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Abstract:  

 New dyes were developed and produced utilizing distinct electron donors (phenothiazine 

and dibenzofuran), a -spacer, and an electron acceptor of cyanoacetohydrazide, and their 

structures were studied using FT-IR and NMR spectroscopy. Following the synthesis of dye 

molecules, the photophysical and photovoltaic characteristics were investigated using 

experimental and theoretical methods. The photosensitizers have been exposed to 

electrochemical and optical property experiments in order to study their absorption performance 

and also molecular orbital energies. The monochromatic optical conversion efficiency of (Z)-N-

((5-(10H-phenothiazin-2-yl)furan-2-yl)methylene)-2-cyanoacetohydrazide (PFCH) found higher 

than that of (Z)-2-cyano-N'-((5-(dibenzo[b,d]furan-4-yl)furan-2-yl)methylene)acetohydrazide 

(BFCH), with IPCEs of 58 and 64% for BFCH and PFCH, respectively. According to the 

photosensitizer molecular energy level diagram, the studied dye molecules have strong 

thermodynamically advantageous ground and excited state oxidation potentials for electron 

injection into the conduction band of titanium oxide. It was observed that the ability to attract 

electrons correlated favorably with molecular orbital energy. While density functional theory 

calculations were used to examine molecule geometries, vertical electronic excitations, and 

frontier molecular orbitals, experimental and computed results were consistent. Natural bond 

orbital and nonlinear optical properties were also calculated and discussed.  
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Introduction   

 According to their low cost, compliance with environmental requirements, and ease of 

product preparation, dye-sensitized solar cells (DSSCs) based on metal-free organic dyes are 

gaining popularity at the moment [1-3]. Aside from carrying transmissions, the self-assembled 

layer of dye molecules on the surface of titania in DSCs controls the quantities of solar photons 

harnessed and charges separated to a noticeable extent, controlling the resulting energy 

production [1-5]. The dye factors, which will be the main component of the DSSC, absorb 

energy and create charged particles. This is normally bound to the porous surface of a 

semiconductor [6]. Metal free-organic dyes with high efficiency contain at least donor and 

acceptor units connected by a conjugated system to form a D--A framework which allows 

intramolecular charge transfer within the system. As a result, photovoltaic characteristics may 

become more adaptable. To address these problems, metal-free organic sensitizers have been 

created. The donor-spacer-acceptor structural unit is the fundamental structural unit of organic 

dye. The donor and acceptor substitutions are separated by a -conjugated spacer [6-8]. The 

donor groups for successful sensitizers, according to the study, must come from the electron-rich 

aryl amines family, which includes biphenyl, phenylamine, indoline, aminocoumarin, and 

triphenylamine, among several others. Several solar cell studies have extensively been interested 

in accessible fabrics for organic photovoltaics that contain triarylamine as an electron donor. 

These materials have drastically enhanced the absorption rate of the next pv panels, especially 

dye-sensitized solar cells [9-12]. 

 The phenothiazine ring is nonplanar and it has a butterfly conformation in the ground 

state, which inhibits molecular accumulation and the existence of intermolecular excimers [13-

15]. Phenothiazine-based dyes have previously been used in thin-film capacitors, fuel cells, and 

light-emitting capacitors. The phenothiazine structure has been altered to explore different 

methods, such as incorporating different substituents and elongating -conjugation with some 

linkers, enabling the production of dyes with suitable optoelectronic properties and significant 

photovoltaic efficiency. Specifically, phenylbenzimidazole, imidazole, and dibenzofuran 

derivatives have shown promising in optical and electrical devices [16-20]. Because the 

production of novel dyes requires awhile, theoretical analysis is regarded as a very effective 
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method of investigating the link between the molecular structures and chemical characteristics of 

dyes. To optimize the optical and electrochemical characteristics, theoretical approaches based 

on time dependent density functional theory (TD-DFT) and DFT computations have been used. 

This method is extremely useful in the development of various unique efficient dyes [15-17]. It 

contributes to the reduction of expense and complexity in traditional hit and trial experimental 

procedures. The  -bridge is significant even if it might strengthen a few of the photochemical 

characteristics of sensitizers by modulating the ELUMO and EHOMO energy levels while also 

extending the absorption range. According to Al Sehemi et al., a few metal free-organic dyes 

with different donor groups have been evaluated and might be promising dyes for DSSCs 

applications [21]. The photophysical, electrochemical, and photovoltaic properties of solar 

panels using phenothiazine sensitizers were reported by Jong Min Park and coworkers [22]. 

