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 Population growth and economic development have led to an increase in global energy 
consumption. Solar energy, a major renewable source, is essential to meeting human energy 
needs. This study, four new organic dyes (A1–A4) with a D–π–D–A structure using DFT and TD-
DFT techniques for their potential application in dye-sensitized solar cells (DSSCs). The impact 
of π-bridge modifications of the A0 (reference molecule) on the structural, photovoltaic, optical 
and electronic properties was analyzed. The dyes showed band gaps (Egap) ranging from 2.4 to 
3.5eV and absorption wavelengths (λ) from 420.16 to 627.4nm. Results suggest that the 
modification of the π-bridge of dye A0 enhanced intramolecular charge transfer (ICT). and 
improved hole injection. Theoretical open-circuit voltages (Voc) varied between 1.15 and 2.36 
eV, while light harvesting efficiency (LHE) values ranged from 0.80 to 0.93. This study could 
effectively assist chemists in the synthesis of efficient dyes for DSSCs.  
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1. Introduction  
 
      In the current context, the use of energy plays a crucial role in human life, and the demand for available resources 
continues to grow. Solar energy, being a renewable, clean, and eco-friendly resource, is increasingly considered a viable 
alternative to traditional resources. 
 
     One of the most important challenges of this century is to enhance the efficiency of converting solar photons into 
electricity. For solar energy to play an important role in carbon-free energy supply, it must be economically competitive 
with nuclear energy, fossil fuels, and other renewable energy sources. This requires significant advances in both 
fundamental research and applied sciences to reduce the costs of solar energy production.1 
Among the various renewable energy sources, DSSCs stand out as a promising alternative to traditional silicon-based solar 
cells. 
 
     DSSCs, also known as photoelectrochemical solar cells, utilize a photo-induced reaction on a semiconductor electrode 
within a modified electrochemical cell. They offer numerous advantages, including reduced manufacturing costs, simplicity 
of production, and efficient performance under various ambient conditions. Additionally, they are environmentally friendly, 
both indoors and outdoors.2,3 
 
     The structure of DSSCs generally consists of a sandwich-like arrangement comprising a working electrode, a counter 
electrode and an electrolyte. Under sunlight illumination, dye molecules are excited by photon absorption, leading to the 
injection of excited electrons into the conduction band of the semiconductor surface (photoanode). Subsequently, these 
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electrons are transferred to the counter electrode via the external circuit, while redox reactions occur in the mediator 
electrolyte containing the redox couple R/R+. Through these redox reactions, electrons are transferred back to the oxidized 
dye molecules, returning the oxidized dye to its original state, with these processes occurring cyclically.4,5 
 
     The overall performance of DSSCs primarily depends on the number of photons absorbed by the dye molecules. Light-
harvesting sensitizers play a crucial role in inducing the photocurrent, due to their low energy gap and appropriate energy 
level for electron injection. However, metal complex dyes present issues of cost and availability, limiting their commercial 
application. In contrast, metal-free organic photosensitizers are garnering increasing interest and have achieved a maximum 
power conversion efficiency (PCE) of 14% with the use of co-sensitizers.6,7 The design of DSSCs relies on the use of 
photosensitive materials in solar cells; typically, a DSSC consists of four primary components: the sensitizer, the electrolyte, 
the cathode and the anode.8 The anode in DSSCs is made up of a thin layer of nanocrystalline metal oxide, such as titanium 
dioxide (TiO2) or zinc oxide (ZnO), which is deposited onto a glass substrate.9 Sensitizers, whether natural or synthetic, are 
crucial components of DSSCs, playing a key role in expanding their absorption spectrum.10 In this regard, various 
organometallic, natural and organic dyes can be used as sensitizers.11 The electrolyte in a DSSC is composed of a redox 
couple, typically iodide/triiodide (I−/I3−), enclosed by a counter electrode, which is usually made of platinum.12 
Most organic dyes used in DSSCs typically feature a D–π–A (donor–π-bridge–acceptor) molecular structure, which is 
engineered to facilitate intramolecular charge transport (ICT) from the donor unit (D) towards the acceptor group (A) 
through the π-bridge.13,14 Additionally, other sensitizer structures such as A–π–D–π–A, D–π–D–A, D–D–π–A and D–A–π–
A have been developed and have gained significant attention for their high efficiency.15,16 
 
    The choice of the π-bridge is critical in the design of D–π–A dyes, as it significantly influences the regulation of HOMO–
LUMO energy levels and broadens the absorption range of organic sensitizers. In this work, we developed a series of organic 
dyes (A1–A4) with the D–π–D–A system as sensitizers. Among these sensitizers, DPC (referred to as A0 in this paper) 
exhibited a performance of 1.22%. (Jsc = 4.41 mA cm−2, FF = 0.56 and Voc = 0.522 V),17 using carboxylic acid as the 
electron acceptor and benzene as the π-bridge (Fig. 1).  
 

