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Abstract. The study explores six donor-π-acceptor organic dye sensitizers 

(PYQ) derived from 1-hexyl-1H-pyrazole to improve dye-sensitized solar cell 

(DSSC) performance. To analyse the molecular structures of the dyes theoretical 

methods including Density Functional Theory (DFT) and Time-Dependent DFT 

(TDDFT) were utilized. Structural and spectroscopic parameters were optimized 

using the DFT/B3LYP approach with the 6-311++G(d,p) basis set. The 

investigation focused on the influence of diverse π-spacers on the functional 

characteristics of the dyes. Significant parameters including energy levels, 

electrochemical characteristics, HOMO-LUMO orbitals, injection energy, 

electronic absorption spectra, light-harvesting efficiency, charge transfer 

properties, lifetime and dye regeneration energy were assessed. These six dyes 

exhibit superior characteristics for DSSC applications than the quinoline based 

parent dyes. PYQ-6 proved the most efficient, compared with other dyes. It 

demonstrates promising properties such as a low bandgap (2.32 eV), strong 

oscillator strength (2.516), broad absorption spectrum and high light-harvesting 

efficiency (0.997). 

                        

 

1. Introduction 

Dye-sensitized solar cells (DSSCs) are notable for their simple fabrication process, economic 

feasibility and eco-friendly nature [1].  DSSC is composed of four main units: the photoanode 

[2], counter electrode [3], sensitizer [4] and electrolyte [5]. The sensitizer is pivotal in 

harvesting light by exciting electrons and transferring them into the semiconductor's conduction 

band [6]. Many researchers have reported that the PCE and electron injection [7] of the dyes 

may be improved by extending the π-bridge length [8, 9] or by altering the molecular structures 

of the dyes such as changing the donor or acceptor moieties [10, 11].  

https://creativecommons.org/licenses/by/4.0/
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Donor-π-Acceptor structured dyes are favored for their tunable structures for targeted properties 

[12]. Pyrazole-based dyes offer thermal and photostability, strong visible absorption, and active 

charge transfer, tunable electronic properties [13] and thereby improving light-harvesting 

efficiency. Their electron-donating nature enhances dye regeneration and reduces 

recombination losses [14]. The π-bridges are vital in enabling intramolecular charge transfer 

[15]. Thiophene is a popular choice in DSSCs known for its higher power conversion efficiency 

(PCE), excellent light absorption [16] and superior charge transport ability [17]. The robust 

electron-withdrawing nature of cyanovinyl drops the band gap [18] and stabilizes the LUMO 

level, making it an active π-linker [19]. Quinoline derivatives are preferable for their thermal 

stability [20] and exceptional optoelectronic properties [21], finding applications in corrosion 

prevention and electronics [22]. Cyanoacrylic acid is an effective acceptor component because 

of its strong binding affinity to titanium dioxide surfaces [23]. Theoretical techniques like DFT 

and TDDFT significantly reduce the cost and time related to the experimental fabrication of 

novel dyes by identifying suitable sensitizers before synthesis [24]. Through simulations, 

researchers can study frontier molecular orbitals and gain insights into the electron transfer 

process [25]. This study highlights the 1-hexyl-1H pyrazole-based (PYQ) sensitizers connected 

with π-linkers like cyanovinyl, quinoline and thiophene groups along with cyanoacrylic acid 

functioning as the acceptor group. 

This work presents innovative modifications to the π-linkers. It evaluates their influences on 

the frontier molecular orbitals, absorption spectra, bandgap energies, charge transfer properties 

and chemical features of the dyes. The findings reveal a clear relationship between the 

arrangement and distribution of π-spacers, resulting in LUMO stabilization, HOMO 

destabilization and a notable reduction in the band gap outcomes have not been previously 

reported. 

 

2. Methods 

Every computation in this research was executed by applying the Gaussian 09 W software 

package [26]. The optimized structures of the PYQ dyes in the gas phase were obtained by 

employing the B3LYP [27] functional and the 6-311++G (d,p) [28] basis set [29]. To account 

for the solvent environment (chloroform), the polarizable continuum model (SCRF) [30] was  

used. Molecular structural images were drawn using the Gauss View 5.0 [31] program package.  

