LHE, followed by POTT (0.865), PZTT (0.839), PODT 
(0.838), PZDB (0.757), POTB (0.675), and PZTB (0.658). 
This indicates that PODB and PZDT dyes should exhibit 
higher 𝐽ௌ஼  values. The than thieno[3,2-b]thiophene values 
show that electrons can be readily injected into 𝑇𝑖𝑂ଶ. The 
𝛥𝐺௜௡௝௘௖௧  values in Table 5 reveal that PZTB and PODT have 
higher electrons injection forces than POTT, PZTT, PZTB, 
POTB, PODB and PZDB. The regeneration driving force 
(𝛥𝐺௥௘௚௘௡) is additional essential variable that affects the 
effectiveness of the DSSCs. Low 𝛥𝐺௥௘௚௘௡  force is necessary 
to achieve faster regeneration of the sensitizers [9,58]. Also, 
the injected electrons in the excited state should be 
significantly greater than 0.2 eV to provide an appreciable 
driving force for the electron injection process [9]. The 
computed 𝛥𝐺௥௘௚௘௡ values for the dyes are as follows: PZTB 
(0.36) > PZTT (0.34) > PZDB (0.25) > PZDT (0.19) > POTB 
(0.14) > POTT (0.13) > PODB (0.06) > PODT (0.02), 
indicating that only PZTB, PZTT and PZDB may have 
considerable higher driving force for regeneration. Also, the 
PZ dyes presented higher Voc and better 𝛥𝐺௥௘௚௘௡  than PO 

dyes (Table 5).  
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Table 4. Absorption Wavelengths with Molecular Orbitals Involve Electronic Transitions Calculated at the TD-
DFT/B3LYP/6-31G** Level 
 

Dyes 𝜆௠௔௫  (𝑛𝑚) 𝐸௘௫  (𝑒𝑉) 𝑓 MO involved in transitions LHE 

POTT 522.92 
 

528.50 
 

596.66 
808.21 

2.37 
 

2.35 
 

2.08 
1.53 

0.012 
 

0.477 
 

0.869 
0.202 

HOMO-3 → LUMO; 67%   
HOMO → LUMO+1; 26%  
HOMO → LUMO+1; 70%   
HOMO-3 → LUMO; 28%   
HOMO-2 → LUMO; 97%  
HOMO → LUMO; 100%  

 
 
 
 

0.8649 

PZTT 455.32 
494.51 
522.36 
582.76 
639.60 
723.33 

2.72 
2.51 
2.37 
2.13 
1.94 
1.71 

0.005 
0.459 
0.200 
0.794 
0.003 
0.281 

HOMO-1 → LUMO+1; 98% 
HOMO → LUMO+1; 93%   
HOMO-3 → LUMO; 95%  
HOMO-2 → LUMO; 97%   
HOMO-1 → LUMO; 99%   
HOMO → LUMO; 99%   

 
 
 

0.8393 

PZDT 435.89 
449.28 
489.24 
589.76 
614.14 
730.67 

2.84 
2.76 
2.53 
2.10 
2.02 
1.69 

0.016 
0.333 
1.026 
0.551 
0.099 
0.574 

HOMO-1 → LUMO+1; 80%  
HOMO-3 → LUMO; 72%  
HOMO → LUMO+1; 82%  
HOMO-2 → LUMO; 97%   
HOMO-1 → LUMO; 98% 
HOMO → LUMO; 98%  

 
 

0.9058 

PODT 453.45 
460.74 
511.14 
611.98 
671.88 
796.97 

2.73 
2.69 
2.43 
2.03 
1.85 
1.56 

0.635 
0.008 
0.702 
0.791 
0.009 
0.409 

HOMO-3 → LUMO; 76%   
HOMO-1 → LUMO+1; 97%  
HOMO → LUMO+1; 90%   
HOMO-2 → LUMO; 97%   
HOMO-1 → LUMO; 100%  
HOMO → LUMO; 99%  

 
 
 

0.8383 

PZTB 567.81 
640.06 

 
674.84 

 
743.78 
858.00 

2.18 
1.94 

 
1.84 

 
1.67 
1.45 

0.006 
0.466 

 
0.012 

 
0.002 
0.149 

HOMO → LUMO+1; 96%  
HOMO-2 → LUMO; 64%   
HOMO-3 → LUMO; 29%  
HOMO-3 → LUMO; 64%   
HOMO-2 → LUMO; 32%  
HOMO-1 → LUMO; 100%  
HOMO → LUMO 99% 