Sheng Huang et al. have explored a few phenothiazine dyes with quite effective dye-sensitized 

solar cells [23]. The influence of π-linkers on phenothiazine sensitizers for dye-sensitized solar 

cells was investigated by Formo Buene and their coworkers [24]. Although multiple 

investigations have looked into the effect of various - spacers, the lack of a bigger data collection 

is obvious. While these dyes have exceptional capability, their absorption coefficients are usually 

significant, and dye aggregation, production, and refining are major factors. As a response, 

metal-free dyes have emerged as an attractive option [24-27]. The major goal of this research 

was to improve the stability and productivity of metal-free dyes. Based on previous research, we 

designed and synthesized two novel new dyes based on phenothiazine and dibenzofuran D--A 

structures with various type end-capping donor moieties and a cyanoacetohydrazide group acting 

as an acceptor coupled through an acetylene spacer. The dye compounds of PFCH and BFCH 

were characterized using FT-IR, UV-vis, and NMR studies. Furthermore, these compounds' 

molecular structures were optimized, and the consequent (IR and UV) values were compared to 

experimental values. The photophysical and electrochemical characteristics, as well as the 

photovoltaic parameters, of DSSCs sensitized by these two dyes, were thoroughly studied. 

Experimental 

 The analytical reagent chemicals used in the synthesis of dye compounds were obtained 

with purity 90-99% from Sigma Aldrich Chemicals Private Limited. The proton nuclear 
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resonance spectra (400 MHz) with reference to tetramethyl silane for the 1H peak were recorded 

on a Bruker DRX 400 spectrometer, and the 13C NMR (125 MHz) spectra were recorded on the 

same spectrometer in DMSO-d6. The IR spectra of the synthesized compounds were recorded 

using a Perkin-Elmer 597 and 1650 series spectrophotometer in the range 4000-400 cm-1. A UV-

2501Pc spectrophotometer was used to record the absorption spectra. The incident photon-to-

current efficiencies were determined in DC mode using monochromatic incident light at 100 mW 

cm-2. The current density-voltage (J-V) characteristics of the DSSCs were calculated using a 

Keithley 2400 source meter and simulated 1.5 AM sunlight with an output power of 100 mW 

cm-2 have used a solar light simulator (PEC-L11, using a 1KW Xe Arc lamp) without the need 

for a mask. The synthesis scheme for PFCH and BFCH is depicted in Fig.1 and the complete 

synthesis procedure is presented in the supplemental material. Figure 2 shows the design and 

construction of dye-sensitized nanocrystalline solar cells. 

Computational Details 

 Quantum chemical calculations were used to analyze the optimized geometries, 

electronic distribution, and energy levels of the title dyes in order to demonstrate the relationship 

between photophysical properties and molecular structures. Density functional theory (DFT) 

calculations with the B3LYP exchange correlation functional under the 6-311 G++ (d,p) basis set 

incorporated in the Gaussian 09 software were used to refine the geometrical structures of PFCH 

and BFCH [28 and 29]. Conceptual Density Functional Theory (CDFT) [29] of Parr can be 

considered as a useful tool for the prediction of chemical reactivity of compounds. The following 

equations based on ground state ionization energy (I) and ground state electron affinity (A) of 

quantum chemical parameters such as chemical potential (µ), electronegativity (χ), hardness (η) 

and softness (σ) are derived in the light of finite differences approach as defining the chemical 

potential and hardness as first and second derivatives with respect to number of electrons (N) of 

total electronic energy (E) at a constant external potential, respectively [30].  
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Within the framework of Koopmans theorem [31] introduced in 1930s, the negative values of the 

HOMO and LUMO are approximately equal to the ionization energy and electron affinity, 

respectively. In the light of this information given, the equations given above are converted to 

the following equations. 
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Electrophilicity index (ω) presented by Parr, Szentpaly and Liu [32] is based on absolute 

electronegativity and absolute hardness of chemical species. Chattaraj defined the nucleophilicity 

index (ε) as the multiplicative inverse of the electrophilicity index. 
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Electron donating and electron accepting capabilities of molecules provide important hints about 

their chemical reactivity or stabilities. Gazquez and coworkers [33] introduced electrodonating 

power (ω-) and electron accepting power (ω+) parameters with the following equations based on 

ground state ionization energy and electron affinities of chemical systems.  
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Back-donation energy (ΔEback-donation) can be considered as a tool to predict the electron donating 

abilities. The mentioned parameter is widely considered in material efficiency studies and is 

based on chemical hardness of molecules via the following equation [34]. 
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Approximately the LHE was determined from the oscillator strength (f) as given in Equation (12) 

and ΔGinject have been determined using equation (13) 
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Result and Discussions 

UV–VIS Absorption Spectra 

 Figure 3 shows the UV-Vis absorption spectra of PFCH and BFCH in a dilute solution of 

CH2Cl2 as well as on TiO2 films, with the characteristic data tabulated in Tables 1 and 2. The 
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absorption spectra of dyes are distinguished by absorption bands: one peak appeared at around 

290-320 nm, which is attributed to the * transition; second peak occurred at the low-energy 

region (440-490 nm), which is influenced by intramolecular charge transfer (ICT) from the 

phenothiazine and dibenzofuran donors to the cyanoacetohydrazide acceptor through an aryl -

bridge [39 and 40]. The polarity of the solvent does no effect on the second peak. This suggests 

an ICT transition from the donor moiety to the acceptor moiety, despite the fact that the ICT 

character is low for both dye compounds; such bands can be identified as PFCH and BFCH 

localized * transitions. The maximal absorption (max) of PFCH and BFCH is reported at 