 

 

 

 

 

 

 

 

 

  Fig. 1. Chemical structure of studied dyes (A0–A4) 

     The π-bridge plays a crucial role in facilitating the swift transfer of electrons for charging DSSCs; therefore, it must 
possess the following characteristics: easy charge transport, an extended π-bridge that covers a broad portion of the light 
absorption spectrum, and enhanced absorption capability.18 Thus, choosing an appropriate π-bridge is a crucial step in 
constructing high-performance photovoltaic cells. Various π-bridges have been theoretically explored to develop new 
sensitizers, utilizing DFT and TD-DFT methods to elucidate the effects of different π-bridge compounds (A1–A4). By 
identifying the critical theoretical elements, a high current charge density (Jsc), open-circuit voltage (Voc), light-harvesting 
efficiency (LHE), electron injection driving force (ΔGinject), and driving force of regeneration (ΔGreg) were determined. 
Additionally, other factors like energy levels, density of states (DOS), frontier molecular orbitals (FMOs), chemical indices, 
and absorption spectra were also taken into account. These theoretical parameters assist in clarifying the link between 
molecular structure and performance, aiding in the selection of better dyes.20 Additional parameters, including frontier 
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molecular orbitals (FMOs), energy levels, density of states (DOS), absorption spectra, and chemical indices, were also 
analyzed. These theoretical parameters aid in clarifying the connection between performance and molecular structure, aiding 
in the selection of better dyes.19 
 
2. Calculation section  
 
     Numerous computational parameters can impact the performance of dye-sensitized solar cells (DSSCs), particularly 
affecting the power conversion efficiency (η). This efficiency is determined by several factors, including the values of Jsc, 
Voc, the the incident solar power (Pinc) and fill factor (FF).16 
 

𝜂𝜂 =
Voc . Jsc . FF

Pinc
 

     The Voc parameter can be determined using the following analytical relationship: 
 

Voc = ELUMO−ECB 
 
where ELUMO represents the energy level of the dye, and ECB corresponds to the conduction band energy of TiO2 (ECB = −4,0 
eV).21 In a DSSC, Jsc can be calculated using the following equation: 
 

Jsc = ∫ LHE (λ) . φinject . 𝜂𝜂collect d λ 
 
where LHE(λ) represents the light-harvesting efficiency at a particular wavelength, η stands for the charge collection 
efficiency and φinject denotes the electron injection efficiency.22 It is crucial to note that the LHE of DSSCs is a key factor 
affecting their performance. Generally, a high LHE results in a greater amount of photocurrent. The LHE can be calculated 
using the following equation: 
 

LHE = 1−10−f 
 
where f represents the oscillator strength relative to the λmax of the dye. This strength directly influences the LHE. The 
following equation can be utilized to determine the injection force into the TiO2 conduction band.23 
 

ΔGinject=Edye∗−ECB 
 
     In this context, Edye* denotes the oxidation potential of the dye in its excited state, while ECB denotes the reduction 
potential of the conduction band (TiO2 = − 4.0 eV).24 The value of Edye* can be determined using the following equation: 
 

Edye∗ = Edye−E00 

     Edye represents the oxidation potential of the molecule in its neutral state (Edye = −EHOMO), and E00 corresponds to the 
vertical transition energy to λmax . 
 