 
0.6583 

POTB 616.43 
652.20 

 
685.17 

 
842.28 
971.77 

2.01 
1.90 

 
1.81 

 
1.47 
1.28 

0.013 
0.488 

 
0.049 

 
0.001 
0.153 

HOMO → LUMO+1; 94%   
HOMO-2 → LUMO; 50%   
HOMO-3 → LUMO; 39%  
HOMO-3 → LUMO; 53%  
HOMO-2 → LUMO; 44%   
HOMO-1 → LUMO; 100% 
HOMO → LUMO; 99%  

 
0.6747 

PODB 502.27 
 

510.61 
 
 

585.89 
635.32 
733.35 
837.20 

2.47 
 

2.43 
 
 

2.12 
1.95 
1.69 
1.48 

0.002 
 

0.015 
 
 

0.152 
1.255 
0.013 
0.590 

HOMO-1 → LUMO+1; 53% 
HOMO-2 → LUMO+1; 38%  
HOMO-1 → LUMO+1; 46% 
HOMO-2 → LUMO+1; 38%  
HOMO-3 → LUMO; 12%  
HOMO → LUMO+1; 87%   
HOMO-2 → LUMO; 79%  
HOMO-1 → LUMO; 96%   
HOMO → LUMO; 90%  

 
 
 
 
 
 

0.9444 

PZDB 480.37 
 

497.86 
 

563.47 
626.84 
665.06 
795.35 

2.58 
 

2.49 
 

2.20 
1.98 
1.86 
1.56 

0.289 
 

0.114 
 

0.031 
0.614 
0.158 
0.406 

HOMO-1 → LUMO+1; 43%  
HOMO-3 → LUMO; 41%  
HOMO-1 → LUMO+1; 46% 
HOMO-3 → LUMO; 34%  
HOMO → LUMO+1; 90%  
HOMO-2 → LUMO; 81%  
HOMO-1 → LUMO; 83%   
HOMO → LUMO; 96%   

 
 
 
 
 

0.7565 
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      The efficiency of a DSSC device is also influenced by the 

charge-transfer rate (k) and it can be estimated from Eq. (13) 

[41,76].  

      𝑘 = ൬
𝜋

𝜆௧௢௧௔௟𝑘஻. 𝑇
൰

ଵ
ଶ  𝑉ଶ

ћ
exp ൬− 

𝜆௧௢௧௔௟

4𝑘஻ . 𝑇
൰                      (13) 

 

where V is the charge-transfer coupling constant, T is the 

temperature, 𝑘஻ is the Boltzmann constant, and the 𝜆௧௢௧௔௟ is 

the reorganization energy.  

      A lower value of 𝜆௧௢௧௔௟  should accelerate the electron 

transport process, thus, boosting the 𝐽ௌ஼ . 𝜆௧௢௧௔௟ is the sum of 

the electron-reorganization energies (λୣ) and the hole 
reorganization energies (λ୦). The λୣ, λ୦,   𝜆௧௢௧௔௟  values are 

shown in Table 6. The  𝜆௧௢௧௔௟ for the dyes increases in the 

following order: POTB < PODB = POTT = PODT < PZDT 

< PZTT < PZTB < PZDB, which suggests that PODB POTB, 

PODT and POTT should have good electron-transfer 

efficiency  due to  lower 𝜆௧௢௧௔௟  values.  The  charge-transfer 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

coupling constant |𝑉ோ௉| =  
∆𝐸ோ௉

2ൗ , where ∆𝐸ோ௉ is calculated 

from Eq. (14). 

 
      ∆𝐸ோ௉ =  𝐸ுைெை

ௗ௬௘
− 𝐸஼஻

்௜ைమ                                  (14) 

 

The VRP values in Table 6 reveal that PZTT, PZDT, and 

PZTB with higher VRP values presented greater electron 

transfer rate constant (k), as is presented in Table 6, and 

should result in a better sensitizer [42]. 

 

CONCLUSION 
 
      DFT and TD-DFT computational techniques were used 

to investigate eight designed dye-sensitizers in the form of 

phenothiazine and phenoxazine-based D-A-π-A architecture. 

