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A B S T R A C T   

The novel eco-friendly natural dyes, (9E, 10E), − 9, 10-bis(2-(4-nitrobenzylidene) hydrazono) −
9,10 dihydroanthracene-1,2-diol (NHA) have been synthesised using the one-pot microwave- 
assisted solvent evaporation method, and physicochemical characterizations were carried out 
using 1H NMR, 13C NMR, GC-MS, and FT-IR data. The photophysical properties of NHA dye were 
determined using experimental and theoretical techniques. The Stoke’s shift shows a large 
bathochromic shift in polar solvents, which is due to the π→π * transition. The ground-state 
optimization of NHA dye was carried out using density functional theory (DFT) with the 
B3LYP/6–31 G level basis set. The HOMO-LUMO and energy band gap values computed from 
density functional theory and absorption threshold wavelengths are good agreement with each 
other. Further, the effect of TiO2 nanoparticles on NHA dye has been studied using spectroscopic 
and electrochemical techniques. It was observed that, NHA dye showed fluorescence quenching in 
the presence of TiO2 NPs, which is due to the photo induced electron transfer process. The 
apparent association constant of the interaction between NHA dye and TiO2 nanoparticles is also 
calculated using the Benesi-Hildebrand model. The Rehm-Weller relation infers that thermody
namically favourable electron transfer takes place between dyes and TiO2 NPs. Further, the solar 
cell was constructed using NHA dye as a sensitizer, and the photovoltaic conversion efficiency 
was found to be 1.16%.  
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1. Introduction 

Solar power is an attractive, clean, and renewable source. The sun emits enough solar power to fulfil the entire human energy 
demand. However, as of 2022, less than two percent of the world’s energy came from solar. Historically, the conversion of solar energy 
into electrical energy has been expensive and relatively inefficient. Therefore, research focused on the development of high efficiency, 
low-cost, and environmentally benign solar cells is inevitable [1]. 

There has been a continuous effort in searching for affordable organic solar energies, among which, dye sensitized solar cells 
(DSSC) got maximum attention because of their ease of fabrication, low-cost, semi-flexibility, and semi-transparency. The conven
tional DSSC devices consist of a photoanode, dye sensitizer, redox electrolyte, and counter electrode. In the process of sunlight har
vesting, organic dye plays an important role in most of the optoelectronic device. [2]. For example, electron injection into TiO2 
nanoparticle energy levels, and dye regeneration with the help of redox in the electrolyte. Subsequently, in recent studies on DSSC 
devices, the introduction of various organic dyes with fantastic and high-end optoelectronic properties has been highly sought. Among 
them, Donor-π-Acceptor (D-π-A) substituted organic dyes have fascinating advantages such as high abundance, a large molar 
extinction coefficient value, being less toxic, and a low cost of synthesis, which makes them superior over conventional metal dyes for 
DSSC [3–6]. 

The main characteristics of D-π-A substitute organic dyes include the pull-push tendency, which leads to an increase in the 
intramolecular charge transfer (ICT) from the donor to the acceptor through the π-bridge upon light absorption [7–9], which can 
red-shift the absorption spectrum compared to the typical π→π * transitions in a conjugated organic molecule, which with the solar 
irradiation profile and beneficial to light harvesting. Moreover, the ICT process governs the inherent photovoltaic potential of a pure 
organic dye. Also, the D-π-A structure offers great potential for property tuning at electronic levels. 

