Triple Bond Effect on Spacer and Acceptor of Phenothiazine Organic Dye Sensitizer for DSSCs: Quantum Chemical Investigation 
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Abstract
In this work, a series of phenothiazine based organic dye sensitizers for dye-sensitized solar cells (DSSCs) have been designed and screened. The electron-donor as a phenothiazine, cyanoacrylic acid as an electron acceptor based on donor-acceptor (D-A) as reference dye SB. So as to enhance the triple bond effect on spacer and acceptor moieties has been investigated based on SB dye. The substituent effect of the spacer and electron acceptor on the absorption spectra and photovoltaic (PV) properties have been investigated by the combination of density functional theory (DFT) and time‐dependent DFT (TD-DFT) method approaches. Different exchange-correlation functionals have been initially evaluated in order to establish an accurate methodology for calculating the excited state energy of the SB dye. Consequently, TD-CAM-B3LYP method and 6-311++G(d,p) basis set have used been the comparison of experimental value. From the calculated results, concluded that the phenothiazine-4-((7-ethynylbenzo[c][1, 2, 5]thiadiazol-4-yl)ethynyl)benzoic acid (PT-EBTEBA) dye was strongly grouped for more red-shift and electrons injected into semiconductors effectively. It is expected to provide some theoretical guidance on designing photosensitive with new metal-free organic dyes for application in DSSCs yielding highly efficient performance. 
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1. INTRODUCTION
Michael Gratzel and O’Regan are first developed by the dye-sensitized solar cells (DSSCs) in 1991, is considered as the vital energy source because of its low fabrication cost.[1] In this cell, a photovoltaic (PV) needs commonly used a semiconductor titanium dioxide (TiO2) anatase structure as a photoanode sensitized by dyes in order to broaden the visible light in the absorption spectra.[2] In DSSCs, sensitizers can be divided into two categories such as, metal complex and metal-free organic dye is one of the key components for high power conversion efficiency (PCE). Much effort has been made to improve PCE. Recently, PCE has been reached up to 24.2% were conducted by a scientific research report, but the conventional electricity production process is still noncompetitive.[3] However, the metal-free organic dyes featuring with the common donor-π-bridge-acceptor (D-π-A) configuration are strongly desirable because of their several features, such as large absorption wavelength, high efficiency, tunable molecules with optoelectronic properties, low cost-effective processes and no concern on the limited ruthenium (Ru) resource.[4-7] Other major advantages of these organic dye sensitizer are their tunable absorption and photochemical properties through suitable molecular architecture.[8-9] Recently, novel photosensitizers such as merocyanine,[10] cyanine,[11] hemicyanine,[12] triphenylamine,[13-16] dialkylaniline,[17] phenothiazine,[18] tetrahydroquinoline,[19] coumarins,[20-23] indoline[24-27] and carbazole dyes[28] have been investigated for DSSCs and showed good performances. For example, Kar et.al reported by N, N′-dialkylaniline based (NDI 6) dye used in DSSCs exhibits a PCE of 19.24%.[29]
Highly efficient dye sensitizers for DSSCs must have the following properties:[30] First, the dye absorbs most of the sunlight, a broad absorption range that covers both the visible and near-infrared regions. Second, an intramolecular charge transfer (ICT) from electronic donors to acceptors is one of the characteristics of organic dyes in DSSCs.[31-35] Third, suitable energy levels of the highest occupied molecular orbitals (HOMOs) of the dyes must be below the redox potential of the electrolyte such as 
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. Therefore, the oxidized sensitizers that have to lose electrons is then turned back to the ground state by a redox system. Besides, lowest unoccupied molecular orbitals (LUMOs) of the dyes must be above the conduction band edge (CBE) of the TiO2 semiconductor metal oxide. In this way, dye molecules in the excited state of electrons can be efficiently injected into the TiO2 surface. The D-π-A structure with the acceptor directly bonded to the semiconductor surface, which will favor efficient charge transfer (CT) of excited states electrons to the CBE of TiO2 and regeneration of the dyes to the ground state.[36]
In 2011, Derong Cao synthesized a D-A based SB dye is a simple structure of organic chromophore with a phenothiazine group as a donor and benzoic acid as acceptor.[37] The SB DSSCs device exhibited a power conversion efficiency (PCE) is 2.91%, high photocurrent (6.13 mA cm-2) and photovoltage (709 mV) measured at under AM 1.5G irradiation simulated solar light (100 mW.cm-2). DSSCs devices of the PCE is generally determined by the short-circuit current density (
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), open-circuit photovoltage (
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), and the fill factor (
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). The improvement of 
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 will significantly enhance the PCE.