2.1. Geometrical structure of the dyes 

Figure 1 depicts the π-linker arrangements in six 1-hexyl-1H pyrazole-π-A dye patterns.  The 

2D representations of synthesized PYQ dyes are shown in Figure 2 and their optimized D-π-A 

configurations are displayed in Figure 3.  

 

3. Results and Discussion 
   3.1. Investigation of Frontier Molecular orbitals (FMO) 

Understanding how dye sensitizers interact optically requires analysing frontier molecular 

orbitals (FMO) [32]. Table 1 outlines the HOMO and LUMO energy levels of the PYQ dyes, 

which possess a systematic trend: the HOMO energy decreases from PYQ-6 to PYQ-1. The 

LUMO energy decreases from PYQ-1 to PYQ-6. This results in a reduced band gap from 

PYQ-1 to PYQ-6. Figure 4 presented that PYQ-6 exhibits the lowest bandgap among all the 

dyes.  
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Figure 1. The arrangements of π-linkers of the PYQ dyes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  2D structure of PYQ dyes 
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                     Figure 3. Optimized molecular structure of designed PYQ sensitizers  

 

Figure 4. Energy level of PYQ dyes 
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 Table 1. FMO of the PYQ dyes 

Dye HOMO 

(eV) 

LUMO 

(eV) 

Band Gap 

(eV) 

PYQ-1 -6.23 -2.94 3.29 

PYQ-2 -5.95 -3.08 2.87 

PYQ-3 -5.88 -3.11 2.77 

PYQ-4 -5.82 -3.32 2.5 

PYQ-5 -5.72 -3.26 2.46 

PYQ-6 -5.7 -3.38 2.32 

 

The HOMO is primarily distributed on the 1-hexyl-1H-pyrazole unit and π-linkers with minor 

contributions in the acceptor region. The π-bridge and the cyanoacrylic group are the key 

regions of LUMO distribution as illustrated in Figure 5. These orbital distributions are 

necessary for effective electronic excitation [33] and transition features [34]. The overlapping 

of HOMO and LUMO orbitals and the construction of a well-separated electronic state boost 

the effectiveness of electron transfer processes.                                      

3.2.Electronic Absorption Spectrum 

 

TD-DFT approaches can be used to predict the optical properties and electronic absorption 

spectra of the PYQ dye sensitizers. Table 2 provides the maximum absorption wavelengths 

𝜆𝑚𝑎𝑥. The response of dyes to light influences DSSC efficiency. Modifying spacer units 

increase  𝜆𝑚𝑎𝑥, diminishes band gap energy and increases optoelectronic attributes.  

 

The redshift in absorption spectra improves the efficiency of converting light into electrical 

current [35]. The obtained 𝜆𝑚𝑎𝑥values of the developed dyes range from 353-506 nm with 

PYQ-6 showing the highest value. The observed redshift in the PYQ dyes arises from the π-

orbital overlap and resonance conjugation [36, 37] as displayed in Figure 6. The electronic 

absorption spectra span a range of 200–800 nm in the gas phase. It has two bands: the first band 

spans from 380 to 800 nm and the second band spans from 200 to 380 nm in the gas phase. The 

absorbance spectrum range for PYQ-1 is 200- 300 nm and 300-450 nm, for PYQ-2 is 200-320 nm 

and 320-550 nm, for PYQ-3 is 200-320 nm and 320-580 nm, for PYQ-4 is 200-350 nm and 350-

700 nm, for PYQ-5 is 200-350 nm and 350-700 nm and for PYQ-6 is 200-350 nm and 350-800 nm. 

