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 Bu çalışmada, D-π1-π2-A yapısına (E3-E4) sahip E0 referans boyasından D-π1-R-π2-A 
yapısına sahip iki farklı organik boya tasarlandı. Referans boya E0 üzerindeki π köprüleri 
arasına 2,3-disyanopirirazinofenantren eklenerek ve π köprüsü değiştirilerek, boyaya 
duyarlı güneş pili (DSSC) cihazlarında kullanılmak üzere fotovoltaik özellikleri incelemek 
üzere tasarlanan boyalar elde edildi. Tasarlanan boyaların geometrik yapıları, 
absorpsiyon spektrumları, Doğrusal Olmayan Optik özellikleri (NLO'lar), enerji seviyeleri, 
sınır moleküler yörüngeleri ve bazı fotovoltaik ve kimyasal reaktivite parametreleri gibi 
çeşitli özellikleri, Boyaya Duyarlı Güneş Pillerinin (DSSC'ler) performansını artırmak için 
Yoğunluk Fonksiyonel Teorisi (DFT) ve zaman bağımlı DFT (TD-DFT) yöntemleri 
kullanılarak araştırıldı. Hesaplanan teorik sonuçlar, tasarlanan boyalardan E4'ün, E0'a 
kıyasla yüksek kısa devre akımına ve daha iyi güç dönüşüm enerjisine (PCE) sahip 
olabileceği sonucuna varıldı. Bu sonuçlar, farklı yardımcı ligandların eklenmesinin ve π-
köprülerinin değiştirilmesinin sistemin fotovoltaik performansını etkili bir şekilde 
artırabileceğini göstermektedir. 
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 In this study, two different organic dyes with a D-π1-R-π2-A structure were designed 
from the reference dye E0 with a D-π1-π2-A structure (E3-E4). By adding 2,3-
dicyanopyrirazinophenanthrene between the π-bridges on the reference dye E0 and 
changing the π-bridge, dyes designed to examine the photovoltaic features for use in 
dye-sensitized solar cell (DSSC) devices were obtained. Various properties of the 
designed dyes, such as their geometrical structures, absorption spectra, Nonlinear 
Optical properties (NLOs), energy levels, boundary molecular orbitals, and some 
photovoltaic and chemical reactivity parameters, were investigated using Density 
Functional Theory (DFT) and time-dependent DFT (TD-DFT) methods to improve the 
performance of Dye-Sensitized Solar Cells (DSSCs). The calculated theoretical results 
concluded that E4 of the designed dyes can have a high short-circuit current and better 
power conversion energy (PCE) compared with E0. These results indicate that adding 
different auxiliary ligands and modifying the π-bridges can effectively improve the 
photovoltaic performance of the system. 
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INTRODUCTION 

The sun is a vital source of renewable energy, providing life-sustaining opportunities 

for all living beings on our planet. The most important advantage of the energy obtained from 

the sun is that it is sustainable and environmentally friendly. The energy obtained from the 

sun can be converted into electricity. Electrical energy is the most easily obtainable and usable 

form of energy. For this reason, studies are being carried out today to generate electricity 

economically from solar energy (Kumar et al., 2015). 

Solar cells are analyzed into three different groups according to their structure and 

construction. First-generation solar cells are single and multilayer crystalline silicon solar cells. 

The second generation is produced from thin film. The third generation is dye-sensitized 

organic solar cells. Dye-sensitized organic solar cells have drawn significant attention in 

scientific research due to their many advantages, including streamlined manufacturing, cost-

effectiveness and exceptional cell efficiency, since they were originally published by Grätzel 

and O'Regan in 1991 (Grätzel, 2001; Hamann et al., 2008; O'regan & Grätzel, 1991). A typical 

DSSC device is composed of four important components: a semiconductor anode (typically 

made of TiO2), a sensitizer, counter electrodes, and potential redox electrolytes. Figure 1 

provides a visual representation of these components (Higashino & Imahori, 2015; Liang & 

Chen, 2013).  