317, 468 and 309, 446 nm, accordingly. The absorption spectra of PFCH and BFCH in TiO2 

films after 10 hours of adsorption are shown in Fig.4. As shown in Figure 4, the maximum 

absorption peaks for PFCH and BFCH in the TiO2 film are at max= 494 and 467 nm, 

respectively. The absorption bands are red-shifted by 26 and 21 nm, respectively, relative to the 

solution range. The red shifts in the absorption spectra of PFCH and BFCH on TiO2 could be 

attributed to the dyes accumulating on the surface, which is a common occurrence due to the 

inclusion of an acceptor group in the molecules [41 and 42]. The molar extinction coefficients of 

the dye molecules were calculated using the Beer-Lambert principle [43]. The two dye molecules 

have molar extinction coefficients of 21448 M-1cm-1 (PFCH) and 20796 M-1cm-1 (BFCH), 

suggesting their ability to harvest light. The D--A structure stimulates a bathochromic shift in 

the absorption spectrum and improvements. Furthermore, at the ICT band, of title dye molecules 

is significantly greater than that of regular ruthenium dye, suggesting excellent light harvesting 

efficiency. Furan-conjugated spacer units have a higher electron density and lower resonance 

energy than aromatic ring units, which can improve in transfer of charge. In addition, smaller 

furan prefers a decrease in molecular dihedral angle and an improvement in molecular planarity. 

Furthermore, smaller furans desire a decrease in molecular dihedral angle and an improvement in 

molecular planarity. PFCH and BFCH shift continued to improve transfer of charge and 

molecular planarity their ICT absorption bathochromically and broaden their absorption range in 

the visible field, expanding their light-harvesting efficiency. The conceptual absorption spectra 

computed with TD-DFT/6-311G/CAM-B3LYP are seen in Fig.S1 and are perfectly consistent 

with the experimental ones. The theoretical approach confines TD-DFT calculations to a specific 

state, which corresponds to the least excited one in our study. PFCH and BFCH absorption bands 
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were observed to be 321.14, 328.24, 462.31 and 312.17, 314.25, 448.59 nm, respectively. As a 

result, only the energies of the electronic transitions S0S1 (absorption) and S1*S0* (emission) 

have been calculated directly. They assumed that long-range correction has been required at the 

very least for the TD-DFT method, the 6-311G basis set, and the CAM-B3LYP functional level 

analysis of these dye compounds. 

Photovoltaic Properties 

 The photovoltaic capabilities of DSSCs based on PFCH and BFCH were investigated 

under simulated AM 1.5G irradiation (100 mW cm-2). Fig.5 depicts the J-V plots of the DSSCs 

with PFCH and BFCH as aggressive dyes. In the order PFCH > BFCH, the DSSCs had higher 

current density and a larger area under the J-V curve. The PFCH and BFCH adsorbed 

concentrations are 5.22 x 10-7 and 5.13 x 10-7 mol cm-2, respectively. The lower quantity of dye 

loading in BFCH compared to PFCH might be ascribed to molecular structure. Table 2 and Fig.5 

show that both PFCH and BFCH sensitizers have high short-circuit current (Jsc) values of 13.18 

and 12.23 mA/cm-2, respectively. The assessment of incident photon-to-current conversion 

efficiency and current voltage characteristic curves was utilized to explore the association 

between the dye and photovoltaic efficiency. The absorption spectral coverage benefits the 

DSSCs' light-harvesting capability. Figure 6 depicts the incident photon-current transfer 

efficiencies (IPCEs) for these dyes in DSSCs. The IPCEs of alkyl chains of varying length and 

composition are used to rationalize their effects on cell efficiency [43-46]. It should be 

mentioned that the optimal monochromatic light conversion efficiency and IPCEs for the title 

dye compounds were found to be between 350 and 800 nm. BFCH will have the same initial 

response wavelength as PFCH, but the response sideband changes to around 800 nm. 

Furthermore, the highest monochromatic optical conversion efficiency was higher than that of 

BFCH, with IPCEs of 58 and 64%, accordingly, for BFCH and PFCH. The inclusion of BFCH 

and PFCH increased the potential energy of intramolecular electron transport, which correlated 

to the previously reported UV-vis absorption spectrum.  
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Electrochemical and electronic Properties 

 Cyclic voltammetry was used to measure the molecular orbital energy levels of PFCH 

and BFCH, which are depicted in Fig.7 and Table 3. The highest occupied molecular orbitals of 

PFCH and BFCH are 1.81 and 1.34 eV, respectively, according to respective 1st oxidation 

potentials. This is owing to the fact that the HOMO level is determined by the donor component. 