Additionally, spacer and acceptor groups of the dyes play a key role on the semiconductor surface and improving the efficiency of solar cell presentation. Here, 4-(benzo[c]-[1,2,5]thiadiazol-7-yl)benzoic acid (BTBA), 4-(7-ethynylbenzo[c][1,2,5]thiadiazol-4-yl)benzoic acid (EBTBA), 4-((7-ethynylbenzo[c][1,2,5]thiadiazol-4-yl)ethynyl)benzoic acid (EBTEBA) have been used as the triple bond spacer and acceptor groups.[38] The spacer and acceptor group names have been denoted as PT-BTBA, PT-EBTBA and PT-EBTEBA. Scheme 1 display that the triple bond spacer and electron acceptor based on D-π-A sensitizers were under investigation. In this work, a detailed study on photosensitizing properties of PT-BTBA, PT-EBTBA and PT-EBTEBA dye derivatives have been studied by using density functional theory (DFT) and time-dependent DFT (TD-DFT). The calculated results represent that the absorption spectra obviously red-shift and improvement of the DSSCs.
2. COMPUTATIONAL DETAILS
In order to explore the ground-state geometries of the designed dyes were optimized by using DFT with B3LYP[39] and 6-31G(d,p) basis set of all atoms. The results display that optimized geometries have been executed without none symmetry constraints. The optimized dye structures have been confirmed to be at its minima (no imaginary frequency) on the potential energy surfaces.

The preceding evaluation suggests that TD-DFT is extremely efficient and reliable inside the calculation of vertical excitation energy, optical absorption spectra and electronic properties.[40, 41] Regarding reliability, it may use a different exchange (XC) and long-range correlation (LC) functionals for CT excitation frequently show great consequences. There are such a lot of appropriate functionals, which undertake different XC & LC functionals, inclusive of B3LYP, CAM-B3LYP,[42] P3PW91[43] and ɷB97XD[44] in TD-DFT strategies. In these functionals to evaluating for optical absorption spectra of SB dyes 507, 427, 508 and 398 nm, respectively. Consequently, the calculated results with CAM-B3LYP functional was better matched to the literature 439 nm with errors of much less than 68, 12, 69 and 41 nm. As a result, TD-CAM-B3LYP/6-311++G(d,p) technique is discovered to be the first-class reliable level for the prediction of absorption spectra. From table 1 suggests the contrast among the different functional absorption spectra and literature. Solvent Tetrahydrofuran (THF) effects have been included via the conductor-like polarizable continuum model (C-PCM).[45, 46] The absorption spectra were calculated by the use of GaussSum software version 3.0.[47] All calculations of the isolated dyes were accomplished by the usage of Gaussian 09w program package.[48]
3. RESULTS AND DISCUSSION
3.1. SCREENING OF π-SPACER AND ELECTRON ACCEPTOR 
The screening of spacer and electron acceptor group is a key parameter with D-π-A structure for high-performance of DSSCs device in the organic dye. With the intention of screening excellent π-conjugated bridge and acceptor of phenothiazine-based dye derivatives. The π-spacer and acceptor molecules have gotten from the literature as discussed above. From the preceding look at, those molecules is highly efficient for organic DSSCs application. In this manner, these molecules can be effected on the phenothiazine based dye derivatives. A series of newly designed dyes PT-BTBA, PT-EBTBA and PT-EBTEBA based on SB dye have been systematically investigated. The optimized geometric structures of SB and PT-BTBA, PT-EBTBA, PT-EBTEBA at B3LYP/6-31G(d,p) level of the theory were shown in Fig. 1. The optimized geometric structures have been revealed that the π-spacer and electron acceptor of PT-BTBA, PT-EBTBA and PT-EBTEBA shown coplanar configurations. In these systems that is favorable for the photo-induced electron CT from the donor to acceptor, and for this reason accelerate electron injection to the conduction band of the semiconductor (TiO2). A triple bond became additionally introduced to the π-conjugation and acceptor device for fine tuning the coplanar molecular configuration and broadening the absorption spectra.
3.2. FRONTIER MOLECULAR ORBITALS OF ENERGY LEVELS (FMOS)
Frontier molecular orbitals (FMOs) of the PT-BTBA, PT-EBTBA and PT-EBTEBA have been recognized with admire to electron CT states for all dyes. The impact of the spacer and acceptor in HOMOs and LUMOs have been studied. The electron dispersal of HOMOs are predominantly contained on the donor section of phenothiazine and π-spacer, while the electron spreading of LUMOs are ordinarily contained at the π-spacer and electron acceptor segment of benzoic acid (generally on the anchoring area). The electron dispersal indicates that the good charge-divided state among HOMOs and LUMOs. The FMOs is a very crucial factor for defining the charge separated states of dye sensitizers.[49] Figure 2 shows the isodensity contour plots of the electron charge-transfer (CT) for SB and PT-BTBA, PT-EBTBA, PT-EBTEBA in THF solution. The calculated results show that the HOMOs energy levels of these dyes are lower than that of the redox potential energy of 
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 electrolyte (-4.80 eV).[50] Therefore, those dye molecules that loss of electrons can speedily gain electrons from the redox potential. Similarly, LUMOs energy levels of the dyes are better than that of semiconductor CBE (-4.0 eV).[50] This proposes that the LUMOs energy levels of all dyes have to be capable of injecting electrons into the CBE of TiO2. 
