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 Designing high-efficiency sensitizers remains a central challenge for dye-sensitized solar cells 
(DSSCs). In this work, nineteen donor motifs commonly employed in the literature were 
screened to identify optimal donors and to assess the impact of donor substitution on the 
reference dye D0 (2-cyano-3-[2′-(2″-(4″-(dimethylamino)phenyl)ethynyl)thieno[3,2-b]thiophen-
5′-yl]acrylic acid) with the goal of improving device performance. Using DFT/TD-DFT with the 
CAM-B3LYP functional, we characterized nineteen literature-derived donor motifs via their 
electronic absorption spectra and key photovoltaic descriptors. Donor substitution, most notably 
with D1, D3, D5, D6, and D15, substantially improves the electronic and optical properties, 
yielding lower HOMO energies, a reduced band gap (Egap), enhanced absorption intensity, and a 
bathochromic shift of the main band. Performance indicators, notably the electron-injection free 
energy (ΔGinj) and open-circuit voltage (Voc), indicate spontaneous, thermodynamically 
favorable electron injection from the excited dye into the TiO₂ conduction band. 
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1. Introduction  
 

     Since the Industrial Revolution, human development-economic, technological, and social, has relied heavily on the 
exploitation of fossil fuels such as coal, oil, and natural gas. While this intensive use has contributed to significant 
improvements in living standards, it has also led to serious environmental and social consequences, including global 
warming, air pollution, the depletion of non-renewable resources, and increased global energy insecurity.1 
 
     In response to these challenges, a transition toward renewable energy sources, cleaner and more sustainable, has become 
imperative. Among the various alternatives, solar energy stands out due to its abundant availability, cost-free nature, and 
lack of pollutant emissions, making it a highly attractive candidate to meet future energy demands. The direct conversion 
of solar radiation into electricity through photovoltaic technologies is considered one of the most promising approaches for 
harnessing this resource.2,3 
 
     In this context, dye-sensitized solar cells (DSSCs), first introduced in 1991 by O’Regan and Grätzel, have attracted 
growing attention in both fundamental research and industrial applications. These systems are characterized by a relatively 
simple and modular structure, consisting of a transparent conductive substrate, a nanostructured semiconductor (typically 
TiO2), a photosensitizing dye adsorbed onto the surface, a redox electrolyte (commonly based on the iodide/triiodide 
couple), and a counter-electrode responsible for dye regeneration. The dye plays a crucial role by absorbing light and 
injecting electrons into the semiconductor, thereby having a direct impact on the overall efficiency of the cell.4,5 
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     Currently, DSSCs primarily utilize three main classes of sensitizers: polypyridyl-based ruthenium (II) complexes, 
porphyrin-derived dyes, and metal-free organic sensitizers. Ruthenium-based dyes have achieved certified power 
conversion efficiencies of up to 11.6%, while zinc porphyrin co-sensitized DSSCs have recently set a new benchmark, 
reaching an efficiency of 14.0%.6,7 However, these first two classes of dyes face significant limitations. Ruthenium (II)-
based sensitizers are hindered by the scarcity of the metal, high production costs, and considerable environmental toxicity. 
Zinc porphyrin dyes, on the other hand, suffer from low synthetic yields and require the use of highly toxic reagents.8,9 
These drawbacks have driven research toward metal-free organic sensitizers, which are increasingly favored due to their 
widespread availability, low cost, rich structural diversity, vivid coloration, and the high degree of tunability enabled by 
molecular design. 
 
     These sensitizers are typically designed around a donor-π-acceptor (D-π-A) molecular framework, which promotes 
intramolecular charge transfer and enhances the separation of photoinduced charges. Several structural variations of this 
motif have been proposed, including D-A-π-A, D-π-A-A, and D-D-π-A configurations, allowing for fine-tuning of the dye’s 
electronic and optical properties.1,9 
 
     In this context, a recent study conducted by Sen and colleagues emphasized the critical role of structural modifications 
in enhancing DSSC performance, particularly through the variation of donor groups, π-conjugated linkers, and acceptor 
units. Their findings demonstrated that incorporating additional spacers within the molecular framework significantly 
improves sensitizer efficiency. This reinforces the notion that the overall performance of DSSCs is highly dependent on 
meticulous molecular engineering of the photoactive dye.10 
 
     In this context, the present study builds upon the work of Fernandes and colleagues,11 who developed a reference dye 
(2-Cyano-3-[2′-(2″-(4″-(dimethylamino)phenyl)ethynyl)thieno[3,2-b]thiophen-5′-yl]acrylic acid), denoted here as D0, 
featuring a push–pull structure centered on a bithiophene core. This sensitizer achieved a reported power conversion 
efficiency of approximately 3%, providing a structural foundation for further molecular optimization.11 
 