Given that all of the dyes have a significantly higher potential than the redox pair, it's also 

suggested that a driving force is used to provide effective ground state regeneration for the 

oxidized dyes from surrounding ions following electron injection. Similarly, PFCH and BFCH 

have the lowest vacant molecular orbitals at -1.93 and -1.78 eV, correspondingly. The band gap 

energies for PFCH and BFCH have also been observed to be 3.74 and 3.12 eV, respectively. As 

a result, the lowest unoccupied molecular orbitals levels of PFCH and BFCH are excessively 

negative than the TiO2 electrode's conduction band, which would be adequate and provide the 

appropriate thermodynamic driving force for electron injection from the dye to the titanium 

oxide conduction band. In addition, the PFCH and BFCH highest occupied molecular orbitals 

levels are excessive positive than the redox potential of the iodine/iodide electrolyte, supporting 

the regenerating of oxidized dyes. In order to gain support for absorption, the -conjugated 

bridge actually isolates the donor group from the acceptor, leading to better electron injection 

into the titanium oxide conduction band. This is attributable to the fact that in the ground state, 

the electronic density is placed at the highest occupied molecular orbitals level of the donor 

group, and with visible exposure, this density is shifted to the acceptor group's vacant molecular 

orbitals level. This suggests that following light absorption, the electron transfers from the donor 

to the acceptor. The PFCH and BFCH highest occupied molecular orbitals are spread over donor 

areas, while the least occupied molecular orbitals are scattered over -spacer and acceptor 

regions, showing that electrons are transported from donor to acceptor components in the present 

study (Fig.8). Furthermore, Table 4 summarizes the associated excitation energy, oscillator 

power, dipole moment, and transition character for both dye compounds. The lowest absorption, 

which corresponds to the HOMOLUMO transition with ICT character, decreases in energy as 

the length of the furan chain increases. This can be demonstrated clearly by a reduction in the 

HOMOLUMO energy difference. The lowest absorption band in the visible light field 
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comprises only one electronic transition, whereas other absorption bands have several electronic 

transitions. Higher excitations are related to the representations of local * transformations or 

a combination of ICT and * characters. Furthermore, oscillator intensity (f), E*dye, Ginject, 

and Voc values suggest that -conjugation through the -spacer is greater for both dye 

compounds, and this value is expressed in the measured values of LHE, which defines the 

photocurrent reaction of the DSSC [47 and 48]. This means that these dyes have a high ability to 

harvest solar energy and have high photocurrent responses. Depending on the donor group 

donating, the vertical excited energy of PFCH and BFCH increased. It has been observed that the 

higher the vertical excitation energy, the greater the conjugation of the donor group of 

phenothiazine and dibenzofuran. The light-harvesting efficiency (LHE) of the dye-sensitized 

TiO2 layer influences the efficiency of a device that transforms solar power to electric efficiency. 

Increased LHE values improve the DSSC's light-capture capabilities and efficiency owing to 

increased oscillator strength. The vertically stimulated energy of PFCH and BFCH processes is 

progressively being contributed by the donor group. Table 4 shows that Ginject was negative for 

PFCH and BFCH, suggesting that the electron injection activity is spontaneous and that the 

excited state is positioned above the titanium oxide conduction band edge, offering a suitable 

environment for electron injection. These characteristics are appropriate for potentially efficient 

electron injection. 

Frontier molecular orbital analysis 

 MEP images of studied molecules at the B3LYP/6-311G++(d,p) calculation level are 

shown in Fig.9. The regions with red color appearing in MEP images are reactive parts of the 

dye molecules. In the molecular electrostatic potential images of PFCH and BFCH, the colors 

blue and red show electron deficiency and stronger electron rich regions, respectively, and these 

dye compounds clearly exhibit the polarization effect. The molecular electrostatic potential 

figures features negative potential zones over electronegative atoms and positive potential zones 

over hydrogen atoms. In Table 5, calculated quantum chemical parameters for investigated 

PFCH and BFCH are presented as detailed. Frontier orbital energies present reliable information 

about electron donating abilities of molecules. It is important to note that the higher EHOMO and 

lower ELUMO energies imply the capabilities of the electron donating and electron accepting for 



12 

 

the molecular systems, respectively. The molecular orbital energy of EHOMO (-5.8208 (PFCH) & 

-5.3196 eV (BFCH)), ELUMO (-2.1304 (PFCH) & -2.1154 eV (BFCH)) and energy gap (3.69 eV 

(PFCH) & (3.20eV)) revealed that the examined dye molecule exhibited considerable chemical 

reactivity, polarizability, and acceptable DSSCs applications. Chemical hardness [49] is reported 

as the resistance against electron cloud polarization of chemical systems. According to Hard and 

Soft Acid Base Principle (HSAB) [50] of Pearson, “hard acids prefer the binding to hard bases 

and soft acids prefer the binding to soft bases.” In the hard and soft classification of the 

mentioned scientist, it is seen that hard chemical species have high energy gap and low 

polarizability values. For soft ones, the opposite is the case. According to the Maximum 