The absorption spectral range in the chloroform phase extend from 200–900 nm confirming 

sufficient sunlight absorption. In the solvent phase, the absorption peaks exhibit a redshift of 

30–50 nm relative to the gas phase. 
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Figure 5. FMO of PYQ sensitizers 

 

Relative to the gas phase, the dyes displayed a broader electronic absorption spectrum in the 

solvent phase as depicted in Figure 7. In the gas phase, 𝜆𝑚𝑎𝑥values of the dyes are ranked as 

follows: PYQ-6 > PYQ-5 = PYQ-4 > PYQ-2 > PYQ-3 > PYQ-1.  The broader absorption region 

and higher 𝜆𝑚𝑎𝑥 value of PYQ-6 compared to the other dyes highlight PYQ-6 as the most 

efficient dye sensitizer.           
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        Figure 6. Electronic absorption spectrum of PYQ dyes in the gas phase 

    

Table 2. The excited state parameters of the dyes  

 

 

Dyes Ener

gy 

(eV) 

 Wave 

length  

Maximum 

λmax (nm) 

Contribution Oscillator 

Strength 

(f) 

LHE 

Major Minor   

PYQ-1 3.51 353 H→L (91%) H-3→L (4%),  

H-1→L+1 (2%),  

H→L+1 (2%) 

0.7517 0.823 

 

 

PYQ-2 2.93 424 H-1→L (11%), 

H→L (82%) 

H-1→L+1 (2%),  

H→L+1 (3%) 

1.5300 0.971 

 

PYQ-3 2.93 423 H-1→L (11%), 

H→L (83%) 

H→L+1 (2%) 1.9121 0.988 

 

PYQ-4 2.56 484 H→L (81%) H-1→L (9%),  

H-1→L+1 (3%) 

2.1470 0.993 

PYQ-5 2.56 484 H-1→L (11%), 

H→L (79%) 

H-1→L+1 (2%), 

H→L+1 (3%) 

2.4109 0.996 

 

PYQ-6 2.45 506 H-1→L (10%), 

H→L (82%) 

H→L+1 (3%) 2.5157 0.997 
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Figure 7. Electronic absorption spectrum of PYQ dyes in the solvent phase 

          

3.3.The Light harvesting efficiency (LHE) 

The LHE was determined using the equation 𝐿𝐻𝐸 = 1 − 10−𝑓 [38] in which f corresponds to 

the oscillator strength at the peak wavelength [39]. The LHE values estimated between 0.823 

and 0.997 and rank the dyes in the order PYQ-6>PYQ-5>PYQ-4>PYQ-3>PYQ-2>PYQ-1 

which confirms that PYQ6 exhibits superior performance among the dyes.  

3.4. Charge transfer properties  
The electron injection efficiency represents the ratio of excited electrons from the dye that reach 

the semiconductor’s conduction band plays a vital step in producing electricity [40]. The 

LUMOs of the dyes are positioned above the energy level of the conduction band edge, enabling 

efficient charge injection [41].   𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡 and 𝛥𝐺𝑑𝑦𝑒
𝑟𝑒𝑔𝑒𝑛

 values are calculated using the formula 

1,2,3 [42]. 

𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡=𝐸𝑜𝑥
𝑑𝑦𝑒∗

− 𝐸𝐶𝐵
𝑆𝐶                                                                                                               (1) 

𝐸𝑂𝑋
𝑑𝑦𝑒∗

= 𝐸𝑜𝑥
𝑑𝑦𝑒

− 𝐸(𝜆𝑚𝑎𝑥)                                                                                                        (2) 

𝛥𝐺𝑑𝑦𝑒
𝑟𝑒𝑔𝑒𝑛

= 𝐸𝑜𝑥
𝑑𝑦𝑒

− 𝐸𝑟𝑒𝑑
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒

                                                                                                (3) 

 

Where, 𝐸𝑜𝑥
𝑑𝑦𝑒

 -Redox potential of the iodide/triiodide electrolyte, 𝐸𝑜𝑥
𝑑𝑦𝑒∗

-Oxidized potential in 

the excited state, Δ𝐺𝑖𝑛𝑗𝑒𝑐𝑡- driving force of electron injection, Δ𝐺𝑟𝑒𝑔𝑒𝑛- driving force of 