     To ensure swift electron transfer, ΔGreg needs to be minimized. The driving force for the regeneration of the dye, noted 
as ΔGreg, is calculated as follows: 
 

ΔGreg=Edye − 𝐸𝐸Redox
Electrolyte 

 
where 𝐸𝐸Redox

Electrolyte is the redox potential of the I−/I3− electrolyte (−4.80 eV).25,27 Using the energy levels of the frontier 
molecular orbitals (HOMO and LUMO), the chemical potential (μ), electronegativity (χ), and chemical hardness (η) can be 
calculated according to the following formulas: 26,28 
 

𝜇𝜇 =
ELUMO +  EHOMO  

2
 

 
χ = -𝜇𝜇 = −  ELUMO + EHOMO  

2
 

 

𝜂𝜂 =
ELUMO −  EHOMO  

2
 

3. Validation of the Calculation Method 
 
     The calculations in this study were executed with the Gaussian 09 software package, and GaussView 6.0.16 was 
employed for generating the simulated spectra and analyzing orbital density. The selection of the TD-DFT theoretical 
functional for describing the vertical transition energy of a potential sensitizer is determined by the λmax (absorption 
wavelengths) of the reference molecule.  
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 Fig. 2 displays the λmax of the reference molecule, analyzed using TD-DFT with different functionals, including 
CAM-B3LYP, PBEPBE, MPW1PW91, and B3LYP, 29,31 in combination with the 6-311G basis set. The B3LYP functional 
with the 6-311G basis set accurately calculated the maximum absorption wavelength (λmax) of the compound at 381 nm, 
which is in close agreement with the experimentally observed value of 383 nm. 17These results reinforce the reliability of 
B3LYP in predicting electronic transitions in π-conjugated systems, making it an appropriate method for studying light 
absorption in DSSCs. Moreover, several studies have confirmed that B3LYP/6-311G provides optimal accuracy for 
predicting absorption wavelengths in DSSCs, further supporting its suitability for studying organic dyes.20,32 This 
computational accuracy led to the selection of B3LYP/6-311G for further investigations into the optical properties of the 
four proposed molecules (A1, A2, A3, and A4). 
 
 

 

 

 

 

 

 

 

 

 

Fig. 2. Analyzing the functional employed in the TD-DFT calculation for determining the maximum absorption 
wavelengths (λmax) for A0 

4.  Results and discussion 
 
4.1 Synthesis of dyes 
 
     The synthesis of A0 (1-(4-(2,2-bis(4-(dimethylamino)phenyl)vinyl)phenyl)-1H-indole-3-carboxylic acid)  follows a 
multi-step approach involving Wittig olefination and Ullmann coupling, which are well-established methods for 
constructing π-conjugated organic molecules. These reactions facilitate the development of electron-rich and highly 
conjugated systems, crucial for applications in organic photovoltaics and dye-sensitized solar cells (DSSCs).30 

 
 

 
 
 
 
 

 

 

Fig. 3. Synthetic route to synthesize organic dyes A0 

     The first step in the synthesis involves the preparation of phosphonium intermediates (3a). This process begins with the 
4-bromobenzaldehyde (1a), which undergo transformation into phosphonium salts (3a) via primary alcohol intermediates 
(2a). The introduction of these phosphonium salts is a key step, as they serve as essential precursors in the subsequent Wittig 
olefination reaction.17 
 
     The next step is the Wittig olefination reaction, where the phosphonium salts (3a) react with 4,4′-
bis(dimethylamino)thiobenzophenone in the presence of K₂CO₃ as a base. This reaction leads to the formation of the highly 

383 381
332

370

450

0
50

100
150
200
250
300
350
400
450
500

exp B3LYP CAM-B3LYP
MPW1PW91

PBEPBE

w
av

el
en

gt
h 

(n
m

)

+ 

0A 
R = phenyl 



M. R. Chriyaa et al.   / Current Chemistry Letters 14 (2025) 537 

conjugated intermediates (4a), which play a crucial role in optimizing the electronic properties of the final product. The use 
of Wittig olefination in organic dye synthesis has been widely applied due to its efficiency in forming extended π-systems 
with tailored electronic properties.17 The final step involves the Ullmann coupling reaction, where the intermediate (4a) is 
coupled with 1H-indole-3-carboxylic acid in the presence of K₂CO₃. The Ullmann reaction is a widely utilized method for 
C-C and C-N bond formation in organic synthesis, particularly for the construction of donor-acceptor (D–A) molecular 
frameworks used in DSSCs. This step leads to the formation of A0, a indole-based dye with enhanced charge-transfer 
properties. 
 