     The reference dye D0  was selected as the model system, having been synthesized and experimentally characterized by 
Fernandes et al.11 and exhibiting efficient electronic communication between donor and acceptor fragments (λ_max = 421 
nm, ε = 3.4 × 10⁴ M⁻¹ cm⁻¹, η = 2.63%).11 
 
     This compound features a well-defined D–π–A architecture that combines an N,N-dimethylaniline donor, an ethynyl–
thieno[3,2-b]thiophene π-bridge, and a cyanoacrylic acid acceptor, thereby ensuring extended conjugation and strong 
electronic communication between fragments. Its near-planar geometry promotes efficient intramolecular charge transfer 
(ICT) and enables spontaneous electron injection into the TiO₂ conduction band, confirming its suitability as a reference 
model.11 
 
     The availability of experimental data for D0 from the literature further supports validation of the DFT/TD-DFT protocol 
employed here. By comparing calculated properties (energy levels, absorption spectra, and charge-density distributions)11 
with those measured by Fernandes et al., 11 we confirm the internal consistency of the theoretical methodology. 
Consequently, dye D0 provides a robust starting point for the comparative analysis of D₁–D₁₉, enabling a clear assessment 
of how different donor units influence overall optoelectronic properties and potential DSSC performance. 
 
     In addition, several recent studies, were incorporated to update the discussion on modern donor-engineering strategies 
aimed at improving DSSC performance.9 
 
     Numerous research efforts, including those from our own group, have focused on introducing targeted structural 
modifications to this reference molecule. These studies primarily aim to optimize the donor and acceptor units to enhance 
the photovoltaic performance of dye-sensitized solar cells (DSSCs).12–15 
 
     In this framework, the present study offers a comparative analysis of 19 dyes derived from the reference D0 structure, 
incorporating nineteen distinct donor groups, while keeping the π-conjugated linker and acceptor unit unchanged. Following 
geometry optimization at the B3LYP/6-311G(d,p), level, the optoelectronic properties of these dyes were evaluated using 
time-dependent density functional theory (TD-DFT) calculations at the CAM-B3LYP16-311G level. 
 
     Fig. 1 displays the donor units, the π-conjugated bridge, and the acceptor group of the reference dye D0, along with the 
various substituents introduced on the donor moieties examined in this study. The selection of these donor groups is 
primarily based on previously reported studies, where they have been recognized as effective and widely employed in D-π-
A dye architectures.15–18 
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Fig.1. Chemical structure of studied dyes (D0–D19). 

 
2. Theoretical background and computational methods 
 
2.1. Theoretical background 
 
     A wide range of computational parameters can modulate the performance of dye-sensitized solar cells (DSSCs), most 
notably the power conversion efficiency (η). This efficiency is governed by several device metrics, including the short-
circuit current density (JSC), the open-circuit voltage (VOC), the incident solar power (Pinc), and the fill factor (FF).19,20 
 

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 The short-circuit current density (Jsc) represents the number of photons effectively converted into electrical current. 
It results from a combination of interdependent factors, namely the light-harvesting efficiency (LHE) at a given wavelength 
(λ), the electron injection efficiency (φ₍inject₎), which is directly related to the electron injection driving force (ΔG₍inject₎), and 
the charge collection efficiency (η₍collect₎). Notably, LHE is governed by the oscillator strength of the dye at its maximum 
absorption wavelength (λ₍max₎).21,22 
 
     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:23 
 

LHE = 1−10−f 

where f represents the oscillator strength relative to the λmax of the dye. This strength directly influences the LHE. The 
electron injection driving force (ΔG₍inject₎) is determined by the energy difference between the dye’s excited-state oxidation 
potential and the conduction band edge of the semiconductor. A more negative ΔG₍inject₎ value indicates a stronger 
thermodynamic driving force for electron transfer into the semiconductor. Likewise, the regeneration free energy (ΔG₍regen₎) 
of the oxidized dye is evaluated by comparing its ground-state oxidation potential with that of the I⁻/I₃⁻ redox couple.24 

 
ΔGinject=Edye∗−ECB 
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     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).9 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
Electrolyteis the redox potential of the I−/I3− electrolyte (−4.80 eV).25 

     Using the energy levels of the frontier molecular orbitals (HOMO and LUMO), the chemical potential (μ), 
electronegativity (χ), Chemical softness (S) and chemical hardness (η) can be calculated according to the following 
formulas 22,26: 

𝜇𝜇 =
ELUMO +  EHOMO  

2
 

 
χ = -𝜇𝜇 = −  ELUMO + EHOMO  

2
 

𝜂𝜂 =
ELUMO −  EHOMO  

2
 

 