 

 

Figure 1. Schematic of the DSSC 

Although there have been significant developments in solar cell technology recently, 

studies should be carried out on the high cost of solar cell production, and the cost should be 

reduced. DSSCs are being intensively investigated as a renewable energy source due to their 
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low cost and efficiency at large wavelengths of light (Higashino & Imahori, 2015; Tan et al., 

2014). 

The sensitizer in DSSC devices is one of the most significant chemicals, and its value 

lies in the absorption and conversion of sunlight into electricity (Li et al., 2019). Sensitizers can 

be classified into two main categories: those are metallic and non-metallic organic sensitizers. 

Among sensitizers, metallic compounds show the highest conversion energy efficiencies, 

achieving up to 11% for Ru complexes and 13% for Zn porphyrins (Figure 2) (Bomben et al., 

2012; Mathew et al., 2014).  

 

Figure 2. Structure of N3, N719, black dye, and Z-907 sensitizer 

In order to enhancing the Optimising the sensitizer's performance is essential to raising 

the power conversion efficiency (PCE) of DSSC devices (Slimi et al., 2020) and (Higashino & 

Imahori, 2015; Tan et al., 2014). Metal-free organic sensitizers are becoming popular due to 

their advantages, such as easy synthesis and purification, higher extinction coefficients, eco-

friendliness, programmable energy levels, and optical characteristics (Huang et al., 2020; Yang 

et al., 2018). Generally, D-π-A structures with the donor (D) and acceptor (A) connected by 

the π-bridge are the best non-metallic organic sensitizers for DSSC applications (Dutta et al., 

2020). The optoelectronic performance of organic dye sensitizers with D-π-A configurations is 

enhanced due to their enhanced charge separation and increased intramolecular charge 

transfer (ICT) mechanism between donors (D) and acceptors (A) via the π-bridge (Li et al., 

2020b; Mandal et al., 2020).  

The optoelectronic properties of organic dyes can be efficiently customized through 

structural modifications to electron-rich donors and electron-deficient acceptors, which is 

made possible by the extension of the π-bridge (Singh & Kanaparthi, 2022). Researchers 

expanded the π-conjugated bridge with thiophene to create non-metallic organic dyes to 

enhance the the photovoltaic performance of DSSCs Zang et al. (Zhang et al., 2017). The 
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HOMO-LUMO energy gap is significantly reduced and strong planarity is produced when the 

length of the π-bridge is increased, as demonstrated by theoretical simulations employing DFT 

and TD-DFT in comparison to the reference dye BZTP-1. According to the computed findings, 

all of the developed dyes have excellent electron injection and dye regeneration 

characteristics, which can increase the photovoltaic characteristics and energy conversion 

efficiency of the sensitizers. 

Noh et al. (2021) To attain excellent photovoltaic efficiency for application in dye solar 

cells, we theoretically studied novel dyes and synthesized them utilizing auxiliary π-extended 

acceptor units. The findings of this study demonstrate that the DSSC-based engineered dye 

SGT-60 possesses a higher PCE of 10.28% as compared to the reference dye SGT-130 with a 

PCE of 10.06%. This indicates that extending π-conjugation is advantageous in enhancing the 

photovoltaic performance of sensitizers.  

Ho et al. (Ho et al., 2021) synthesized a range of organic dyes (5a, 5b, 5c, 8a, 8b, and 

8c), with dye 8a having the highest PCE of 5.25%. (Figure 3). 

 

Figure 3. Reference dye molecular structure (Ho et al., 2021) 

Britel et al. (Britel et al., 2023b) created new dyes in order to identify acceptable dyes 

with enhanced PCE for usage as sensitizers in DSSCs with improved photovoltaic efficiency 

(M1-M7); 8a is designated as M1. They used density function theory (DFT) and time-

dependent DFT (TD-DFT) methodologies to theoretically study how to increase the 

performance of the DSSC. Because of their extremely tiny energy gaps, broad absorption 

spectra, good NLO characteristics, and low reorganization energies (λtot), the proposed dyes 

can be employed as possible sensitizers in DSSCs, according to the theoretical results. In 

comparison to the reference dye, M1 had a lower regeneration driving force (∆Greg), a longer 

stimulated duration (τ), a greater vertical dipole moment (µnormal), a reasonable electron 

injection driving force (∆Ginj), and an equally reasonable light harvesting efficiency (LHE). It 

was also discovered that the reference dye M1 has a lower power conversion energy (PCE) 
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and a lower short-circuit current than the developed dyes (M2-M8) due to their superior 

charge transferability, greatest stabilisation energy, and maximum electron-donating and 

electron-accepting abilities. These findings demonstrated that the installation of various 

auxiliary receivers Ai may most effectively increase the system's photovoltaic performance. 