4.2 Molecular Geometry 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Fig.. 4 Optimized structures of all the compounds studied obtained by B3LYP/6-31G. 

     The geometric properties of the potential sensitizer structures are shown in Table 1, where d represents the bond lengths 
(Scheme 1). All parameters were calculated at the DFT/B3LYP/6-31G level, which is a well-established method for 
predicting accurate molecular geometries in DSSCs. B3LYP has been widely validated for its ability to provide reliable 
bond lengths and angles in π-conjugated systems, ensuring consistency with experimental data. 30,33 The 6-31G basis set 
offers a computationally efficient approach while maintaining sufficient accuracy for structural optimizations. Studies have 
confirmed that B3LYP/6-31G yields molecular geometries in good agreement with crystallographic and spectroscopic data, 
making it a suitable choice for this study.30,33 

     Notably, shorter bond lengths are advantageous for intramolecular charge transport within the D–π–D–A architecture .34 
The optimized structures of all the studied dyes show similar conformations, as confirmed by the bond length values ranging 
between 1.40 and 1.46 Å. These bond lengths suggest a C=C character in all the dyes, thus facilitating charge transport 
between the donor fragment and the π-bridge, and also between the π-bridge and the acceptor fragment.35 
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Scheme 1. bond lengths (d1, d2, d3, in Å) 

Table. 1. Selected bond lengths (in Å) of the designed structures 

dye d1 (Å) d2 (Å) d3 (Å) 
A0 1.46 1.43 1.45 
A1 1.45 1.41 1.45 
A2 1.44 1.41 1.45 
A3 1.44 1.40 1.44 
A4 1.43 1.40 1.44 

 
4.2 Frontier Molecular Orbitals 
   
       The frontier molecular orbitals (HOMO and LUMO) act as quantum descriptors, offering vital insights into the 
optoelectronic properties of the dyes. They enable the examination of charge density distribution and stabilization within 
the dyes.35,36 According to the literature, electron transfer (S0 → S1) in each observed dye occurs as electrons move from 
the ground state (HOMO) to LUMO (the excited state).37 The HOMO-LUMO gap (Eg) reflects the variations in reactivity 
due to different π-spacers. A smaller band gap facilitates charge transfer, while a larger gap makes it more difficult.35 
 
      Determining the theoretical energy levels of the HOMO and LUMO for each dye is essential for comprehending the 
electronic properties of dye systems.38,35 This evaluation helps to assess whether the proposed dyes meet the fundamental 
requirements of photosensitizer materials for DSSCs. The values of EHOMO, ELUMO, as well as the different Egap values for 
the studied molecules, are presented in Fig. 5, while the schematic of the frontier molecular orbitals is illustrated in Table 
2. 
 
     The analysis of the frontier orbitals showed that for the studied dyes A0, A1, A2, A3, and A4, the HOMO electrons were 
concentrated on the donor, with a few of them distributed near the bridge. At the same time, the LUMO was widely 
distributed across these dyes, with maximum density on various π-spacers and minimal density on the acceptor groups. This 
distribution indicates that charge transfer occurs efficiently from the donor to the π-spacers, thereby facilitating light 
absorption and electron injection in DSSC devices. 
 
      In particular, the high concentration of electronic density on the π-spacers suggests an enhanced capacity of these 
molecules to transfer excited electrons to the acceptor groups, thereby optimizing the efficiency of converting solar energy 
into electrical energy in DSSCs. 
 
     The energy levels of molecules A0 to A4 were calculated using the B3LYP/6-311G+(d,p) method.  
 
     Studies have demonstrated that B3LYP reliably predicts HOMO-LUMO energy levels with minimal deviation from 
experimental data, ensuring its suitability for investigating charge transfer in DSSCs. Additionally, the 6-311G+(d,p) basis 
set enhances accuracy by incorporating both diffuse and polarization functions, which are crucial for modeling 
intramolecular charge transfer. 39,40 These factors establish B3LYP/6-311G+(d,p) as an optimal choice for studying the 
electronic properties of the designed photosensitizers. 
 
     The results in Table 2 indicate that the HOMO levels of all the molecules were lower than the redox potential of the 
I−/I3− couple. As a result, the photosensitizers are capable of being reduced by electrons from the I−/I3− electrolyte. 
 