𝑆𝑆 =
1 
2𝜂𝜂

 

     For the compounds under study, the total dipole moment (μ),27 the average linear polarizability (α),28 the  
hyperpolarizability (β),29 and the anisotropy of polarizability (Δα), 30 were evaluated according to: 

𝜇𝜇 = �𝜇𝜇𝑥𝑥2 + 𝜇𝜇𝑦𝑦2 + 𝜇𝜇𝑧𝑧2   

𝛼𝛼 =  
1
3

. (𝛼𝛼𝑥𝑥𝑥𝑥 + 𝛼𝛼𝑦𝑦𝑦𝑦 + 𝛼𝛼𝑧𝑧𝑧𝑧) 

𝛽𝛽 = �𝛽𝛽𝑥𝑥2 + 𝛽𝛽𝑦𝑦2 + 𝛽𝛽𝑧𝑧2   

𝛥𝛥𝛥𝛥 =  �
(𝛼𝛼𝑥𝑥𝑥𝑥 − 𝛼𝛼𝑦𝑦𝑦𝑦)2 + (𝛼𝛼𝑦𝑦𝑦𝑦 − 𝛼𝛼𝑧𝑧𝑧𝑧)2 + (𝛼𝛼𝑧𝑧𝑧𝑧 − 𝛼𝛼𝑥𝑥𝑥𝑥)2

2
 

 

2.2. Validation of the Calculation Method 
 
    All quantum chemical calculations in this study were performed using the Gaussian 09 software package. The graphical 
interface GaussView 6.0.16 was employed to visualize the simulated absorption spectra and analyze the molecular orbital 
density distributions. The hybrid exchange-correlation functional B3LYP (Becke, three-parameter, Lee-Yang-Parr),24 in 
conjunction with the double-polarized Pople basis set 6-311G(d,p), was employed to optimize the ground-state geometries 
of all studied molecules. This level of theory was also used to compute the total reorganization energies (λₜₒₜₐₗ) for both 
anionic and cationic states, as well as to determine the energies of the frontier molecular orbitals (HOMO and LUMO) and 
the corresponding energy gaps. 
 
    This computational approach has proven particularly reliable for molecular systems with D-π-A architectures. 15,31 The 
optimized geometries were confirmed to be true minima on the potential energy surface, as indicated by the absence of 
imaginary vibrational frequencies. 
 
     Previous studies have also demonstrated that a variety of exchange-correlation functionals can predict the absorption 
spectra of organic molecules with reasonable accuracy.25,32 However, selecting a functional that is truly well-suited for a 
specific class of compounds remains a challenging task. In this study, four exchange-correlation functionals, CAM-B3LYP, 
PBEPBE, B3PW91, and B3LYP,33,34 were evaluated to assess their predictive accuracy regarding the absorption spectra of 
dye D0. 
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     As summarized in Fig. 2, CAM-B3LYP exhibited the best agreement with the experimental λₘₐₓ values. Consequently, 
the CAM-B3LYP functional, in combination with the 6-311G basis set, was selected for all TD-DFT calculations performed 
in this work. Closely related DFT protocols have been applied to molecules bearing similar structural segments, supporting 
the relevance and transferability of our methodological framework.55,56 

 

Fig. 2. Analyzing the functional employed in the TD-DFT calculation for determining the maximum absorption 
wavelengths (λmax) for D0. 

3. Results and discussion 
 

3.1. Synthesis and characterization of the reference dye D0 

     Aldehyde 2 (0.81 mmol) was coupled with 4-ethynyl-N,N-dimethylaniline 1 (0.114 g, 0.78 mmol) in a mixture of THF 
(10 mL), trimethylamine (6 mL), Pd(PPh₃)₂Cl₂ (0.023 g, 0.02 mmol), and copper(I) iodide (0.002 g, 0.01 mmol),11 under a 
nitrogen atmosphere and reflux conditions. The reaction progress was monitored by thin-layer chromatography (TLC), 
which indicated completion after 16 hours. Upon cooling to room temperature, 10 mL of water were added, and the mixture 
was extracted with dichloromethane (3 × 20 mL).11 The combined organic phases were dried over anhydrous MgSO₄, 
filtered, and concentrated under reduced pressure. The crude product was purified by silica gel column chromatography 
using mixtures of chloroform and petroleum ether with increasing polarity, affording the pure compound 3.11 

 

Scheme 1. Synthetic route to synthesize organic dyes D0 and reagents:(a) THF, trimethylamine (TEA), Pd(PPh₃)₂Cl₂, CuI, 
reflux under N₂ atmosphere; (b) ethanol, cyanoacetic acid, TEA and reflux. 