In this study, 8a from Ho et al. (Ho et al., 2021) was taken as a reference and named E0. From 

the reference dye E0 with a D-π1-π2-A structure, two different organic dyes with a D-π1-R-π2-

A structure were designed (E3–E4) (Figure 4). Dyes designed for dye-sensitized solar cells 

(DSSC) devices were obtained by adding 2,3-dicyanopyrirazinophenanthrene between the π-

bridges on the reference dye E0 and changing the π-bridge to study the photovoltaic 

properties. Density function theory (DFT) and time-dependent DFT (TD-DFT) were used to 

theoretically investigate the geometrical structures, absorption spectra properties, nonlinear 

optical properties (NLOs), energy levels, boundary molecular orbitals, and some photovoltaic 

parameters of the designed dyes in order to improve the DSSC performance. 
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Figure 4. 2D structures of the designed dyes 
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Calculation Methods 

Theoretical Background 

Power conversion efficiency (PCE) is an important statistic for assessing a molecule's 

performance in a DSSC device. Equation 1 may be used to calculate PCE (Ibrahim et al., 2021): 

𝑃𝐶𝐸 =  
𝐽𝑠𝑐𝑉𝑜𝑐

𝑃𝑖𝑛𝑐
𝐹𝐹                                                                                                                                                  (1) 

where Jsc, Voc, FF, and Pinc denote short circuit current density, open circuit voltage, filling 

factor, and incident solar energy. 

The following is the Jsc expression for DSSC (Mersal et al., 2021): 

 

𝐽𝑠𝑐 =  ∫ 𝐿𝐻𝐸 (𝜆)𝜙𝑖𝑛𝑗  𝜂𝑐𝑜𝑙𝑙 𝑑𝜆                                                                                                                             (2) 

 

In Equation 2, LHE is the light collection efficiency, фinj is the electron injection efficiency, and 

ηcoll is the charge collection efficiency. It can be assumed that ηcoll is constant for the same 

DSSCs with different dyes. To improve Jsc, the dye should have high LHE, фinj, and small 

reorganization energy. 

Equation 3 is used to compute the LHE of the dyes under consideration (Marlina et al., 2022): 

 

𝐿𝐻𝐸 = 1 −  10−𝑓                                                                                                                                                         (3) 

where ƒ is the oscillator power at a dye's maximal wavelength. 

 

фinj is determined by the electron injection driving force (ΔGinj), which can be calculated as 

follows (Tripathi et al., 2022): 

 

𝛥 𝐺𝑖𝑛𝑗 = 𝐸𝑑𝑦𝑒∗ − 𝐸𝐶𝐵 = ( 𝐸𝑑𝑦𝑒 − 𝐸𝑒𝑥 ) − 𝐸𝐶𝐵                                                                                                    (4) 

 

Edye∗ is the excited dye's oxidation potential energy, and Edye∗ is the dye's ground state 

oxidation potential energy, which may be calculated as the negative of the energy of the 

highest occupied molecular orbital (EHOMO) (Roohi & Mohtamadifar, 2022). ECB is the reduction 

potential of the conduction band (CB) of the semiconductor TiO2 (ECB = -4.0 eV) and Eex is the 

vertical transition energy associated with λmax (Fitri et al., 2014b). 