The HOMO and LUMO are feasible by changing D-, π-, and A-moieties and/ or bonding modes of dyes and assembling these to tune 
the dyes dynamically promising for electron injection into TiO2 and dye regeneration. Furthermore, donor-localized HOMO-electrons 
and acceptor-localized LUMO-electrons are made feasible in the D− π − A structure, which renders the electron injection in TiO2 [10, 
11]. In quest of organic dyes containing the above properties for DSSC, a variety of molecules have been synthesized, viz, electron rich 
donors of carbazole [12], triarylamine [13], phenothiazine [14] and indoline [15]. Electron deficient anchoring acceptors of cya
noacrylic acid [16] and rhodanine-3-acetic acid [17], and conjugated bridges of oxadiazole [18] and imidizole [19]. Among them, 
Alizarin (1,2-dihydroxyanthraquinone) a heterocyclic aromatic compound that is widely present in the root of madder and has been 
used as a photosensitizer for TiO2 nanoparticles in DSSC [20]. In addition to that, alizarin dyes based on thieno[3,2-b] thiophene 
conjugated bridges and cyanoacrylic acid acceptors have been applied to DSSC and exhibit excellent photoelectrical properties [21]. 

In light of the foregoing, we changed the natural alizarin dye in our study by inserting donor− π − acceptor substitution groups. 
Further, photosensitization of TiO2 nanoparticles (⁓25 nm) by newly synthesised NHA dye has been studied using spectroscopic as 
well as electrochemical techniques. 

2. Material and methods 

The reagents employed in the synthesis of high purity commercial samples that were used as received (Fischer, Merck, and Sigma 
Aldrich). Reactions were carried out in an oven-dried RB flask. TLC was performed on alumina silica gel 60F254 (Fischer) detected by 
UV light (254 nm) and iodine vapors. The melting points were determined by open capillaries on a Buchi apparatus and are 

Scheme 1. synthesis of bis-4-NBAlz (NHA).  
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uncorrected. The reaction sequence is applied for the synthesis of (9E, 10E)− 9, 10-bis(2-(4-nitrobenzylidene) 
hydrazono)− 9,10dihydroanthracen-1,2-diol(bis-4-NBAlz) using a stoichiometric mixture of alizarin and 4-nitro-phenyl-hydrazin in 
absolute ethanol, with a catalytic amount of acetic acid. The reaction mixture was placed in a conventional microwave oven and 
irradiated with microwave radiation to obtain a novel derivative of 1,2 dihydroxy − 9,10-anthraquinone. The structural identities and 
purities confirmed by 1 H NMR, IR, and MS (instrumentation details) were found to be in good agreement with the proposed structures. 
The absorption and fluorescence spectra were recorded using the Carry-100 and Hitachi F-7000 instruments, respectively. Cyclic 
voltammetry (CV) studies were carried out using an electrochemical analyzer/work station (model: CHI1112C, series, USA) at 0.1 M 
tetrabutylammonium hexafluorophosphate (TBAPF6) as a supporting electrolyte with a scan rate of 1 mVs− 1. The geometrical opti
mization of the synthesised dye was estimated by DFT calculations using the B3LYP/6–31 G and B3LYP/6–31 G (d,p) level basis set as 
implemented in the Gaussian 09 program package. The TiO2 nanoparticles have been purchased from Sigma Aldrich Pvt. Ltd. India, 
and used without further purification. 

2.1. Synthetic procedure 

Stoichiometric mixture of alizarin (1) (1 equivance of 2 g, 0.0083 moles) and 4-nitro-phenyl-hydrazin (2) (2 equivance of 2.74 g, 
0.0166 moles) is taken in 15 mL of absolute ethanol. A catalytic amount of acetic acid was added, and the reaction mixture was 
irradiated using microwave radiation for 2 min. A dark brown solution was obtained. The crude mixture was poured into ice cooled 
water with continuous stirring. The completion of the reaction was monitored by TLC, and then the brown coloured crude product was 
washed with water and dried. As obtained residue was further recrystallized from ethyl acetate to get analytically pure orange coloured 
NHA dye. The schematic synthesis of NHA is represented in Scheme 1, and spectral information is given in 2.2. 