     In a subsequent step, a mixture of aldehyde 3 (0.25 mmol) and 2-cyanoacetic acid (0.30 mmol) in ethanol (15 mL) was 
treated with four drops of triethylamine. The reaction mixture was refluxed for 6 hours, then cooled to room temperature. 
After partial evaporation of the solvent, diethyl ether was added to induce precipitation. The resulting solid was collected 
by filtration, washed with diethyl ether, and dried to afford the pure compound 4 (D0) (Scheme 1).11 
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     The synthesized organic dyes D0 was fully characterized using spectroscopic and analytical techniques: UV-Vis (ethanol) 
λmax = 421 nm (ε = 3.4 × 104 M-1 cm-1); 1H NMR (DMSO-d6, 400 MHz) δ 2.96 (s, 6H, NCH₃), 6.71 (d, 2H), 7.38 (d, 2H), 
7.70 (s, 1H), 7.98 (s, 1H), 8.15 (s, 1H, =CH); HRMS (ESI) m/z = 379.0569 ([M + H]+, calc. 379.0497).11 

3.2. Structural properties 
 

     Organic dyes play a fundamental role as sensitizers in dye-sensitized solar cells (DSSCs), where they are responsible for 
absorbing sunlight and generating photoexcited electrons. A deep understanding of their structural characteristics is essential 
for optimizing electron injection mechanisms.35,36 Among the different molecular components, the donor groups critically 
influence the absorption spectra, the HOMO-LUMO energy gap, and the intramolecular charge transfer (ICT) properties. 
In an effort to design efficient sensitizers, we developed a series of D-π-A organic dyes, labeled D1-D19, by systematically 
modifying the donor units of the reference dye D0. 

     Electron-donating groups generally shorten bond lengths by increasing electron density between bonded atoms, thereby 
strengthening the bond. The incorporation of such donor moieties can thus significantly alter bond lengths and consequently 
affect the overall geometry of the molecule.25,37 

     The optimized geometric parameters of all investigated sensitizers are summarized in Table 1, where r denotes the 
calculated bond lengths between the donor unit and the π-conjugated spacer. All calculations were carried out using Density 
Functional Theory (DFT) with the B3LYP functional and the 6-31G basis set, a computational level widely recognized for 
its accuracy in predicting reliable molecular geometries, especially in the context of DSSCs. 

Table. 1. Selected bond lengths (in Å) of the designed structures. 
Dye r  (Å) Dye r  (Å) Dye r  (Å) 
D0 1.414 D7 1.419 D14 1.422 
D1 1.415 D8 1.397 D15 1.397 
D2 1.342 D9 1.419 D16 1.422 
D3 1.413 D10 1.419 D17 1.422 
D4 1.401 D11 1.393 D18 1.421 
D5 1.396 D12 1.391 D19 1.338 
D6 1.397 D13 1.422 

 

      The measured bond distance values (Table 1) confirm that the nature of the donor group incorporated into the D-π-A 
architecture strongly modulates the local geometry between the donor and the π-conjugated bridge. A detailed analysis 
reveals that eleven dyes (D1, D2, D3, D4, D5, D6, D8, D11, D12, D15, and D19) display D-π bond lengths that are significantly 
shorter than that observed in the reference molecule D0. This reduction in bond length reflects enhanced electronic coupling 
between the donor and the π-bridge, which is generally associated with a more planar molecular conformation. Increased 
planarity facilitates orbital overlap and electron delocalization, both of which are key factors for fast and efficient 
intramolecular charge transfer, a crucial criterion for the photovoltaic performance of DSSCs.5 Conversely, certain dyes 
such as D13, D14, D16, D17, and D18 exhibit markedly longer bond lengths. This phenomenon suggests less optimal orbital 
overlap, which may result from steric effects imposed by the size or conformation of the donor group, or from less efficient 
electronic conjugation. Such twisted geometries limit electron flow from the donor to the π-bridge, which can diminish the 
efficiency of intramolecular charge transfer and, consequently, the overall performance of the sensitizer. 

     These results, consistent with recent literature,13,16,38 underscore the crucial importance of finely tuning both the 
electronic and steric properties of donor groups in the rational design of organic dyes for DSSCs. The judicious selection 
of the donor group thus enables control over local geometry, orbital overlap, and ultimately, the expected photovoltaic 
performance. 