Turhan, Z. Ş., Öztürk, E. & Karakoyun; N./ Caucasian Journal of Science, 10(2), (2023), 162-182 

168 
 

The reorganization energy of the vacancy (λh), electron (λe), and total (λtot) is calculated by the 

following relations (Fitri et al., 2014a): 

 

𝜆𝑒 = ( 𝐸0
− − 𝐸−

− ) + ( 𝐸−
0 −  𝐸0

0 )                                                                                                                       (5) 

𝜆ℎ = ( 𝐸0
+ −  𝐸+

+ ) + ( 𝐸+
0 −  𝐸0

0 )                                                                                                                        (6) 

𝜆𝑡𝑜𝑡 =  𝜆ℎ +  𝜆𝑒                                                                                                                                                      (7) 

 

In Equations 5 and 6, 𝐸0
− (𝐸0

+) is the anion (cation) energy computed using the optimised 

neutral molecule; 𝐸−
− (𝐸+

+), is the an anion (cation) energy computed with the optimized 

neutral molecule; 𝐸−
0 (𝐸+

0), is the computed energy of the neutral molecule in the anion 

(cation) state; and 𝐸0
0 is the neutral molecule's ground-state energy. 

Moreover, the ability of the oxidized dye to retrieve an electron from the electrolyte after light 

stimulation is known as dye regeneration (ΔGreg). ΔGreg should be smaller for a faster electron 

transfer process, as suggested by the driving force of dye regeneration. This can be computed 

as follows (Saad Ebied et al., 2022): 

 

𝛥𝐺𝑟𝑒𝑔 =  𝐸𝐼− / 𝐼3
− − 𝐸𝑑𝑦𝑒                                                                                                                                            (8) 

 

Here 𝐸𝐼− / 𝐼3
− is the potential energy of the redox electrolyte (- 4,80 eV) (Turhan, 2021).  

Aside from Jsc, Voc has a considerable impact on DSSC efficacy. Voc, known as the open circuit 

voltage, is defined as in Eq. (Lee et al., 2009): 

 

𝑉𝑜𝑐 =  𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐶𝐵                                                                                                                                                              (9) 

 

MATERIALS and METHODS 

All calculations on the dyes analyzed were performed using the Gaussian 09 software 

(Caricato et al., 2009) and ground state optimization of the dyes studied was obtained at the 

DFT/B3LYP level (A. Becke, 1993; Lee et al., 1988) and in the gas phase using the 6-311+G(d,p)  

(A. D. Becke, 1993) basis set. Frequency calculations were done on the examined dyes' 

optimized geometries at the same ground state optimization level, and it was proven that the 

optimized geometries were at minimal energy on the potential energy surface with no 
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negative frequencies (Uğurlu, 2020; Ulaş, 2020). Furthermore, the absorption spectra of the 

dyes investigated were simulated in dichloromethane using the TD-DFT/BHandHLYP/6-311G+ 

(d,p) level. To represent solvent effects, the polarisable continuum model of the integral 

equation formalism (IEF-PCM) with dichloromethane as solvent was utilized. In previous 

studies (Britel et al., 2023a, 2023b), the B3LYP functional with the 6-311+G(d,p) basis set and 

the BHandHLYP (Wazzan & Irfan, 2020) functional techniques were also shown to be 

appropriate for predicting absorption spectra with high accuracy when compared to 

experiments. 

 

RESULTS and DISCUSSION 

Optimised Geometry 

The chemical structures of the designed dyestuffs were optimized at the DFT/6-

311+G(d,p) level in the gas phase, as shown in Figure 5.  

 

Figure 5. Optimised geometries of E3 and E4 molecules 

 

Selected bond lengths (di) and dihedral angles (ϕi) are given in Table 1 and their 

positions in Scheme 1. 

 

Scheme 1. Selected dihedral angles (ϕ1, ϕ2, ϕ3, ϕ4 in °) and bond lengths (d1, d2, d3, d4 in 

Å) of the D-π1-R-π2-A structure. 
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Table 1. Selected bond lengths (in Å) and dihedral angles (in°) of the designed structures  

 d1 (Å) d2 (Å) d3 (Å) d4 (Å) ϕ1 (°) ϕ2(°) ϕ3(°) ϕ4 (°) 

E0 
1.465 ---- ---- 1.417 31.84 ---- ---- -0.44 

1.465* ---- ---- 1.420* 28.21* ---- ---- -0.34* 

E3 1.466 1.461 1.464 1.424 -32.04 20.06 -28.95 1.72 

E4 1.453 1.446 1.452 1.414 0.42 -0.02 10.50 2.99 
              *(Britel et al., 2023b) 