2.2. Spectral data characterization 
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1H NMR; (400 MHz, DMSO-d6, δ ppm): 8.8 (s, 1 H & 1′H), 8.7 (s, 1 H & 1′H, HC––N), 8.3 (s, 2 H, Ar-H), 7.8, 

(s, 2 H, Ar-H), 7.54 (d, 4 H, Ar-H), 7.5 (s, 3 H, Ar-H), 7.49 & 7.48 (s, 1 H, Ar-H), 4.7 (s, 2 H, Ar-OH). 13C NMR (100 MHz, DMSO, δ ppm) 

Fig. 1. Normalised absorption (a) and fluorescence spectra (b) of NHA in different solvents.  
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164.2, 164.0, 152,3, 151.4, 150.1, 150.0, 148.2, 148.0, 143.4, 143.0, 129.9, 129. 1, 128.9, 128.3, 127.4, 127.2, 126.1, 125.7, 125.7, 
125.2, 122.1, 123.6, 120.4, 119.3. IR (KBr) (vmax/cm− 1): 3400 (-OH stretching), 3020 (Ar-H), 1768–1628 (C––N-N = C), 1521–1329 
(N-O), 711 (NO2 deformation). Mass spectra of the compound showed molecular ion peak at m/z: 534 [M+] ion peak. 

3. Results and discussion 

3.1. Photo physical studies 

The absorption and emission spectra of NHA dye with varying solvent polarity were shown in Fig. 1. The values of the absorption 
and emission maxima of the molecule are given in Table 1. The molecule shows a large bathochromic shift, which is due to the 
π→π * transition from the alizarin to the nitrophenyl ring [22]. The quantum yields (Φs) of the synthesised dye were experimentally 
determined by comparing them with the standard fluorescent dye of known quantum yield [POPOP laser dye (ϕR = 0.97)] in different 
solvents using Eq. (1) and the values are given in Table 1. [23]. 

ϕ = ϕR
IsODRn2

s

IRODsn2
R

(1)  

Where, ϕ, I, OD and n represents quantum yield, integrated fluorescence intensity, optical density, and refractive index, and S and R 
represent the sample and reference, respectively. From Table 1, it was observed that synthesised dye has a good quantum yield and 
increases with an increase in solvent polarity. The change in quantum yield may be due to the formation of a hydrogen bond between 
the hydroxyl group of the NHA dye and the solvent environment. In addition, one possible mechanism for this effect is that a polar 
solvent can help stabilise the excited state of the molecule by forming a solvent shell around it. This can reduce the probability of non- 
radiative relaxation processes that would lead to heat dissipation rather than fluorescence emission. Polar solvents can also increase 
the rate of energy transfer from the excited molecule to the solvent, which can enhance the probability of fluorescence emission. This is 
because a polar solvent can have a higher refractive index and a higher dielectric constant, which can increase the local electric field 
and lead to more efficient energy transfer. However, it is important to note that the effect of solvent polarity on fluorescence quantum 
yield can depend on several factors, including the specific molecule, the electronic properties of its environment, and the type and 
concentration of the solvent [24]. 

In electronic transitions, the dye absorbs photons in the UV–visible spectral range and promotes an electron from the highest 
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) [25] and difference between these two energy 
levels is called the energy band gap (Eg). The value of the energy band gap can also be determined from the onset low energy side of the 
experimentally recorded absorption spectra (λonset) using Eq.2 [25]. The values of the optical band gap in different solvents are given in 
Table 1. 

Eg =
1240
λonset

(eV) (2) 

It was observed that, on changing solvent media from non-polar to polar, the optical band gap of NHA dye decreased from 2.931 eV 
to 2.857 eV. This may be due to the formation of a hydrogen bond between the hydroxyl functional group of the dye and the solvent 
environment. In addition, when an organic molecule is dissolved in a polar solvent, the polarity of the solvent can interact with the 
polar groups in the molecule, leading to a change in the distribution of electron density within the molecule. This interaction can result 
in a stabilization of the HOMO and LUMO energy levels, leading to a decrease in the energy band gap of the molecule. In addition, the 
solvent can also affect the overall geometry of the molecule, which can affect the overlap between the HOMO and LUMO orbitals and 
thereby influence the energy band gap. In a polar solvent, the molecular geometry may be altered due to changes in intermolecular 
interactions, leading to a decrease in the energy band gap [26]. 