     Additionally, the molecules displayed LUMO values exceeding the conduction band of TiO2 (−4.00 eV), suggesting that 
electrons can be swiftly injected into the TiO2 semiconductor when the molecules are excited. Thus, the proposed dyes (A0 
to A4) are good candidates as photosensitizers and are well-suited for applications in DSSCs.41 
 
     The energy gap plays a crucial role in the activity of molecules; a sensitizer with a lower bandgap energy is more 
favorable to electron excitation and demonstrates  improved absorption properties. As a result, such sensitizers can absorb 
more photons in the visible spectrum, leading to an increase in short-circuit current (Jsc) and power conversion efficiency 
(PCE).42 
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Fig. 5. Contour plots of the FMOs of all dyes examined. 
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Table. 2. Band gap energy, HOMO, LUMO values of the studied structures 
 EHOMO  (eV) ELUMO (eV) EGAP (eV) 
A0 -5.02 -1.64 3.56 
A1 -5.00 -.175 3.25 
A2 -4.84 -2.13 2.71 
A3 -5.06 -2.85 2.21 
A4 -4.80 -2.32 2.48 
TiO2 **** -4.00 **** 
I - /I3- -4.80 **** **** 

 

        The results in Table 2 show that modifications to the π-bridge have a significant impact on the energy gap. Molecule 
A3 exhibits the smallest EGAP of 2.21 eV, followed by A4 (2.48 eV), A2 (2.71 eV), A1 (3.25 eV), and A0 (3.56 eV). The 
proposed molecules (A1–A4) display lower Eg values than A0, implying that A1 to A4 (the new sensitizers) could achieve a 
higher short-circuit current density (Jsc) than A0. 

4.3 Density of States (DOS): 
 
      Numerous studies have demonstrated that density of states (DOS) analysis can elucidate the charge transfer 
characteristics of organic semiconductors. It also enables the determination of the contributions from various molecular 
orbitals (MOs) of each component within the molecule to the overall system.43 The DOS function can be determined using 
the GaussSum software.  
 
      Fig. 6 showcases the DOS analysis, which forecasts the alpha (associated with the valence bands) and beta (associated 
with the conduction bands) free electrons. The bandgap energy increases in parallel with the DOS of the molecules being 
studied. In dye-sensitized solar cells (DSSCs), the voltage is influenced by the redox potential of the electrolyte and the 
energy gap between the Fermi level, located near the conduction band of the TiO₂ semiconductor electrode. In general, 
when the Fermi energy (EF) is close to the middle of the bandgap, charge is transferred to and from the metal electrode and 
the organic material. Thus, the energy potential profile remains constant as EF approaches the HOMO or LUMO levels, 
making the charge transfer significant.44 

 

 

 

Fig. 6. Density of states for the examined molecules A0 - A4 
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4.4 Quantum Chemical Reactivity Indices 
          
     The chemical reactivity indices, including chemical potential (μ), chemical hardness (η), and electronegativity (χ) of the 
studied molecules, were calculated from the previous equations using the B3LYP method with the 6-311G+(d,p) basis set.39 
The results are presented in Table 3. 
 

Table. 3. Calculated values for the electronic and chemical parameters of the four dyes studied 
dye EHOMO(eV) ELUMO (eV) EGAP (eV) μ (eV) η (eV) χ (eV) 
A0 -5.02 -1.64 3.56 -3.33 1.69 3.33 
A1 -5.00 -.175 3.25 -3.37 1.62 3.37 
A2 -4.84 -2.13 2.71 -3.48 1.35 3.48 
A3 -5.06 -2.85 2.21 -3.95 1.10 3.95 
A4 -4.80 -2.32 2.48 -3.56 1.24 3.56 

TiO2 **** -4.00 **** -4.66 3.78 4.66 
        
        The data show that The TiO₂ compound exhibits the lowest chemical potential at −4.66 eV. compared to the molecules 
A0–A5. This indicates that the transfer of electrons from the dyes, which function as electron donors, to the TiO₂ 
semiconductor, serving as the electron acceptor, would occur with relative ease.28 Additionally, The chemical hardness (η) 
of the molecules examined is lower than that of TiO₂ (η = 3.78 eV), 45 suggesting that these dyes have a greater tendency to 
release electrons compared to TiO₂. Furthermore, the electronegativity of TiO₂ (−4.66 eV) exceeds that of the dyes, implying 
that TiO₂ is more capable of accepting electrons from these dyes. 
4.5 Natural bond orbital (NBO) analysis 
 