Hardness Principle [51], “there appears to be a natural norm that molecules organize themselves 

to be as hard as possible.” In the light of this information, it is easy to predict that the hardness is 

a measure of the stability. The inverse relation between hardness and polarizability has been 

illuminated by Ghanty and Ghosh [52] and they reported that softness is proportional to the cube 

root of the polarizability. Minimum Polarizability Principle [53] states that stable states should 

have low polarizability values. According to Minimum Electrophilicity Principle that its 

foundations were laid by Chamorro, Chattaraj and Fuentealba [54], in a stable state, 

electrophilicity is minimized. Recently, Szentpaly and Kaya [55] investigated the limitations and 

validity of Minimum Electrophilicity Principle and presented new theorems and guiding rules 

about the topic. In this study, in the light of Maximum Hardness and Minimum Electrophilicity 

Principles, it can be said that PFCH looks more stable compared to BFCH. All of the above-

mentioned results clearly shown that PFCH and BFCH could be implemented in DSSCs 

applications. 

Geometrical properties analysis 

 The optimized geometry at DFT/B3LYP with the 6-311G++ (d,p) basis set was obtained 

using the preoptimized geometry at the Hartree-Fock level. Figure 10 depicts the optimized 

structure of atom numbering. The bond length of C(1)-C(2), C1-O3, N4-N5, N5=C8, C8-C9, C9-

O41, C12-O41, C2-C6, C24-N25, N25-C26, C17-S18, S19-C19, C6 ≡N7, C8-H30, and N4-H29 

having, 1.51, 1.21, 1.36, 1.30, 1.45, 1.40, 1.41, 1.44, 1.41, 1.42, 1.74, 1.75, 1.15, 1.11 and 1.03 

Å, respectively. The bond angles are C19-S18-C17, C24-N25-C26, C12-O41-C9, O41-C9-C8, 
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C9-C8-N5, C2-C1-N4 and C1-C2-C6 for 104.1, 125.2, 108.1, 113.0, 130.4, 166.6 and 112.6, 

correspondingly. The dihedral angle of C10-C9-C8-N5, C8-N5-N4-C1, C1-C2-C6-N7, C16-

C15-C14-C12, C20-C9-S8-C17 and C24-N25-C26-C13 is 0.3, -179.9, -179.2, 179.6, 174.5 and 

176.3, respectively. The bond length of C1-C2, C2-C24, N4-N5, C6-C7, C7-O39, C10-O39, 

C19-C10, C15-O11, C12-O11, C1=O3, C13-C14, C24≡N25, N4-H28, C2-H26, and C2-H27 are 

1.53, 1.46, 1.38, 144, 1.31, 1.39, 1.40, 1.45, 1.41, 1.40, 1.24, 1.46, 1.17, 1.02, 1.10 and 1.09 Å, 

respectively.C7-C8-C9, C15-O11-C12, C10-O39-C7, C7-C6-N5, C6-N5-N4, N4-C1-C2, C1-C2-

C24 having 107.9, 105.9, 107.7, 130.4, 119.5, 115.2 and 112.8, respectively. C8-C7-C6-N5, 

C10-O39-C7-C6, N5-N4-C1-C2, O11-C12-C19-C10, C21-C20-C15-O11, C16-C13-C14-C15 

having 180.0, 179.9, 0.3, -179.9, 0.5, -180.0 and -179.6 respectively. The geometrical 

parameters indicate that planar configuration has a minor effect on electron delocalization and 

intramolecular charge transfer along dye molecules. Subsequently, it is reasonable to assume that 

advancements in molecular geometry will affect the electronic properties of dyes and also their 

performance in applications. 

Natural bond orbital analysis 

 Intramolecular electron delocalization due to hyper conjugation is very important for the 

stabilization of a molecule [56]. Natural bond orbitals can be used as an ideal method for the 

evaluation of these types of interactions. NBO 3.1 suite associated with Gaussian 09W program 

was used to perform these calculations [57]. The orbital occupancy and delocalization energy 

data helps to analyze the different electron shifting. Both bonding and anti-bonding orbitals for 

PFCH and BFCH can give details in this part by transfer of electrons having suitable 

occupancies, from bonding, lone pairs and anti-bonding orbitals to anti-bonding orbitals with 

absorbing some energy (refer Tables S1 and S2). The strong intra-molecular hyper conjugative 

interactions (Table S3) due to lone pair atoms are from O3→(C1-N4), N4→(C1-O3, N5-C8), 

N25→(C13-C26, C23-C24) and O41→(C9-C10, C11-C12) with energies, 24.38, 54.25, 28.56, 

34.04, 31.88, 23.54, 25.62 kcal/mol for PFCH and O3→(C1-C2, C1-N4), N4→(C1-O3, N5-C6), 

O11→(C12-C13, C14-C15) and O39→(C7-C8, C9-C10) with energies, 21.44, 23.82, 57.43, 

31.77, 22.87, 21.48, 22.10, 23.63 kcal/mol for BFCH. 
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Nonlinear optical properties 

 Organic materials are considered in photonic devices because of their comparable results 

and the ability to optimize molecules to exploit nonlinear response. Electronic delocalization is 

caused by -electron results in hyperpolarizabilities through organic compounds, which occurs 

macroscopic objects as nonlinear sensitivities. As a result, the first step in looking for a desirable 

substance is to find a lead molecule with strong hyperpolarizabilities. Molecular NLO materials 

are currently being studied and are of great concern because new technological features are 

needed as electronic devices become more useful. The dipole moment (Debye), polarizability 

(×10-23 esu), first order and second order hyperpolarizabilities (×10-30 esu and ×10-37 esu) of 

PFCH/BFCH are 8.6457/10.0400, 4.710/3.936, 52.451/14.783 and -63.279/-36.282. 