The fluorescence lifetime of the molecule was calculated using pulsed excitation energy source and was calculated in a different 
solvent using Eq. (3). 

I(t) = (A1τ1 +A2τ2) (3)  

Where τ1 and τ2 represent the short and longer lifetime components with their normalised amplitude components A1 and A2 
respectively. The decay profile was fitted with a bi-exponential function with χ2 value close to unity [26]. 

The fluorescence decay profiles of the NHA dye were recorded in dimethyl sulfoxide and are shown in Fig. 2. The fluorescence 

Table 1 
Solvatochromic data of NHA.  

Solvent λa (nm) λf (nm) Δλ (nm) ϕs Eg
opt Fluorescence Lifetime (ns) 

Benzene 423 468.0 45 0.44 2.931 2.51 
Ethyl Acetate 426 473.0 47 0.49 2.911 2.52 
Ethanol 428 479.0 51 0.49 2.897 2.51 
Methanol 433 481.0 48 0.41 2.864 2.51 
DMSO 434 484.0 50 0.41 2.857 2.54  
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decay profile of the NHA dye in dimethylsulfoxide is best fitted with a bi-exponential fitting model with χ2 value equal to 1.01, 
similarly, the fluorescence decay profile of the NHA dye is recorded in different solvents, and their fluorescence lifetimes are 
mentioned in Table 2. The results revealed that, on changing media from nonpolar to polar, fluorescence lifetime increased from 
2.51 ns to 2.54 ns. The interaction between the electronic excited state of the dye and the surrounding solvent media was observed, 
which was evident by the decrease in magnitude of the non-radiative rate constant upon an increase in solvent polarity [27]. 

The optimised ground state geometry of the NHA dye in the gas phase is determined theoretically by quantum chemical calcu
lations. The computations were carried out using the Gaussian 09 W programme and analysed with the help of the Gauss View 5.0 
visualisation program. The ground state geometry optimization is performed at the density functional theory (DFT) level of theory by 
employing the B3LYP (Becke, three-parameter, Lee-YangParr) functional with the 6–31 G and the polarization functions 6–31 G (d, p) 
level basis set. The optimized ground state molecular geometry, HOMO, and LUMO of the NHA dye were optimized using the DFT- 
B3LYP-6–31 G basis set and are shown in Fig. 3. The optimized ground state molecular geometry, HOMO, and LUMO of the NHA dye 

Fig. 2. Fluorescence decay profile of NHA dye.  

Table 2 
The value of ΔЕ, EHOMO and ELUMO for NHA dye.  

Theoretical model EHOMO (eV) ELUMO (eV) ΔЕ (eV) 

DFT-B3LYP-6–31 G -5.758 -3.041 2.717 
DFT-B3LYP-6–31 G (d,p) -6.039 -2.897 3.141  

Fig. 3. Optimised molecular geometry and molecular orbital amplitude plots of NHA in gaseous phase obtained using B3LYP/6–31 G level basis set.  
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were also optimized using the DFT-B3LYP-6–31 G (d,p) levels basis set and are shown in Fig. S4. The energy band gap (ΔЕ) of NHA dye 
was calculated using energy level of HOMO (EHOMO) and energy level of LUMO (ELUMO) obtained from levels using Eq.4.  