Table 4. NBO analysis for all the proposed molecules (A0– A4) 

Dyes D π D A Δq(D-A) 
A0 0.05655 0.16475 -0.16458 -0.06614 0.12269 
A1 0.07221 0.14331 -0.1574 -0.05811 0.13032 
A2 0.06847 0.14123 -0.15583 -0.05392 0.12239 
A3 0.12093 0.06336 -0.13624 -0.04804 0.16897 
A4 0.08132 0.12551 -0.15117 -0.05567 0.13699 
 

     

     The Natural Bond Orbital (NBO) analysis is a crucial method for examining charge transfer mechanisms and conjugative 
interactions of molecular systems. It provides significant insights into both intramolecular and intermolecular bonding 
characteristics. In this study, NBO analysis was performed at the DFT/B3LYP/6-31G level to evaluate the charge 
distribution within the investigated dyes,27 as summarized in Table 4. The donor (D) and π-linker groups in all molecules 
exhibited positive NBO charges, confirming their strong electron-donating nature. Conversely, the supplementary acceptor 
(A) and main acceptor units showed negative NBO values, highlighting their efficiency in withdrawing electrons. Under 
photoexcitation conditions, the NBO charges on the donor groups followed the trend: A₃ (0.12093e) > A₄ (0.08132e) > A₁ 
(0.07221e) > A₂ (0.06847e) > A₀ (0.05655e), suggesting that A₃ possesses the highest electron-donating capability. 
Regarding the acceptor groups, the NBO charges for A₀–A₄ were −0.06614, −0.05811, −0.05392, −0.04804, and −0.05567e, 
respectively. This pattern indicates that structural modifications in the molecules influence the acceptor’s electron-
withdrawing efficiency, thereby impacting the overall charge transfer process. Furthermore, the Δq(D–A) parameter 
represents the extent of charge separation between the donor and acceptor units. As shown in Table 4, the highest charge 
separation was observed in A₃ (0.16897e), followed by A₄ (0.13699e), A₁ (0.13032e), A₀ (0.12269e), and A₂ (0.12239e). 
These findings highlight A₃ as the most efficient molecule in terms of charge separation, making it a strong candidate for 
applications requiring effective charge transfer, such as organic photovoltaics and optoelectronic devices. 

 

4.6 Electrostatic Potential (ESP) 
 
The electron density plays a key role in forecasting the reactivity of electrophilic and nucleophilic sites. (i.e., explaining 
chemical reactions) as well as hydrogen bonding interactions.46 The molecular electrostatic potentials (MEP) of the dyes 
A0–A5 are depicted in Figure 7. The red area indicates negative potentials (electron-rich zones), characterizing the reactive 
sites for electrophilic attacks. Conversely, the blue area represents positive potentials (electron-poor zones), indicating the 
reactive sites for nucleophilic attacks.  
The MEP values reveal that the region of maximum positive potential (in blue) for all dyes is primarily centered on the 
hydrogen atom of the carboxyl group. Conversely, the region of negative potential (in red) is mainly centered around the 
oxygen atoms of the acceptor groups (–CO) in dyes A0–A5, which constitute the most favorable sites for interaction with 
the electrolyte. 
 
4.7 Electronic Absorption Spectra: 
     

      An effective organic solar cell requires a wide and strong absorption spectrum in the visible range.47 To examine the 
impact of various π-spacers in the proposed dyes (A1–A5) relative to the reference molecule (A0), and to gain a deeper 
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insight into the potential electronic transitions of the four dyes under investigation, the electronic transitions and absorption 
characteristics were calculated using TD-DFT/B3LYP/6-311G. 

        The data presented in Table 5 reveal that the maximum absorption wavelengths for the reference molecule (A0) and its 
derivatives A1= 402.13nm, A2= 420.16nm, A3= 503.60nm, and A4 =545.84 nm. 
 
 

 

 

  

 
 

Fig. 7. Calculated electrostatic potentials on the molecular surfaces of the studied dyes. 