 

In Table 1, bond lengths in all three structures range from 1.417 to 1.466 Å, allowing charge 

transfer from the carbazole donor to the cyanoacrylic acid acceptor. It shows that bond 

lengths decrease as one approaches from donor to acceptor and has a better conjugation 

effect between π2-bridge and cyanoacrylic acid. As a consequence, the excited-state electrons 

of all proposed structures may be efficiently injected into the TiO2 conduction band. The 

geometry of DSSCs plays a very important role in performance. This is because the 

effectiveness of intramolecular charge transfer (ICT) in DSSCs is proportional to the dihedral 

angles between each group in the molecule. As a result, the molecule with a small dihedral 

angle will have greater conjugation, facilitating the ICT process. It is seen from the table that 

the dihedral angles of the designed structures are small. 

Electronic Structures 

The charge separation is known to be intimately connected to the HOMO-LUMO 

distribution and to impact the performance of DSSCs. Figure 6 depicts the HOMO and LUMO 

distributions of the proposed dyes. 
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 HOMO LUMO 

E0 

  

E3 

  

E4 

  

Figure 6. HOMO-LUMO diagrams of the optimised molecules 

 

Looking at the HOMO diagrams, the reference structure is distributed along carbazole, 

thieno[3,2-b]thiophene, thiophene, and cyanoacrylic acid at E0. The designed E3 and E4 

molecules were localized on carbazole and thieno[3,2-b]thiophene. In the LUMO diagrams, 

thieno[3,2-b]thiophene is localized along thiophene and cyanoacrylic acid for E0, while it is 

distributed in the 2,3-dicyanopyrazinophenanthrene segment in E3 and E4. This indicates that 
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load separation is achieved at E3 and E4. Achieving load separation improves the ICT. This 

result is positive for the performance of the solar cell. 

HOMO, LUMO, and the band gap are indispensable means to inject the electrons of the dyes 

into the conduction band of the semiconductor. Therefore, the HOMO, LUMO, and band gap 

energies of the optimised molecules are given in Table 2. 

Table 2. HOMO, LUMO, and band gap energy values of the studied structures 

 Ehomo (eV) Elumo (eV) Egap (eV) 

E0 -5.4707 -2,9838 2,4869 

E3 -5,5257 -3,3479 2,1778 

E4 -5,2729 -3,1683 2,1046 

TiO2 *** -4,00 *** 

I- /I3
- -4,80 *** *** 

 

As seen in Table 2, All structures have greater LUMO energy levels than the TiO2 

conduction band, but lower HOMO energy levels than the redox pair (I−/I3
−); this indicates that 

the injection of electrons into the TiO2 conduction band and the regeneration of the dyestuff 

can be successfully realized (Britel et al., 2023b; Raftani et al., 2023). This result means that 

the HOMO and LUMO energy values do not fulfill the requirements of DSSC functionality. 

The energy gap of the dye employed as a colorant in DSSCs determines its sensitivity. By 

boosting the molecular internal transition process, the dye with a narrow energy gap changes 

the absorption spectra to red and infrared and boosts the PCE of DSSC devices. These dyes 

have poor Egap values. This is most likely due to π-conjugated donor units. and π-bridge units, 

leading to increased charge transfer between the donor group and the acceptor group. For a 

molecule to be a semiconductor, its band gap must be between 0.5 eV and 4.0 eV (Atkins, 

2010). The dye with the lowest band gap is E4 (2.1046 eV). Having lower energy gaps 

compared to E0 is expected to potentially lead to an absorption spectrum in the visible region. 

This would be beneficial to improve the Jsc and PCE of solar cells, especially for dyes with low 

energy gaps. 

Nonlinear Optical Properties (NLO) 

The investigation of NLO (Ugurlu & Beytur, 2020; Ulaş, 2021) characteristics is 

acknowledged as a useful tool for studying photovoltaic performance. Patil et al. (Patil et al., 

2018) discovered that the dye had greater NLO characteristics, overall high ICT process 

efficiency, and improved photocurrent responsiveness, making it suitable for application as a 
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sensitizer in high-performance photovoltaics to look at the link between structural property 

and NLO properties. NLO properties such as isotropic polarisability (α) and hyperpolarisability 

(βtot) of the studied dyes were calculated at the DFT/B3LYP/6-311+G(d,p) level and given in 

Table 3.  