 
Fig. 3. Optimized ground state geometries of the dyes. 
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3.3. Electronic properties 
 

       Density Functional Theory (DFT) is a powerful computational tool for investigating the electronic structure of organic 
dyes, particularly with respect to energy levels, molecular orbitals, and charge distribution. Such insights are essential for 
predicting absorption spectra, charge transfer dynamics, and the overall performance of photovoltaic devices. 39,40 

       Fig. 4 reports the calculated values of EHOMO, ELUMO, and Egap for 19 dyes, determined using the B3LYP/6-311G+(d,p) 
level of theory. Notably, the HOMO energies of all dyes are lower than the redox potential of the I-/I3- electrolyte (-4.8 
eV),16  indicating that oxidized dyes can be efficiently regenerated through electron transfer from the electrolyte. Moreover, 
the LUMO levels are higher than the conduction band edge of TiO₂ (-4.0 eV), enabling efficient electron injection from the 
excited dye into the semiconductor. 

      The calculated EHOMO values range from -5.3 to  -5.9 eV, while ELUMO values span from -3.1 to -3.5 eV. A lower HOMO 
energy is generally associated with improved electron-donating ability. In this context, dyes D5, D6, D15, and D8 exhibit 
notably low EHOMO values, reflecting a strong potential for electron donation. 

 

Fig. 4. Energy levels of the studied molecules obtained by B3LYP/6-311G+(d,p) computed in the gas phase. 

      A narrower HOMO-LUMO gap typically facilitates electronic transitions. Among the studied dyes, compounds D6, D15, 
D5, D10, D1, D3 and D16 show HOMO-LUMO gaps comparable to or smaller than that of the reference dye D0 (2.4 eV),11 
indicating a reduced barrier for electronic transitions and the ability to absorb lower-energy photons. 

3.4. Electronic Absorption Spectra 
 

      The absorption spectra of the investigated dyes predominantly exhibit a low-energy electronic transition associated with 
a strong oscillator strength, resulting in high light-harvesting efficiency (LHE) values. 

      Table 2 summarizes the maximum absorption wavelengths (λmax) and LHE values for all studied dyes. All compounds 
demonstrate absorption bands within the visible region. Notably, dyes containing donor units D1, D3, D5, D6, D8, and D15 
display λmax values equal to or higher than that of the reference dye D0 (442.70 nm). 

       Among them, dyes with D1, D3, D5, D6, D8 and D15 exhibit a distinct red-shift in absorption maxima, identifying them 
as promising candidates for photovoltaic applications. This red-shift trend is consistent with the calculated HOMO-LUMO 
gap values. 

       These results clearly indicate that the nature of the donor group has a substantial impact on the optical behavior of the 
dyes. Variations in λmax and LHE reflect enhanced electronic coupling and improved visible-light absorption, particularly 
for dyes incorporating D1, D3, D5, D6, D8 and D15 donor moieties. 

      Additionally, the energy levels and spatial distributions of frontier molecular orbitals play a pivotal role in the observed 
electronic excitation processes. 
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Table. 2. Calculated maximum absorption wavelengths (λmax, in nm) and corresponding light-harvesting efficiency (LHE) 
values of the various dye sensitizers. 

Donors λmax (nm) f LHE  Donors λmax (nm) f LHE 
D0 442.7 1.7274 0.9812  D10 418.09 1.8465 0.9857 
D1 449.33 1.8412 0.9855  D11 407.08 1.338 0.9540 
D2 432.53 1.3688 0.9572  D12 433.38 1.6234 0.9761 
D3 440.1 1.7123 0.9806  D13 406.31 1.2663 09458 
D4 428.58 1.7566 0.9824  D14 406.67 1.2598 0.9450 
D5 471.99 1.8348 0.9853  D15 470.76 1.8832 0.9869 
D6 476.88 1.8408 0.9855  D16 409.14 1.3473 0.9550 
D7 421.98 1.8985 0.9873  D17 411.3 1.3678 0.9571 
D8 444.2 1.7152 0.9807  D18 409.85 1.4708 0.9661 
D9 413.59 1.8426 0.9856  D19 412 1.3091 0.9509 

 
3.5. Frontiers molecular orbitals 
 

      The spatial distribution of charge density within molecular orbitals is a key factor that influences the electronic 
properties and photovoltaic performance of organic dyes. In photovoltaic materials, efficient charge delocalization in the 
HOMO facilitates hole mobility, while appropriate localization of the LUMO, particularly over the acceptor units, enhances 
electron transport.25 

 
Fig. 5. The contour plots of HOMO and LUMO orbitals of the all dyes, computed in the gas phase. 

 

       The frontier molecular orbital (HOMO-LUMO) profiles of the selected dyes, along with their corresponding electronic 
transitions, are illustrated in Fig. 5. Only the five most promising dyes (D1, D3, D5, D6, and D15) were included in this 
analysis, as well as in all subsequent analyses, due to their outstanding electronic performance. 