ΔЕ = ЕHOMO − ELUMO                                                                                                                                                              (4) 

The value of ΔЕ, EHOMO and ELUMO were given in Table 2 and it was found that the energy value derived from various basis sets 
exhibits varying values. The variation in the energy value is due to the addition of diffuse functions in basis sets, such as the (d, p) 
functions in DFT-B3LYP-6–31 G (d, p), allows for better description of diffuse electron densities, which can be important for systems 
with extended or delocalized electronic states. These diffuse functions can have an impact on the energy levels, including the energy 
band gap. 

luminescence property of organic molecules can be predicted based on the spatial distribution of molecular orbitals, mainly those of 
HOMO and LUMO. The synthesised molecule showed a large EHOMO value and a small energy band gap, which are essential properties 
for DSSC applications. From Fig. 3, it was observed that, NHA dye in the gaseous phase; at HOMO level, electron clouds were 
concentrated all over the molecule, whereas at LUMO level, the electron clouds were mainly located at 9,10 dihydroanthracene-1,2- 
diol. These results strongly support the good electron donating property of synthesised dye, which is essential for the application of 
DSSC. HOMO-LUMO values were obtained by theoretical and experimental (Cyclic Voltammeteric analysis) methods that were in good 
agreement with each other. 

Fig. 4. The absorption spectra of NHA dye in the absence and presence of TiO2 NPs (1 ×10− 4 M to 6 ×10− 4 M) in acetonitrile.  

Fig. 5. Steady state fluorescence spectra of NHA in the absence and presence of TiO2 NPs in acetonitrile excited at 429 nm.  
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The absorption, fluorescence, and fluorescence life time spectra of NHA were measured in the presence of TiO2 nanoparticles to 
understand photosensitization of TiO2 nanoparticles (NPs) using NHA dye. The absorption spectra of 1 × 10–4 M NHA dye in the 
absence and presence of TiO2 NPs (concentration of TiO2 nanoparticle varied from 1 ×10–4 M to 6 ×10–4 M) were recorded in 
acetonitrile at room temperature, as shown in Fig. 4. It was observed that, absorption spectra of NHA dye increased with the increase in 
concentration of TiO2 NPs without shifting the peak position, and no new absorption peak was found, which may be due to 

Fig. 6. Fluorescence decay curve of NHA in the absence and presence of TiO2 NPs acetonitrile.  

Table 3 
Values of TiO2 concentrations, fluorescence intensity and fluorescence lifetime NHA dye with corresponding χ 2 values.  

TiO2 NPs Concentration × 10–4 M Fluorescence Intensity Fluorescence Lifetime (ns) χ2 

0 7463 2.54 1.10 
1 7023 2.52 1.11 
2 6761 2.51 1.12 
3 6483 2.49 1.09 
4 6203 2.48 1.11 
5 5953 2.47 1.14 
6 5737 2.45 1.12  

Fig. 7. Steady state and time resolved S-V Plot of NHA.  

S. Walki et al.                                                                                                                                                                                                          



Optik 287 (2023) 171090

8

nanoparticles ability to scatter the incident light more efficiently than bulk materials, leading to an increase in the overall amount of 
light that interacts with the organic molecule. 

The result revealed that, the formation of a ground-state complex between dyes and TiO2 NPs was prohibited. The steady state 
fluorescence and time-resolved fluorescence spectra of NHA dye were recorded in the absence and presence of TiO2 NPs in acetonitrile 
at room temperature and are shown in Figs. 5 & 6. Table 3 represent the fluorescence intensity and lifetime values of NHA dyes in the 
absence and presence of TiO2 NPs. It was observed that fluorescence lifetime and intensity decrease with increasing concentration of 
the TiO2 NPs (Table 3). These spectral behaviours can be analysed using the Stern-Volmer relation [27], which is given by 

Io

I
= 1+ ksv[TiO2] (5)  

τo

τ = 1+ ksv[TiO2] (6)  

Where, I0 or τ0 are fluorescence intensities or lifetime of NHA dyes in the absence of TiO2 NPs. I or τ is the fluorescence intensities or 
lifetime of NHA dyes in the presence of TiO2 NPs. 

Using steady state and time resolved fluorescence values of the NHA dye, a Stern-Volmer (S-V) plot was drawn (Fig. 7). The values 
of the S-V constant and bimolecular quenching were tabulated in Table 4. The S-V plot found to be linear with an intercept equal to 
unity and the variation in S-V constant obtained from both methods suggest that, fluorescence quenching was due to a combined 
dynamic and static quenching process. The magnitudes of bimolecular quenching constants obtained from both methods suggest that 
short range interactions occur between NHA dye and TiO2 NPs. 