The expression for polarisability (α) is as in Equation 10 (Zhang et al., 2010): 

𝛼 =  
1

3
 (𝛼𝑥𝑥 +  𝛼𝑦𝑦 + 𝛼𝑧𝑧)                                                                                                        (10) 

The tensor components of polarisability are represented by αxx, αyy, and αzz. 

Third derivative of energy, (Muthu & Maheswari, 2012) It gives the total first 

hyperpolarisability (βtot) tensor, which can be calculated using Equation 11: 

𝛽𝑡𝑜𝑡 =  √(𝛽𝑥𝑥𝑥 + 𝛽𝑥𝑦𝑦 + 𝛽𝑥𝑧𝑧)2 + (𝛽𝑦𝑦𝑦 + 𝛽𝑥𝑥𝑦 + 𝛽𝑦𝑧𝑧)2 + (𝛽𝑧𝑧𝑧 + 𝛽𝑥𝑥𝑧 + 𝛽𝑦𝑦𝑧)2
                 (11) 

where βijk (i, j, k = x, y, z) gives the tensor components of the hyperpolarisability.  

 

Table 3. Isotropic polarisability (α) and hyperpolarisability (βtot)  of the structures   

 α (x10-24 esu) βtot (x10-30 esu) 

E0 733.62 56.90 

E3 1070.58 101.40 

E4 1063.88 141.35 
 

The developed dyes have stronger isotropic polarization and hyperpolarization than 

the reference dye E0, as demonstrated in Table 3. The isotropic polarization indicates that the 

designed dyes may have better ICT performance than the reference dye, while the higher 

values of hyperpolarization suggest that they exhibit a better photocurrent response than E0. 

Based on the NLO values, it is possible to deduce that the developed dyes outperform the 

reference dye E0 in photovoltaic cells. 

Electronic Absorption Spectra 

The TD-BHandHLYP/6-311+G(d,p) level was used to compute the absorption 

characteristics in this work in order to examine the effect of adding different auxiliary groups 

(R) and modifying the -bridge on the optical properties of the dyes tested for DSSC. Table 4 

shows the maximum absorption wavelengths (λmax), oscillator powers (ƒ), vertical excitation 

energies (Eex), and transition characteristics of the dyes investigated in dichloromethane 

solvent.  
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Table 4. Maximum absorption wavelength (λmax), vertical excitation energies (Eex), and 

oscillator power (ƒ) for the investigated dyes  

 λmax (nm) Eex (eV) ƒ Geçiş  

E0 
EST1 486.78 2.547 1.7090 HOMO           LUMO (0.65) 

EST2 338.70 3.661 0.1339 HOMO-1           LUMO+1 (0.48) 

E3 
EST1 438.10 2.830 1.4784 HOMO           LUMO (0.55) 

EST2 398.25 3.113 0.9127 HOMO           LUMO+1 (0.46) 

E4 
EST1 477.52 2.596 1.3454 HOMO           LUMO (0.62) 

EST2 423.09 2.931 1.1266 HOMO          LUMO+1 (0.43) 
 

The calculated maximum absorption wavelength (λmax) for E0 is 486.78 nm, which 

corresponds to the measured measurement of 502 nm (Ho et al., 2021). Two transitions are 

important in absorption spectra: the π-π* transition and the ICT phenomenon due to charge 

transfer (Xu et al., 2019). The absorption bands resulting from S1 are the ICT between the 

electron donor and the acceptor. 

As can be seen from the results, the addition of the auxiliary ligand between the π1 

and π2 bridges and the change of the bridge caused a blue shift in the maximum wavelength, 

but the λmax values of all dyes give strong absorption bands in the visible region. This can be 

attributed to intramolecular charge transfer (ICT) between the donor and acceptor units. This 

property is useful to increase the efficiency of solar cells in converting light into electricity. The 

parameter known as oscillator strength (ƒ) represents the probability of absorption of 

electromagnetic radiation during energy level transitions of atoms or molecules. The oscillator 

strengths of the analyzed dyes were recorded as 1.7097, 1.4784, and 1.3454, respectively. 