As shown in Fig. 5, the analysis of the five selected dyes highlights a consistent distribution of electron density 
across the frontier molecular orbitals. In most cases, the HOMO electron density is primarily concentrated on the donor 
unit, with partial delocalization extending into the π-spacer adjacent to the auxiliary acceptor. In contrast, the LUMO 
electron density is mainly localized over the π-conjugated bridge and the acceptor groups. This electron density distribution 
is characteristic of a π→π* transition, suggesting an efficient transfer of the photoexcited electrons into the conduction band 
of TiO₂.41,42 

3.6. Electrostatic Potentials 
 

      The electron density is a key parameter for understanding the reactivity of nucleophilic and electrophilic sites, as well 
as elucidating hydrogen bonding interactions, biological recognition processes, and its correlation with various macroscopic 
properties for predictive purposes. 43,44  

     This property is directly related to the molecular electrostatic potential (MEP). The MEP surfaces were computed 
using the DFT/B3LYP/6-311G(d,p) method on the optimized geometries.  

     Fig. 6 presents a color-coded potential map distinguishing region according to their electron density: the red-to-green 
range corresponds to electron-rich regions favorable for electrophilic attack via proton attraction, whereas the green-to-blue 
range denotes nucleophilic regions characterized by proton repulsion. Green represents a zero potential. The potential 
gradient providing a visual guide for interpreting molecular reactivity. 
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     Analysis of the MEP maps reveals that positive electrostatic potentials dominate the surface of all dyes: donor units and 
π-bridges (comprising carbon, hydrogen, and nitrogen atoms) are mainly localized in blue regions.  Conversely, red zones 
are predominantly concentrated around oxygen and nitrogen atoms within the acceptor units. 

3.7. Density of states (DOS) 
 

     Numerous studies have demonstrated that the analysis of the Density of States (DOS) is a valuable tool for characterizing 
the electronic behavior of materials, particularly in the field of photovoltaics. It also enables the identification of the 
contributions from the molecular orbitals (MOs) of each molecular fragment to the overall electronic structure of the 
system.45 DOS profiles can be generated using software such as GaussSum, which allows for a detailed decomposition 
based on orbital origin. Fig. 7 presents the DOS profiles of the dyes D1, D3, D5, D6, and D15, computed at the B3LYP/6-
311G(d,p) level. The pronounced peaks observed in the spectra correspond to energy levels with a high density of states, 
directly influencing charge transfer processes in photovoltaic devices.46,47 In these plots, the HOMO and LUMO energy 
levels are represented by brown and green lines, respectively, with the region between them corresponding to the band gap. 
These values are consistent with the Egap obtained from frontier molecular orbital (FMO) analysis. 

 
Fig. 6. Calculated electrostatic potential surfaces on the molecular surfaces of studied dyes. 
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Derivatives D3, D5, and D6 exhibit a virtual orbital region (LUMO side) rich in closely spaced peaks, which is favorable for 
electron acceptance and injection into the semiconductor. D5 and D6 also display a broadened occupied orbital region 
(HOMO side), indicative of improved electronic delocalization and optimized charge transport. D15 shows a balanced 
profile, with a dense and finely structured virtual orbital region, providing a good compromise between transfer efficiency 
and stability. These variations in the DOS, driven by the nature of the donor units, confirm their key role in optimizing 
DSSC performance.  

 

Fig. 7. Density of states and energy levels (in eV) of the examined molecules by B3LYP/6-311G (d, p). computed in the 
gas phase. 

3.8. Chemical concepts of reactivity 
 

      As shown in Table 3, TiO₂ exhibits the lowest chemical potential (-4.6 eV)48 compared to the selected dyes (D1, D3, D5, 
D6, and D15). This difference indicates that electron transfer from the dyes, acting as electron donors, to TiO₂, serving as the 
electron acceptor, is both thermodynamically favorable and likely to occur spontaneously. Moreover, the chemical hardness 
(η) values of all dyes are lower than that of TiO₂ (η = 3.78 eV), suggesting a higher propensity of these molecules to donate 
one or more electrons to the semiconductor. Additionally, the electronegativity of TiO2 (4.66 eV), which exceeds that of 
the dyes, further confirms its strong ability to attract and accept electrons from these donor molecules. Comparative analysis 
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shows that dyes D1, D3, D5, D6, and D15 display slightly lower chemical hardness (η ≈ 1.1 eV) and higher softness (S ≈ 0.5 
eV-1) than the reference dye D₀ (η = 1.2 eV, S = 0.4 eV-1). These shifts are consistent with greater polarizability a nd an 
enhanced capacity to reorganize electron density upon excitation, thereby facilitating intramolecular charge transfer (ICT). 
A modest increase in electronegativity (χ ≈ 4.4 – 4.5 eV) for these systems points to a balanced electronic distribution, 
which supports efficient electron injection into the TiO2 conduction band. 