Vibrational analysis  

 The vibrational spectra of the dye compounds for scrutiny is calculated theoretically for 

optimized geometrical structures. The determined vibrational spectra were analyzed using the 

most significant set of frequencies for functional groups and structural components found in 

organic compounds [58]. Figures S2 and S3 depict the experimental and scaled vibrational 

spectra. Aromatic CH stretching vibrations are frequently observed in the 3100–3000 cm-1 

regions [40], and the title dyes PFCH and BFCH both have 12 CH stretching vibrations. The CH 

stretching vibration frequencies observed at 3152, 3122, 3088, 3048, 3028, 2988, 2872,         

2851 cm-1 (PFCH) and 3202, 3096, 3069, 3052, 3046, 2954, 2918 cm-1 (BFCH) have excellent 

consistency with theoretical wavenumbers at 3145-2845 and 3208-2916 for BFCH. The CCH in 

plane bending vibration observed FT-IR bands at 1301, 1294, 1292, 1224, 1042 for PFCH and 

1333, 1301, 1236, 1158, 1149 for BFCH, with computed peaks at 1305, 1298, 1288, 1227, 1046 

(PFCH) and 1339, 1305, 1237, 1159, 1147 (BFCH). CCH out-of-plane bending vibrations are 

observed at 977, 878, 844, 758, 715 for PFCH and 964, 918, 826, 746 for BFCH, which are well 

associated with calculated bands at 978, 870, 847, 761, 715 (PFCH) and 966, 921, 825, 748 

(BFCH). The C-C bond stretching vibration occurs in the regions of 1592, 1588, 1581, 1552, 

1514, 1488, 1466, 1429, 1381 cm-1 (PFCH) and 1658, 1562, 1518, 1448, 1422 cm1 (BFCH), 

which correspond with measured modes at 1652-1248 cm-1 (PFCH) and 1594-1321 cm-1 

(BFCH). The computed wavenumber for CCC bending vibration is also well associated with the 
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observed bands (refer Table S1 and S2). The CN stretching vibration is usually found in 

combination with mixed vibrations from other bands. The CN stretching bands appear at 2341 

(2342), 1581 (1584), 1179 (1181), 1166 (1158) for PFCH, and 2229 (2223), 1388 (1386), 1333 

(1339), 1236 (1237) for (BFCH). The NH stretching bands occur at 3503 (3512), 3356 (3354) 

cm-1 for PFCH, and 3446 (3452) cm-1 for BFCH, respectively and in plane bending vibrations 

appear at 1466 (1462), 1381 (1383) for PFCH, and 1448 (1453), 1301 (1305) cm-1 for BFCH). In 

addition, Out-of-plane bending vibrations for PFCH and PFCH originate at 1097 (1084), 844 

(847) cm-1 and 1098 (1100), 891 (884) cm-1, accordingly. CCO fragment stretching modes exist 

at 1801 (1796) cm-1 for PFCH and 1575 (1578) cm-1 for BFCH, respectively. The configuration 

and number of separated ring hydrogen atoms determine the position and number of C-H in-

plane vibration modes, while the number of free hydrogen atoms adjacent to one another 

determines the position of C-H out-of-plane deformation bands. Besides that, the C-S 

experimental FT-IR stretching bands appear at 1218, 828 cm-1, which correspond to measured 

modes of 1222, 831 cm-1, respectively. The minor variations in frequencies seen for these modes 

are due to differences in force constants/reduced mass ratios, which are mostly influenced by the 

degree of mixing in between the ring and moieties groups. 

 The position and the number of C-H in-plane vibration modes depend on the orientation 

and the number of isolated ring hydrogen atoms, whereas the position of the C-H out-of-plane 

deformation bands depend on the number of free hydrogen atoms adjacent to one another. 

Furthermore, the C-S experimental FT-IR stretching bands appear at 1218, 828 cm-1, that are 

well associated with measured modes of 1222, 831 cm-1, respectively. The small differences in 

frequencies seen for these modes are due to differences in force constants/reduced mass ratio 

largely caused by the magnitude of mixing in between ring and moieties group. The other 

important modes are also classified and compared to the calculated bands seen in Tables S3 and 

S4. 