The effects 2,3-dihydrothieno[3,4-b][1,4]dioxine/thieno[3,4-

b][1,4]dithiine   and      thieno[3,2-b]thiophene/thieno[3,4-b]  

  Table 5. Calculated Electronic Properties of the Studied Dyes (in eV) 
 

Dyes λmax (nm) f 𝐸௢௢ 
(eV) 

𝐸ௗ௬௘ 
(eV) 

𝐸ௗ௬௘∗∗
 

(eV) 
𝛥𝐺௜௡௝௘௖௧  

(eV) 
𝛥𝐺௥௘௚ 
(eV) 

LHE 𝑒𝑉ை஼ 
(eV) 

POTT 596.66 0.869 2.08 4.83 2.75 -1.25 0.13 0.865 0.86 
PZTT 582.76 0.794 2.13 5.04 2.91 -1.09 0.34 0.839 0.84 
PODT 611.98 0.791 2.03 4.72 2.69 -1.31 0.02 0.838 0.98 
PZDT 489.24 1.026 2.53 4.89 2.36 -1.64 0.19 0.906 0.95 

POTB 652.20 0.488 1.90 4.84 2.94 -1.06 0.14 0.675 0.64 
PZTB 640.06 0.446 1.94 5.06 3.12 -0.88 0.36 0.658 0.60 
PODB 635.32 1.255 1.95 4.76 2.81 -1.19 0.06 0.944 0.84 
PZDB 625.84 0.614 1.98 4.95 2.97 -1.03 0.25 0.757 0.78 

 
 
Table 6. Reorganization Energies, 𝜆௧௢௧௔௟ Values (eV), Coupling Constant (|𝑉ோ௉|), and Electron Transfer Rate Constant (k) 
of the Designed Dyes  
 

Dyes 𝜆௛ (eV) 𝜆௘ (eV) 𝜆௧௢௧௔௟ (eV) ∆𝐸ோ௉ (eV) |𝑉ோ௉| (eV) k × 1013 (s-1) 

POTT 0.203 0.328 0.532 0.83 0.415 1.38 
PZTT 0.305 0.329 0.634 1.04 0.520 46.40 
PODT 0.216 0.316 0.532 0.72 0.360 4.74 
PZDT 0.268 0.315 0.582 0.89 0.445 90.61 
POTB 0.207 0.316 0.523 0.84 0.420 1.94 
PZTB 0.338 0.322 0.660 1.06 0.530 64.90 
PODB 0.216 0.316 0.532 0.76 0.380 2.84 
PZDB 0.349 0.329 0.678 0.95 0.475 1.78 
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pyrazine as π-linkers on the molecular, optoelectronic 

characteristics and chemical reactivities of the dyes were 

investigated. The results show that:  

1. All the dyes have the necessary HOMO energies for the 

electrolyte's redox potential (Iି/Iଷ
ି), and their LUMO 

energies are also appropriate for the conduction band of the 

semiconductor TiO2.  

2. Generally, 2-[3-(10H-phenoxazin-3-yl)furan-2-yl]-10H-

phenoxazine (PO) dyes are more planar around d1 and d2 

with lower band gap energies than 2-[3-(10H-phenothiazin-

3-yl)furan-2-yl]-10H-phenothiazine (PZ) dyes, which means 

2-[3-(10H-phenoxazin-3-yl)furan-2-yl]-10H-phenoxazine 

donor unit has strong electron donating ability than 2-[3-

(10H-phenothiazin-3-yl)furan-2-yl]-10H-phenothiazine 

donor unit, this is supported by backbone geometries, 

molecular reactivity indicators and optical properties. 
However, 𝛥𝐺௥௘௚ and 𝜆௧௢௧௔௟, |𝑉ோ௉| 𝑎𝑛𝑑 k suggest that PZ dyes 

could possess good electron-transfer efficiency due to lower 

regeneration energy, higher coupling constant, and electron 

transfer rate constant. 

3. Thieno[3,4-b]pyrazine as π-linker lowers the energy band 

gap, which can enhance the photoelectronic properties of the 

dyes than thieno[3,2-b]thiophene.  

4. LHE and electron injection drive force (ΔGinject) favor 

PODB and PZDT, while the reorganization energy (𝜆௧௢௧௔௟) 

favors PODB and POTB. Therefore, PODB, POTB, and 

PZDT dyes can be considered as the most probable 

candidates for DSSC application.  
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