Table 3. Chemical potential (μ), chemical hardness (η), softness (S), and electronegativity (χ) for TiO₂ and the selected 
dyes, computed in the gas phase. 

dye EHOMO ELUMO µ (ev) Ƞ (ev) S (ev-1) χ (ev) 
D0 -5.5 -3.2 -4.4 1.2 0.4 4.4 
D1 -5.6 -3.4 -4.5 1.1 0.4 4.5 
D3 -5.6 -3.2 -4.4 1.2 0.4 4.4 
D5 -5.3 -3.2 -4.3 1.1 0.5 4.3 
D6 -5.3 -3.2 -4.3 1.1 0.5 4.3 
D15 -5.4 -3.3 -4.4 1.1 0.5 4.4 

TiO2  
48 - -4.0 −4.6 3.8 0.1 4.6 

 
3.9. Optical properties 
 

      The photovoltaic performance of dye-sensitized systems is strongly dependent on the ability of the dyes to efficiently 
harvest photons. An ideal photovoltaic material should exhibit broad and intense absorption across the entire visible 
spectrum to ensure maximum energy capture and conversion.49,50 In this work, the impact of donor group modification on 
the optical properties of the proposed dyes (D1, D3, D5, D6, and D15), derived from the reference dye D0, was investigated 
to gain deeper insight into their potential electronic transitions. The calculations were performed using time-dependent 
density functional theory (TD-DFT) with the CAM-B3LYP functional and the 6-311G basis set.48,51 The simulated 
absorption spectra of the reference dye D0 and its derivatives (D1, D3, D5, D6, and D15) are shown in Fig. 8, with the 
corresponding values summarized in Table 4. The results indicate that all five compounds display intense absorption within 
the UV-Vis range, spanning from 449,35 nm to 476,88 nm, corresponding to a transition from the ground state (S0) to the 
first excited state (S1). The strong agreement between theoretical predictions and available experimental data,11 confirms 
the reliability of the employed methodology. The absorption profiles are dominated by a low-energy transition (≈ 2.6 eV) 
associated with high oscillator strengths (≈ 1.9), indicating efficient light-harvesting capability in the visible region. The 
most intense absorption bands primarily originate from the HOMO → LUMO transition, while the HOMO-1 → LUMO and 
HOMO-2 → LUMO transitions are frequently observed as secondary promotions. Overall, the modification of donor groups 
significantly enhances the light-harvesting efficiency of D-π-A type dyes and contributes to the optimization of their 
photovoltaic performance.42 

Table. 4. The calculated values of optical parameters for PCC derivatives calculated by the CAM-B3LYP /6-311G method, 
computed in the gas phase. 

Compound Eex (eV) λ (nm) f Major contribution 
D1 2.8 449 1.841 H → L (75%) 
    H-1→L (21%) 

 3.7 336 0.021 H-1→ 𝐿𝐿 (70%) 
    H→L (15%) 
 3.9 347 0.060 H-2 →L (100%) 

D3 2.8 450 1.712 H → L (86%) 
    H-1→L (1%) 

 3.9 319 0.015 H-1→ 𝐿𝐿 (72%) 
    H-2 →L (17%) 
    H → L (10%) 
 4.0 312 0.075 H-2 →L (91%) 
    H-1→L (9%) 

D5 2.6 473 1.835 H → L (84%) 
    H-2 →L (9%) 

 3.4 363 0.036 H-1→ 𝐿𝐿 (88%) 
 3.8 323 0.038 H-2 →L (78%) 
    H-3 →L (10%) 

D6 2.6 477 1.841 H → L (83%) 
    H-2 →L (11%) 

 3.5 353 0.097 H-1 →L (75%) 
    H-2 →L (11%) 

 3.7 331 0.024 H-2 →L (67%) 
    H-1 →L (13%) 

D15 2.6 471 1.883 H → L (84%) 
    H-2 →L (12%) 

 3.4 366 0.056 H-1 →L (88%) 
    H-1 →L+1 (12%) 
 3.7 336 0.054 H-2 →L (65%) 
    H-3 →L (10%) 
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Fig. 8. Absorption spectra of the studied dyes 

3.10. Photovoltaic properties 
 

     Table 5 presents the photovoltaic parameters derived from the established equations. All dyes (D1, D3, D5, D6, and D15) 
possess excited-state energies (Eex) located above the conduction band (CB) of TiO₂. The negative ΔGinj values recorded for 
each dye confirm a spontaneous and thermodynamically favorable electron transfer from the excited state to the TiO2 CB. 
In particular, D5 and D6 exhibit the largest negative ΔGinj amplitudes, indicating an enhanced electron injection capability. 