NMR spectra  

 Normally, isotropic chemical shifts are used to characterize organic reactive sites. In 

order to quantify the magnetic properties of molecules, precise molecular geometries must be 

predicted [55]. The 13C and 1H NMR spectra of the title dye molecules were recorded by using 
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DMSO d6 solvent, and their images (Figs.S4, S5, S6, and S7) are presented in the supplementary 

material. Similarly, the chemical shifts were theoretically calculated in DMSO solvent with 

DFT/B3LYP function 6-311G++(d,p) basis set. Furthermore, the PFCH and BFCH NMR 

chemical shifts are related to calculated values. Carbonyl carbon (C1) chemical shift is found at 

161.13 (162.48) and alkyl carbons C8, C6, and C2 chemical shifts are observed at 127.18 

(123.53), 121.93 (119.44) and 25.54 (30.59), respectively. Furan ring carbons of C12, C9, C10, 

and C11 can also be found at 155.98 (155.14), 137.40 (139.95), 109.55 (101.45), and 109.54 

(98.14). Phenoxazine ring carbons of C26, C24, C14, C17, C20, C22, C13, C21, C15, C16, C23 

and C19 peaks have been identified at 135.19 (137.24), 131.10 (133.96), 129.47 (127.17), 127.78 

(126.13), 127.73 (125.38), 127.54 (124.85), 127.23 (124.11), 127.09 (122.22), 125.65 (121.22), 

121.92 (115.25), 121.88 (113.10), 114.54 (108.14). The BFCH carbonyl carbon (C1) chemical 

shift occurs at 162.12 (164.52), and alkyl carbons of C6, C24, and C2 arise at 127.92 (121.48), 

112.61 (106.37), and 22.35 (28.32), accordingly. Furan ring carbons of C10, C7, C8, and C9 

NMR peaks are also observed at 155.24 (153.58), 144.12 (148.69), 95.62 (101.41), and 92.15 

(95.35). The dibenzofuran ring carbons C15, C12, C13, C14, C17, C21, C22, C18, C19, C23, 

C16, C20 chemical shifts to be found at 144.33 (149.73), 144.11(147.73), 133.92 (128.45), 

133.48 (127.12), 128.69 (125.13), 128.48 (122.34), 126.65 (121.14), 125.48 (120.48), 125.46 

(120.15), 125.42 (119.49), 112.62 (108.75), 112.65 (108.75), 112.62 (107.46). Similarly, 

chemical shifts for the dibenzofuran ring carbons C15, C12, C13, C14, C17, C21, C22, C18, 

C19, C23, C16, C20 can be found at 144.33 (149.73), 144.11(147.73), 133.92 (128.45), 133.48 

(127.12), 128.69 (125.13), 128.48 (122.34), 126.65 (121.14), 125.48 (120.48), 125.46 (120.15), 

125.42 (119.49), 112.62 (108.75), 112.65 (108.75), 112.62 (107.46). The calculated and 

observed chemical shift values of PFCH and BFCH in 1H and 13C NMR are in strongly agree. 

Alkyl protons of H30, H29, H28, H27 1H-NMR spectra have been arise at 8.35 (8.69), 7.43 

(7.64), 3.03 (2.59), 3.01 (2.09) and furan ring protons of H31, H32 can also found at 7.19 (7.12), 

7.11 (7.01). Phenoxazine ring protons of H34, H38, H37, H36, H35, H39, H33, H40 are occur at 

7.42 (7.52), 7.31 (7.33), 7.26 (7.29), 7.19 (7.11), 7.12 (7.04), 6.37 (6.59), 6.36 (6.37), 6.28 

(6.11). The dye PFCH, alkyl protons of H30, H29, H28, H27 1H NMR spectra have been 

observed at 8.35 (8.69), 7.43 (7.64), 3.03 (2.59), 3.01 (2.09) and furan ring protons of H31, H32 

can also be found at 7.19 (7.12), 7.11 (7.01). Phenoxazine ring protons of H34, H38, H37, H36, 
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H35, H39, H33, H40 occur at 7.42 (7.52), 7.31 (7.33), 7.26 (7.29), 7.19 (7.11), 7.12 (7.04), 6.37 

(6.59), 6.36 (6.37), 6.28 (6.11). Similarly, dye BFCH, H29 proton 1H-NMR have been found at 

8.66 (8.93). The calculated NMR values are well correlated with the experimental values. The 

calculated and experimental 1H and 13C NMR peaks revealed the molecular structure of PFCH 

and BFCH. 

Conclusion 

 (Z)-N-((5-(10H-phenothiazin-2-yl)furan-2-yl)methylene)-2-cyanoacetohydrazide (PFCH) 

and (Z)-2-cyano-N'-((5-(dibenzo[b,d]furan-4-yl)furan-2-yl)methylene)acetohydrazide (BFCH) 

dye molecules synthesized and NMR, FT-IR, and UV-Vis studies would be used to characterize 

all dye molecule. The molecular geometrical parameters of the dyes under examination revealed 

a significant conjugation effect, which will aid in the transfer of an excited electron from the 

donor to acceptor. The molar extinction coefficients of PFCH and BFCH are 21448 and 20796 

M-1cm-1, respectively, which might indicate their ability to harvest light. The photophysical 

analysis shows that the donor group is significant in improving the optoelectronic characteristics 

and performance of DSSC devices. The monochromatic optical conversion efficiency of PFCH 

found higher than that of BFCH, with IPCEs of 58 and 64 % for BFCH and PFCH, respectively. 