Further, stoichiometry and the association constant (Ka) of NHA dye with TiO2 NPs were estimated from the Benesi-Hilderbrand 
equation [28], 

1
(I − I0)

=
1

Ka[C][Q]
+

1
[C]

(7) 

Here, all the terms in the above equation have their usual meaning. 1/[Q] Vs. 1/(I − I0) plots for dye-TiO2 NPs systems were drawn 
(Fig. 8). 

The Benesi–Hilderbrand plot was perfectly linear, which provided evidence for 1:1 stoichiometry between dyes and TiO2 NPs. The 
association constant (Ka) was calculated by the ratio of intercept to slope and the values (Table 3). The Ka value was almost in the same 
range (102) as the previously reported values [28]. 

The cyclic voltammogram (CV) of NHA dye in acetonitrile and dimethyl sulfoxide has been displayed in Fig. 9. The Es of NHA were 

Table 4 
Values of Stern-Volmer constant, bimolecular quenching constant and association constant of NHA in acetonitrile.  

Steady state method Time resolved method 

Stern-Volmer 
constant (ksv) 

Bimolecular quenching Constant 
(kq) × 1011 M− 1 s− 1 

Association Constant (Ka) 
× 102 M− 1 

Stern-Volmer constant 
(k′

sv) × 102 M− 1 

Bimolecular quenching Constant 
(k′

q) × 1010 M− 1 s− 1 

491 1.952 3.530 58 2.982  

Fig. 8. Benesi–Hilderbrand linear analysis plot NHA with varying concentration of TiO2 NPs in acetonitrile for NHA.  
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2.944 eV and 2.834 eV for dimethyl sulfoxide and acetonitrile respectively. The reduction potential of TiO2 was obtained from the 
literature, which was − 0.5 V [29,30]. The absorption and emission spectra of dyes observed in Fig. 10 suggested that there is a overlap 
between the absorption spectra of TiO2 NPs and emission spectra of NHA. Furthermore, it was also suggested that there is a possibility 
of resonance energy transfer between dyes and TiO2 NPs. Using the Rehm-Weller relation, the energy transfer from dye to TiO2 NPs can 
be estimated. The Rehm-Weller equation [31] is as follows. 

ΔGet = Eox
1/2 +Ered

1/2 +Es +C (8)  

Where, 

Eox
1/2 is the NHA dye oxidation potential. 

Ered
1/2 is the TiO2 reduction potential. 

Es is the excited singlet state energy of NHA dye and C is the coulombic term. Substituting the values of Es in Eq.8, the ΔGet values 
for acetonitrile and dimethyl sulfoxide were determined as − 3.593 eV and − 3.342 eV respectively and the coulombic term was 
neglected since in polar solvents the columbic term was very small. The magnitude of ΔGet is greater in acetonitrile than in dimethyl 
sulfoxide indicating a prominent thermodynamically favorable electron transfer process from NHA dye to TiO2 NPs in acetonitrile than 
in dimethyl sulfoxide. 

Fig. 9. CV curves of NHA were measured in dimethylsulfoxide (A) and acetonitrile (B) in the presence of nBu4NPF6 at a scan rate of 100 mVs− 1.  

Fig. 10. Normalised absorption and fluorescence spectra of NHA in acetonitrile.  