      For efficient charge regeneration, minimizing ΔGreg is essential. As shown in Table 5, all derivatives, except D1, have 
ΔGreg values comparable to or lower than that of the reference molecule D0 (0.7 eV), thereby ensuring a sufficient driving 
force to achieve high power conversion efficiency (PCE) in DSSCs. The lowest ΔGreg value (0.4 eV), obtained for D5 and 
D6, highlights their optimal performance. 

      The open-circuit voltages (Voc) of these dyes range from 0.55 to 0.81 V, with a maximum variation of 0.26 V between 
compounds, a difference unlikely to substantially influence overall device efficiency. 

Table. 5. Calculated electronic properties of the studied dyes (in eV). 
dye Edye Eex Edye* ΔGinjec ΔGreg Voc 
D0 5.6 2.8 2.8 -1.3 0.7 0.8 
D1 5.6 2.8 2.9 -1.1 0.8 0.6 
D3 5.6 2.7 2.8 -1.2 0.8 0.5 
D5 5.3 2.6 2.7 -1.3 0.5 0.8 
D6 5.3 2.6 2.7 -1.3 0.5 0.8 
D15 5.4 2.6 2.8 -1.2 0.6 0.7 

 
3.11. Nonlinear optical properties (NLO) 
 

     The mean polarizability (α) and the first-order hyperpolarizability (β) are the principal descriptors of the nonlinear optical 
(NLO) response of organic dyes. Push-pull D-π-A typically display promising NLO activity,52 because they promote π-
electron delocalization and intramolecular charge transfer (ICT), two features closely associated with efficient injection of 
the photoexcited dye into the TiO2 conduction band.53 Consequently, maximizing α and β is a central design objective for 
new D-π-A chromophores.54 For the selected dyes, α, β, and the polarizability anisotropy (Δα) were computed at the CAM-
B3LYP/6-31G(d,p) level; numerical values are reported in Table 6. The descending order of α is: D15 > D6 > D1 > D5 > D3 
> D0, while the descending order of β is: D6 > D5 > D15 > D1 > D3 > D0. Relative to the reference dye D0, all derivatives 
exhibit larger β and α values, indicating an enhanced propensity for ICT and, by extension, the potential for a stronger 
photocurrent response. Dyes D6, D5, and D15 combine higher α, larger β, and increased dipole moments, pointing to 
reinforced intramolecular charge transfer. This profile positions them as promising candidates for advanced nonlinear-
optical materials and as efficient sensitizers in dye-sensitized solar cells. 

Table 6. Computed polarizability α , hyperpolarizability β. 
dye μ (Debye) Δα.10-24 esu α. 10-24 esu β. 10-30 esu 
D0 11.628 105.510 60.980 348.980 
D1 10.642 112.380 78.68 412.500 
D3 14.366 107.780 65.030 390.000 
D5 11.540 128.270 74.660 549.540 
D6 10.69 131.590 82.95 579.98 
D15 10.120 132.789 90.765 546.216 
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4. Conclusion 
 

     In summary, this study aims to identify optimal donor motifs for the novel organic dye D0 (2-cyano-3-[2′-(2″-(4″-
(dimethylamino)phenyl)ethynyl)thieno[3,2-b]thiophen-5′-yl]acrylic acid) and to quantify how donor substitution governs 
geometry, charge-transfer behavior, spectral properties and nonlinear-optical (NLO) responses. To this end, we performed 
density-functional theory (DFT) and time-dependent DFT (TD-DFT) calculations. 

     The donor units D5, D6, and D15 exhibit efficiencies markedly higher than those of previously reported sensitizers. This 
enhancement is attributed to the presence of multiple conjugated nitrogen atoms, benzenoid rings, and indole cores, which 
collectively strengthen electron donation and π-delocalization.The selected dyes D5, D6, and D15 emerge as the most 
promising candidates, combining a lower HOMO level, a narrower Egap enhanced absorption intensity, and a pronounced 
bathochromic shift of the main absorption band. 

     The selected dyes also exhibit negative electron-injection free energies (ΔGinj), consistent with spontaneous electron 
transfer from the excited dye to the TiO2 conduction band. Notably, D5 and D6 display the lowest regeneration free energies 
(ΔGreg), indicating particularly efficient dye regeneration and elevated open-circuit voltages (Voc).In parallel, D5, D6, and 
D15 exhibit high polarizabilities (α) and first-order hyperpolarizabilities (β), indicating efficient sensitization under 
photoexcitation and strong potential for nonlinear-optical (NLO) applications. 

     Taken together, these findings validate a rational molecular-engineering strategy for D-π-A chromophores and identify 
the designed dyes as strong sensitizer candidates for dye-sensitized solar cells (DSSCs). 
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