     The proposed dyes showed high absorption in the visible region between 400 and 800 nm. These values correspond to 
the lowest excitation energy and are attributed to an electronic transition from the ground state S0 to the excited state S1.  
 
     Additionally, the maximum absorption wavelengths were 627.68 nm for A3 and 545.84 nm for A4.  
Indeed, a dominant transition with low energy (1.97–3.08 eV) and a higher oscillation strength (0.70–1.18) was observed. 
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Table 5. Maximum absorption wavelength (λmax), vertical excitation energies (Eex), and oscillator power (ƒ) for the 
investigated dyes 

 λmax (nm) Eex (eV) f 
A0 402.13 3.0832 0.6983 

361.17 3.4328 0.2687 
345.18 3.5919 0.0452 

A1 420.16 2.9509 0.6822 
375.81 3.2991 0.2376 
366.75 3.3806 0.0828 

A2 
 

503.60 2.4620 1.1821 
415.53 2.9837 0.1404 
386.88 3.2047 0.1862 

A3 627.68 1.9753 0.8162 
521.39 2.3779 0.1209 
436.77 2.8386 0.7202 

A4 545.84 2.2714 1.0447 
460.37 2.6932 0.2932 
398.97 3.1076 0.4281 

 
4.8 Parameters Affecting the Photovoltaic Performance of DSSCs 
 
     The influence of various π-bridges on the efficiency of dye-sensitized solar cells was determined by studying essential 
parameters such as ΔGinject, ΔGreg, and LHE. These parameters are essential for evaluating the short-circuit currents (Jsc) 
and open-circuit voltages (Voc). LHE and ΔGinject play crucial roles in influencing Jsc. Effective dyes must have a high LHE 
to absorb the majority of photons in the UV-visible region and inject the photoexcited electrons into the conduction band 
(CB) of TiO₂. Table 6 shows that dyes A2 and A4 have the highest LHE values (0.93), followed by A3 (0.85), and A0 and A1 
(0.8). This suggests that A2–A4 have a superior light absorption potential compared to A0, resulting in higher Jsc values. 
 

Table. 6. Calculated electronic properties of the studied dyes (in eV) 

 EHOMO ELUMO E00 Edyes Edyes* ΔGinject ΔGreg LHE Voc 
A0 -5.02 -1.64 3.08 5.02 1.94 -2.06 0.42 0.80 2.36 
A1 -5.00 -.175 2.95 5.00 2.05 -1.95 0.20 0.79 2.25 
A2 -4.84 -2.13 2.46 4.84 2.24 -1.76 0.04 0.93 1.87 
A3 -5.06 -2.85 1.97 5.06 3.09 -0.91 0.26 0.85 1.15 
A4 -4.80 -2.32 2.27 4.80 2.53 -1.47 0.00 0.90 1.68 

 
    Negative values of ΔGinject indicate that electrons can be easily injected into TiO₂. Table 5 also shows that the ΔGinject 

values for A2, A3, and A4 are lower than those for A0 and A1, indicating easier electron injection for the former dyes. 
For rapid electron transfer, ΔGreg must be as low as possible. Table 5 shows that the ΔGreg values for all the developed dyes 
are lower than those for A0, indicating better power conversion efficiency. 
 
5. Conclusion 
 

     In this research, we designed and investigated four D–π–D–A sensitizers for dye-sensitized solar cells (DSSCs) to 
evaluate the impact of different π-bridges on their electronic, optical, and transport properties. We used the TD-
DFT/B3LYP/6-311G method to determine the absorption energies, oscillator strengths (f), maximum absorption 
wavelengths (λmax) and band gaps of these dyes. The results showed that dyes A2 and A4 possessed the highest values of 
light-harvesting efficiency (LHE), suggesting that these dyes could offer superior photovoltaic performance compared to 
the reference dye A0. It is also noteworthy that A1–A4 exhibited broader absorption bands, indicating a better light absorption 
capacity. Additionally, the negative ΔGinject values indicate that electrons can be easily injected into TiO2. Furthermore, the 
ΔGreg values of the new compounds are lower than those of A0, suggesting better power conversion efficiency for these 
dyes. 

       This study reveals that modifications to the π-bridge units of the reference dye significantly impact the overall 
performance of the studied dyes. This work should provide theoretical foundations for the development and experimental 
testing of highly efficient D–π–D–A type sensitizing materials. 
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