Photovoltaic Properties 

According to Equation (1), Jsc and Voc values should be increased in order to increase 

PCE efficiency. Jsc, on the other hand, is highly reliant on key factors such as electron injection 

driving force (ΔGinj), light harvesting efficiency (LHE), regeneration driving force (ΔGreg), and 

total reorganization energy (λtot). As a result, a greater Jsc guarantee can be obtained. 

With the calculated ΔGinj, LHE, Voc, ΔGreg, and λtot values summarized in Table 5, higher-

performance dyes are obtained with larger ΔGinj and LHE and smaller ΔGreg and λtot values.  
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Table 5. Calculated photovoltaic parameter values  

 LHE 
Voc 

(eV) 
ΔGinj (eV) 

ΔGreg 

(eV) 
λe 

(eV) 
λh 

(eV) 
λtot  

(eV)  

E0 0.98 1.0162 -1.08 0.67 0.24 0.25 0.49 

E3 0.97 0.6521 -1.30 0.73 0.21 0.29 0.50 

E4 0.96 0.8317 -1.32 0.47 0.21 0.22 0.43 
 

It depends on the LHE, which is an important parameter for evaluating the 

performance of organic dyestuffs. Since all LHE values of the four dyestuffs are between 0.96 

and 0.98, these dyestuffs have approximately the same photoprotection. 

In addition to the Jsc, open circuit voltage (Voc) has a considerable impact on DSSC 

efficiency. Voc should be high for improved DSSC performance. The calculated Voc values 

according to Equation 9 are listed in Table 5. As can be seen from the table, the designed dyes 

have a lower but close Voc value than the reference dye, implying that they can have an almost 

close PCE. 

A weakly negative ΔGinj value and a small ΔGreg value are required in acceptable 

sensitizers. Furthermore, a lower ΔGreg is adequate to prevent recombination and reduce 

dyestuff degradation (Pounraj et al., 2018). From Table 5, it can be seen that the ΔGinj values 

of all the investigated dyestuffs are negative, which can be explained by the fact that the 

excited state occupies the upper conduction band of TiO2. This reveals that the process of 

injecting electrons from the dyestuff into TiO2 is spontaneous. It is observed that E0 has a 

larger ΔGinj value (maximum value: -1.08 eV), while the values of E3 and E4 are small (minimum 

values: -1.30 eV and -1.32 eV, respectively). In this study, it shows that all designed dyestuffs, 

E3 and E4, have a larger electron injection driving force than E0. This will probably result in a 

high Jsc relative to E0. The regeneration energy (ΔGreg) for any dye, on the other hand, is 

positive, suggesting that the sensitiser's ground state is below the electrolyte redox couple 

and so electron recombination is inhibited (Abdullah et al., 2013; Zhang et al., 2013). For the 

designed dyes, the ΔGreg value of E4 (0.47 eV) is smaller than the others, indicating that E4 

regenerates faster than the other dyes. This in turn provides the possibility of increasing Jsc 

and, hence, PCE. 

Charge transfer rates are crucial to the efficacy of DSSCs (Marcus, 2020). The charge 

transfer rate (KET) may be calculated using Marcus theory using the following equation 

(Chaitanya et al., 2014):  
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𝐾𝐸𝑇 =
1

√𝜆𝑡𝑜𝑡 
 √

𝜋

 ħ𝑘𝐵 𝑇
  |𝑉2| 𝑒𝑥𝑝 {−

𝜆𝑡𝑜𝑡

4𝑘𝐵𝑇 
}                                                                                                         (12) 

 

Here, an equation is mentioned where the charge transfer coupling is represented by 

V, T the absolute temperature, λtot the rearrangement energy, and kB the Boltzmann constant. 

Equation 12 states that all parameters except λtot are considered constant on the right-hand 

side. The KET depends only on λtot, which is the sum of the reorganization energies of the 

vacuum (λh) and the electron (λe). The values of λe, λh, and λtot are calculated by Equations (5), 

(6), and (7), respectively, and their values are given in Table 5.  