regeneration. The 𝐸𝑂𝑋
𝑑𝑦𝑒

, E(𝜆max⁡
𝐼𝐶𝑇 ), 𝐸𝑂𝑋

𝑑𝑦𝑒∗
, 𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡 and 𝐺𝑑𝑦𝑒

𝑟𝑒𝑔𝑒𝑛
for 6 dyes were computed by TD-

DFT and listed in Table 3. Here the redox potential of the iodide/triiodide electrolyte is equal 
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to 4.8 eV [43] and 𝐸𝐶𝐵
𝑆𝐶  is -4.0 eV [44].  Minimized 𝛥𝐺𝑟𝑒𝑔𝑒𝑛values reduce the recombination 

and thereby decreasing the dye degradation [45].  The estimated negative values of  𝛥𝐺𝑖𝑛𝑗𝑒𝑐𝑡  

represent that the sensitizers undergo spontaneous processes for both dye regeneration and the  

charge injection [46]. Adequate driving force is necessary for dye regeneration and minimizing 

further electron loss [47]. A higher 𝛥𝐺𝑟𝑒𝑔𝑒𝑛 value of all the created dyes boosts their inherent 

ability to absorb electrons.  

 

Table 3. Photovoltaic attributes of the PYQ dyes 

 

3.5. The open-circuit voltage (𝑉𝑂𝐶) 

 

The open-circuit voltage is a critical parameter in photovoltaic performance and influences the 

effectiveness of DSSCs [48]. A higher 𝑽𝑶𝑪 indicates a stronger electron injection ability, and is 

closely tied to the maximum theoretical efficiency of the cell [49]. Factors such as light 

intensity, energy levels of compounds, solar cell temperature, charge carrier recombination, the 

electrode's work function, fluorescence efficiency and material composition all play crucial 

roles in calculating 𝑽𝑶𝑪 [50]. The  𝑽𝑶𝑪 can be estimated by the energy difference between 

𝐸𝐿𝑈𝑀𝑂 and 𝐸𝐶𝐵 of titanium dioxide and this relationship is given by the following equation 4 

[51] 

𝑉𝑂𝐶 =⁡𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐶𝐵                                                                                                                 (4) 

The derived 𝑽𝑶𝑪 values fall within the range of 0.62 to 1.06 eV. All 𝑽𝑶𝑪 values are positive, 

indicating sufficient feasibility for efficient electron transfer. Consequently, the designed dyes 

exhibit strong potential as effective dye-sensitizers for DSSC applications. 

3.6. Radiative lifetime (τ) 

The radiative lifetime of dyes is essential in determining their light-emitting efficiency, which 

is significant for boosting optoelectronic features [52]. A longer radiative lifetime indicates 

better efficiency, diminishes the rate of charge recombination and makes it a required 

characteristic in dye design [53]. Prolonging the radiative lifetime promotes electron transition 

from the 1-hexyl-1H-pyrazole part’s LUMO to the cyanoacrylic acid unit's LUMO [54]. The 

Dye ΔE  

(eV) 
𝑬𝒐𝒙
𝒅𝒚𝒆

  

(eV) 

𝑬𝒐𝒙
𝒅𝒚𝒆∗

  

(eV) 

𝜟𝑮𝒊𝒏𝒋𝒆𝒄𝒕 

(eV) 

𝜟𝑮𝒓𝒆𝒈𝒆𝒏 

(eV) 

𝑽𝑶𝑪 
(eV) 

PYQ-1    3.51 6.23    2.72    -1.28    1.43    1.06 

 

PYQ-2    2.93 5.95    3.02    -0.98    1.15    0.92 

PYQ-3    2.93 5.88    2.95    -1.05    1.08    0.89 

PYQ-4    2.56 5.82    3.26    -0.74    1.02    0.68 

PYQ-5    2.56 5.72    3.16    -0.84    0.92    0.74 

PYQ-6    2.45 5.7    3.25    -0.75    0.9    0.62 
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radiative lifetime (τ) depends on the inverse of the oscillator strength and the square of the 

transition energy and is given by the relation 𝜏 = 1.499 𝑓𝐸2⁄  [55]. The lifetime of PYQ dyes 

are displayed in Table 4 and is obtained within the range of 1.484 ns to 2.488 ns. The radiative 

lifetime of the created PYQ dyes is in the following pattern: PYQ-1> PYQ-2> PYQ-4>  

PYQ-6>PYQ-5>PYQ-3. These τ values support ideal parameters for minimizing the possibility 

of radiative recombination [56].  