The remarkable solar energy efficiency suggested that the dyes injected very efficient electrons 

into the titanium oxide conduction band. The inclusion of an acceptor improves ICT and JSC 

enhanced drawing ability. The quantum chemical calculation results of PFCH and BFCH 

revealed that the electron transfer abilities of the D--A device were acceptable. The NBO and 

NLO values additionally suggest that the title compounds are suitable for usage in DSSCs 

devices. The experimental and theoretical values results strongly indicate that the possibilities for 

using organic dye photosensitizers in DSSCs are promising, both in case of solar conversion 

efficiency and the potential of low-cost manufacture. 
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Figure caption 

 

Fig.1 Synthesis of PFCH and BFCH organic dyes 
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Fig.2 Construction and function of dye-sensitized nanocrystalline solar cells 
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Fig.3 Absorption spectra of PFCH and BFCH 
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Fig.4 Absorption spectra of TiO2 electrodes sensitized of PFCH and BFCH 
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Fig.5 J–V characteristics calculated at an irradiation of 100 mW cm-2 simulated 1.5 AM 

sunrays. 
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Fig.6 IPCEs spectra of PFCH and BFCH dyes 
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Fig.7 Cyclic voltammetry of PFCH and BFCH 
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Fig.8 Frontier molecular orbitals and energy level diagram of PFCH and BFCH 
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Fig.9 Molecular electrostatic potential images of studied molecules 
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Fig.10 Optimized molecular structure of PFCH and BFCH 
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Table caption 

Table 1: Observed absorption spectra, Oscillator strength (f), dipole moment, electronic 

transition and contribution of PFCH and BFCH 

Method Dye 

 Parameters 

Dipole 
Moment 

Observed 
absorption 

spectra 
max f 

Electronic 
transition 

Major % 
contribution 

TD-DFT 
B3LYP/6-
311++G 

(d,p) 

 

PFCH 10.0356 

468 462.31 0.8923 HL 84.81 % 

332 328.24 0.1172 H-1L 95.22 % 

317 321.14 0.0031 HL+2 59.84 % 

BFCH 9.1568 

446 448.59 0.6881 HL 84.22 % 

328 314.25 0.0091 H-1L 94.74 % 

309 312.17 0.1905 HL+2 68.33 % 

 

Table 2: Photovoltaic performance of DSSCs based on PFCH and BFCH 

Dye JSC (mA cm-2) Voc(V) FF % 

Adsorbed 

amount of dye 

(mol.cm-2) 

PFCH 13.182 0.72 0.672 6.71 5.22 x 10-7 

BFCH 12.231 0.68 0.638 5.39 5.13 x 10-7 
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Table 3: Electrochemical data and frontier molecular orbital energy levels of PFCH and BFCH 

Dye amax (nm) 
bHOMO V(vs 

NHE) 
cE0-0/eV dLUMO/V (vs NHE) 

PFCH 516 1.81 3.74 -1.93 
BFCH 498 1.34 3.12 -1.78 

a. Absorption maximum on TiO2 film. b. The HOMO levels were measured by cyclic 

voltammetry, see the experimental section for more details. c. E0–0 was estimated from the 

absorption thresholds from absorption spectra of dyes adsorbed on the TiO2 film. d. LUMO is 

estimated by subtracting E0–0 from HOMO 

 

Table 4: Optical properties of PFCH and BFCH 

Optical properties PFCH BFCH 

f 

0.8923 0.6881 

0.1172 0.0091 

0.0031 0.1905 

LHE (1-10-f) 

0.8719 0.7949 

0.2366 0.0207 

0.0072 0.3551 

λmax(nm) 

462.31 448.59 

328.24 314.25 

321.14 312.17 

E(0,0) (eV) 

4.46 4.12 

3.75 3.96 

3.98 3.95 

EHOMO eV -6.71 -7.44 

ELUMO eV -1.19 -1.41 

Edye (eV) 6.71 7.44 

E*dye (eV) 

2.25 3.32 

2.96 3.48 

2.73 3.49 
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Voc -5.19 -5.41 

ΔGinject (Kcal/mol) 

-40.3568 -15.6815 

-23.9834 -11.9917 

-29.2875 -11.7611 

 
Table 5: Quantum chemical parameters for studied molecules 

Parameters PFCH BFCH 

EHOMO (eV) -5.821 -5.321 

ELUMO (eV) -2.131 -2.115 

E 3.691 3.204 

Ionization energy (IE) 5.821 5.321 

Electron affinity (EA) 2.131 2.115 

µ 3.976 3.718 

χ 3.976 3.716 

η 1.845 1.602 

σ 0.542 0.624 

ω 4.283 4.313 

ε 0.234 0.232 

ω+ 2.526 2,655 

ω- 6.502 6.372 

ΔEback-donation -0.462 -0.401 

DM 9.471 9.064 
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