While a small λtot can accelerate carrier transport rates, a larger λtot can do the opposite  

(Roy et al., 2018). Therefore, it is also necessary to calculate λtot to analyze the relationship 

between Jsc and electronic structure  (Bourass et al., 2016). Therefore, a small λtot can increase 

Jsc. According to the results listed in Table 5, it shows that the calculated λtot of the designed 

dyes is between 0.43 eV and 0.50 eV and decreases as E4 < E0 ≤ E3. This shows that the 

dyestuff E4 has the smallest λtot energy. This demonstrates that the developed dyes have a 

superior charge transfer process and will thus give a better electron injection from the 

reference dye E0 to the CB of TiO2. Thus, it will improve the Jsc and have a positive effect on 

the DSSC's performance. 

According to all these results, it can be concluded that the designed E3 and E4 dyes are 

useful in improving the photovoltaic properties of E4. Regarding the Jsc and Voc parameters, 

the designed E4 dye can be considered an efficient candidate for use in a DSSC device. 

Chemical Reactivity Parameters 

Chemical reactivity characteristics such as ionization potential (IP), electronic affinity 

(EA), chemical hardness (η), electrophilicity index (ω), electron donating power (ω−), and 

electron accepting power (ω+), were computed for the dyes examined, and the results are 

reported in Table 6. The following parameters were used to derive chemical reactivity 

parameters (Roohi & Mohtamadifar, 2022): 

 

𝐼𝑃 = 𝐸+
+ − 𝐸0

0                                                                                                                                                                         (13) 

𝐸𝐴 =  𝐸0
0 − 𝐸−

−                                                                                                                                                                      (14) 

ɳ = ( 𝐼𝑃 − 𝐸𝐴)/2                                                                                                                                                              (15) 

𝜔+ =  
(𝐼𝑃+3𝐸𝐴)2

16(𝐼𝑃−𝐸𝐴)
                                                                                                                                                                   (16) 
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𝜔− =  
(3𝐼𝑃+𝐸𝐴)2

16(𝐼𝑃−𝐸𝐴)
                                                                                                                                                         (17) 

𝜔 =  
(𝐼𝑃+𝐸𝐴)2

4(𝐼𝑃−𝐸𝐴)
                                                                                                                                                                   (18) 

 

Table 6. Chemical reactivity parameters of the investigated dyestuffs 

 IP EA ɳ ω− ω+ ω 

E0 6,57 2,96 1,81 8,89 4,12 6,28 

E3 5,76 2,62 1,57 7,88 3,69 5,59 

E4 6,06 3,01 1,52 9,21 4,68 6,76 

 

IP and EA can be defined as the energy barriers for vacancy and electron injections (Li 

et al., 2020a). To facilitate vacancy and electron injection, the dye should exhibit a smaller IP 

and a larger EA (He et al., 2017; Lu et al., 2018). From Table 6, it can be seen that the designed 

dyes show a lower IP compared to the E0 reference dye. However, only E4 has larger EA values 

compared to E0, which results in easier injection of vacancies and electrons into these 

designed dyes compared to E0. 

A molecule's chemical stiffness is assessed by its resistance to transmitting charge to 

its surroundings. The η value of a dye is a measure of its capacity to transmit electrons or 

holes; smaller values indicate better ability. As demonstrated in Table 6, the proposed dyes 

have improved charge transfer capabilities due to lower η values of E4 when compared to the 

reference dye E0. 

The electrophilicity index (ω) is a measure of molecular structure stabilization energies; 

the higher the ω+ value, the greater the electron acceptance; hence, larger ω and ω+ values 

are preferred. The results obtained in Table 6 reveal that E4 of the designed dyes has the 

highest electron acceptance and stabilization energy among the E0 reference dyes. In 

addition, the calculated ω− values show the same trend as ω+, and it is concluded that the 

designed E4 dye exhibits better electron-donating ability than the reference dye. 

According to the above discussion, among the designed dyes, E4 has the best charge 

transferability, highest stabilisation energy, and best electron donating and electron accepting 

ability. As a result, it has a higher power conversion energy (PCE) and a higher short-circuit 

current than the reference dye E0. 
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