Table 4. Radiative lifetime (τ in ns) of the PYQ dyes  

Dyes Energy 

(cm-1) 

Oscillator 

strength (f) 

Life time (τ) 

(ns) 

PYQ-1 28310 0.7517 2.488 

PYQ-2 23632 1.5300 1.754 

PYQ-3 23632 1.9121 1.404 

PYQ-4 20648 2.1470 1.638 

PYQ-5 20648 2.4109 1.458 

PYQ-6 19761 2.5157 1.526 

 

3.7. Chemical parameters 

The chemical characteristics are determined by applying the formulas 5-14 [57] and presented 

in Table 5. 

Ionization potential  𝐼𝑃 = −𝐻𝑂𝑀𝑂                                                                                     (5) 

Electron affinity 𝐸𝐴 = −𝐿𝑈𝑀𝑂                                                                                           (6) 

Chemical potential µ = −
1

2
(𝐼𝑃 + 𝐸𝐴)                                                                                   (7) 

Chemical hardness ⁡ƞ =
1

2
(𝐼𝑃 − 𝐸𝐴)                                                                                      (8) 

Electronegativity⁡𝜒 =
𝐼𝑃+𝐸𝐴

2
                                                                                                    (9) 

Electrophilicity⁡index⁡𝜔 =
µ2

ƞ
                                                                                              (10) 

Electron donating power  𝜔+=
(𝐼𝑃+3𝐸𝐴)2

16(𝐼𝑃−𝐸𝐴)
                                                                               (11) 

Electron accepting power 𝜔− =
(3𝐼𝑃+𝐸𝐴)2

16(𝐼𝑃−𝐸𝐴)
                                                                             (12) 

Maximum electronic charge transfer 𝛥𝑁𝑚𝑎𝑥 =
−µ

ƞ
                                                              (13) 

Softness S = 
1

2ƞ
                                                                                                                     (14) 

 

The chemical potential values indicate the readiness of the dyes to enable electron transfer and 

hardness (η) provides insights into the molecule's stability and transport reactivity [58]. The 

hardness (η) which is the inverse of softness (S) assesses the molecular stability and reactivity 
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[59]. The lower chemical hardness (η) of PYQ dyes suggests a strong capacity to contribute 

electrons to TiO₂. 

 

Table 5. Chemical features of the dyes   

Dye PYQ-1 PYQ-2 PYQ-3 PYQ-4 PYQ-5 PYQ-6 

Ionization Potential (IP) (eV) 6.23 5.95 5.88 5.82 5.72 5.70 

Electron affinity (EA) (eV) 2.94 3.08 3.11 3.32 3.26 3.38 

Chemical potential (µ) (eV) -4.585 -4.515 -4.495 -4.570 -4.490 -4.540 

Chemical hardness (ƞ) (eV) 1.645 1.435 1.385 1.250 1.230 1.160 

Softness (S) (eV) 0.304 0.348 0.361 0.400 0.407 0.431 

Electronegativity (χ) (eV) 4.585 4.515 4.495 4.570 4.490 4.540 

Electrophilicity index (ω) 

(eV) 

12.780 14.206 14.589 16.708 16.390 17.769 

Electron donating power 

(𝝎−) (eV) 

8.888 9.540 9.715 10.795 10.594 11.299 

Electron accepting power 

(𝝎+) (eV) 

4.303 5.025 5.220 6.225 6.104 6.759 

Electronic charge transfer 

𝜟𝑵𝒎𝒂𝒙  

2.787 3.146 3.246 3.656 3.650 3.914 

 

The chemical reactivity is strongly associated with the chemical potential defined as the rate of 

energy change with the number of electrons and is equivalent to the negative of 

electronegativity [60]. The higher electronegativity values PYQ dyes support its ability to 

attract electrons effectively and strengthen the bonding with the semiconductor surface.  