S. Walki et al.                                                                                                                                                                                                          



Optik 287 (2023) 171090

10

3.2. Fabrication of dye-sensitized solar cell 

Commercial TiO2 nano powder (⁓25 nm) was mixed with alpha-teripenol and ethyl cellulose to form TiO2 paste. A10 µm thick 
TiO2 layer was coated on fluorine doped tin oxide (FTO) with an active area of 0.25 cm2 by the doctor-blade technique. TiO2 photo- 
anode was annealed at 500 ◦C for 30 min and then soaked in 10 mM dye dissolved in tertbutyl alcohol and acetonitrile solution (1:1). A 
counter electrode was prepared by doctor-blade coating of the platinum paste on to the FTO surface, which was annealed at 400 ◦C for 
10 min. A 25 µm thick Surlyn film was used to fabricate the cell. DSSC was completed upon the injection of the electrolyte through the 
pre-drilled hole. 

3.2.1. Photo-electrochemical measurement 
The electrochemical properties of dyes were explored by cyclic voltammetry (CV). The HOMO–LUMO band gap was derived from 

the difference between HOMO and LUMO energy levels. HOMO energy levels [32] were calculated using the following equation 

HOMO = −
[
EONSET

OX + 4.44
]
eV (9) 

The lowest unoccupied molecular orbital (LUMO) is equal to the HOMO level minus zero-zeroth energy (ΔE00). Where, zero-zeroth 
energy (ΔE00 =1240/λ) of the NHA dye alone is the intersection of the normalised absorption and fluorescence spectra (Fig. 10) and it 
was found to be 2.799 eV. Thus, the observed LUMO level was − 3.041 V which lies well above the conduction band edge of TiO2 
ensuring the required driving force for electron injection from the dye into the TiO2 semiconductor. Fig. 11 shows the schematic 

Fig. 11. The schematic energy level diagram of photo induced electron transfer from NHA to TiO2 NPs.  

Fig. 12. Photo-current density-voltage (J-V) characteristics of the best performed DSSC of NHA dye.  
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theoretical energy level diagram of each component of the dye sensitized TiO2 electrode. 
The efficiency (η) and fill factor (FF) [33] according to Eqs. 10 and 11 are 

η =
JscVocFF

Io
× 100 (10)  

FF =
Vmax × qVmax

Jsc × qVoc
(11)  

Where, Voc, Jsc, Vmax, Jmax and I0 are the open circuit voltage, short circuit current density, maximum power point voltage, maximum 
power point current density, and total incident irradiance (Io =1000 W/m2). The plots of photo-current density (J) versus voltage (V) 
are shown in Fig. 12. The values of Voc, Jsc, η and FF are shown in Table 5. Photovoltaic conversion efficiency (η) of DSSC sensitized 
with NHA dyes was found to be 1.16% under AM 1.5 irradiation (1000 W/m2). The photovoltaic conversion efficiency of dyes is lower 
than that of standard dye, and this may be due to the lower value of the molar extinction coefficient of dyes or to some other regions 
that need further investigation. 

4. Conclusion 

In the present work, D-π-A substituted alizarin derivative (NHA) has been successfully synthesized and the photo physical prop
erties of NHA dye were calculated using experimental and theoretical (density functional theory) techniques. The physicochemical 
characterizations confirmed the structure of the NHA dye. The Stoke’s shift showed a large bathochromic shift in polar solvents which 
is due to the π→π * transition. The HOMO-LUMO energy gap computed using density functional theory and absorption threshold 
wavelengths is found to be in good agreement. Further, the photosensitization of TiO2 nanoparticles using NHA dyes has been studied 
using spectroscopic and electrochemical investigations. For completeness, the association constant has been calculated from the 
Benesi–Hilderbrand relation, which suggested that there was a possibility of interaction between dyes and TiO2 NPs. Fluorescence 
quenching of NHA in the presence TiO2 NPs is due to combined static and dynamic quenching. The Rehm-Weller theory infers that, 
thermodynamically favorable electron transfer takes place between dyes and TiO2 NPs. Thus, the solar energy harvesting process has 
been investigated using TiO2-dyes fabricated solar cells. The photovoltaic conversion efficiency of fabricated DSSC was found to be 
1.16%. Further improvement of the power conversion efficiency of DSSC may be achieved with further optimization of solar cell 
parameters. 
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