The electron donating power (𝜔−) denotes the ability of the molecule to contribute electrons, 

while electron accepting power (𝜔+) represents its capacity to receive electrons [61]. A lower 

𝜔− indicates a more efficient electron donor, while a higher 𝜔+ indicates a more powerful 

electron acceptor. The calculated 𝜔− and 𝜔+ values range from 8.888 eV to 11.299 eV and 

4.303 eV to 6.759 eV respectively. The ω⁺ and ω⁻ values were improved by the addition and 

specific position of π-spacers within the dye structure. All the PYQ dyes are having higher 

electrophilicity index (ω) and maximum electronic charge transfer 𝛥𝑁𝑚𝑎𝑥values [62], which 

exhibit remarkable potential as electrophiles and enrich their ability to absorb electronic charge 

[63]. The electrophilicity index (ω) reflects a molecule's tendency to attract electrons and its 

stabilization energy when gaining electrons from the surroundings [64]. The ω values for the 



International Conference on Advances in Materials Science (ICAMS 2025)
Journal of Physics: Conference Series 3038 (2025) 012002

IOP Publishing
doi:10.1088/1742-6596/3038/1/012002

12

  

dyes follow this order: PYQ6->PYQ4->PYQ-5>PYQ-3>PYQ-2>PYQ-1. PYQ-6 is the 

strongest electrophile among the dyes and is highly effective for optoelectronic applications. 

3.8. Natural Bond Orbital Analysis (NBO)  

Natural Bond Orbital (NBO) analysis is an essential tool for understanding charge transfer [65] 

and assessing intramolecular and intermolecular interactions [66]. Table 6 illustrates the NBO 

charges of PYQ dyes.  

  Table 6. NBO charges of PYQ dyes   

Dye 𝒒𝑫 𝒒𝝅 𝒒𝑨 𝜟𝒒𝑫−𝑨 

PYQ-1 0.0552 0.01545 -0.07068 0.12588 

PYQ-2 0.05479 0.08126 -0.13606 0.19085 

PYQ-3 0.05077 0.21637 -0.26711 0.31788 

PYQ-4 0.05394 0.08603 -0.1399 0.19384 

PYQ-5 0.05182 0.03669 -0.08849 0.14031 

PYQ-6 0.04653 0.03272 -0.07925 0.12578 

The net charge populations of the PYQ dyes were evaluated by NBO analysis [67] with the 

donor, π-linker and acceptor charges symbolized as 𝑞𝐷 , 𝑞𝜋 and 𝑞𝐴 respectively. The charge 

difference between the donor and acceptor is expressed as 𝛥𝑞𝐷−𝐴. The results suggest that all 

molecules possess positive charges on the donor (1-hexyl-1H pyrazole) and π-spacer 

components. The acceptor unit exhibits a concentration of negative charges while the positive 

charges found on the π-bridge imply its donor behaviour. The most negative NBO charge in  all 

the dyes is consistently found on the acceptor unit affirming its role as the most powerful 

electron acceptor.  

4. Conclusion 

Using DFT/TDDFT computations, the photoelectric properties of six D-π-A dye sensitizers for 

DSSCs in the gas phase were explored.  Structural alterations were achieved by incorporating 

π-spacers such as quinoline/cyanovinyl/thiophene that exhibit the best optical features, tunable 

band gaps and advanced charge transfer efficiency. These π- linkers trigger the intramolecular 

charge transfer from 1-hexyl-1H pyrazole to the acceptor part. The FMO analysis revealed that 

the designed dyes reduce the energy gap and enrich the absorption characters leading to a red 

shift in the absorption peaks. The higher LHE supports better conversion of energy and 

intramolecular charge transfer. The less positive Δ𝐺𝑟𝑒𝑔𝑒𝑛 values and the negative 

Δ𝐺𝑖𝑛𝑗𝑒𝑐𝑡  values of all the dyes indicate desirable electron injection.  The absorption spectrum 

in the chloroform phase is wider than in the gas phase with remarkable peak intensities. PYQ-

6 emerges as the most efficient sensitizer for DSSCs, offering the lowest band gap (2.32 eV), 

the highest light harvesting efficiency (0.997), a wide absorption spectrum and exceptional 

overall performance.  
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