It is clear from Table 2 LUMOs of all dyes lie over the CBE of TiO2 and the HOMOs are situated below the redox potential of 
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- electrolyte (-4.80 eV). Furthermore, HOMOs and LUMOs values are -5.30, -5.20, -5.12, -4.99
 eV and -3.01, -2.95, -2.98, -2.92 eV, respectively. The calculated energy gap (
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) of the studied compound increases within the following order of SB>PT-BTBA>PT-EBTBA>PT-EBTEBA. The HOMOs and LOMOs energy levels will show responsible for the development of photovoltaic properties in organic DSSCs. As shown in figure 3, the energy level diagram of the designed dye molecules have smaller energy gap of PT-EBTEBA in comparison to other molecules and SB dye. Therefore, it may be stated that the PT-BTBA, PT-EBTBA and PT-EBTEBA possesses a positive response to CT and regeneration related to photo-oxidation manner.
3.3. ELECTRONIC ABSORPTION PROPERTIES
First, absorption wavelength of SB dye have been using three different functionals (B3LYP, CAM-B3LYP, P3PW91 and ɷB97XD) TD-DFT with THF solvent and C-PCM investigated and compared with experimental data (Table I and Figure 1). Secondly, the absorption spectra for the designed dye molecules have been calculated at TD-CAM-B3LYP/6-311++G(d,p) level of theory in THF medium. The simulated absorption spectra have been shown in Fig. 4. The corresponding calculated excitation energy, oscillator strength, major and minor orbital contributions of the dyes were shown in table 3. All of the organic dyes supplied an extensive visible around 600 nm were assigned to ICT. Normally, the molecular dyes with broader absorption spectra and enhanced molar extinction coefficients are predicted to have higher photo-to-current conversion efficiency performance.[51] The maximum absorption spectra of PT-BTBA, PT-EBTBA and PT-EBTEBA dyes are 388, 464 and 506 nm, respectively. The vertical excitation energies of the dyes are 2.68, 2.67 and 2.44 eV, respectively. Wherein, PT-EBTBA, PT-EBTEBA have shown red-shifts and PT-BTBA suggests blue-shift, compared to SB (427 nm). The elongated absorption spectra have been assigned to the ICT among the electron donor to acceptor, and the shorter absorption spectra were assigned to the localized π-π* transitions within organic dye molecules. The dominant absorption peak of PT-EBTEBA dye molecule is observed at 506 nm respectively, compared to other molecules and SB dye. From Table 3, vertical excitation energies (E) were changed in decreasing order of PT-EBTBA>PT-BTBA>PT-EBTEBA showing that there has a redshift when passing from PT-EBTBA and compared to SB dye. The strongest absorption spectra of dyes are arising from n→π* transitions. The consequences signified that PT-EBTEBA dye molecule have to show more photo-to-current conversion efficiency performance at the longer-wavelength, which was promoting to performance of the corresponding DSSCs.
3.4. PV PROPERTIES
3.4.1. POWER CONVERSION EFFICIENCY OF THE DSSCS 
PCE of the DSSCs device have been calculated by using Eq. (1):[52] 
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Where 
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 designates incident power density. In DSSCs, 
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 is predominantly determined by using the difference between redox electrolyte and CBE of TiO2. Commonly, the solution 
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  is used as the redox couple, thus it is able to be taken as a constant. The shift of CBE can be determined by using the formulations earlier study:[53] The 
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 is a critical aspect that supplies the electronic charge dispersal in the dye molecules.  As proven in figure S0 (supporting information) if 
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was excessive to a more extent shift of CBE the result has been in large 
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From table 4, the dipole moment values of PT-BTBA, PT-EBTBA and PT-EBTEBA are 6.01, 7.80 and 8.31 Debye, respectively. The higher dipole moment values of PT-EBTEBA, which can be very best for 
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, compared to SB (4.55 Debye). Among three dyes, PT-EBTEBA may be the best performance for excessive conversion efficiency of DSSCs. As for 
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, it can be expressed by using the formulations previous study.[54] In order to attain extreme 
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, LHE of the dye molecules necessity to be as high as possible.
LHE (λ) can be described by the following equation:[55]
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Where f signifies oscillator strength of associated dye molecules related to the absorption peak. So as to provide a needful of the spacer and electron acceptor, it is simulated absorption spectra of the dyes, with affecting the LHE. The calculated LHE values of PT-BTBA, PT-EBTBA and PT-EBTEBA dye molecules are given in a range from 0.76-0.92 a.u. Based on LHE of the dye sensitizers, the values have to be high as probable to maximize the photocurrent reply for DSSCs. Hence, PT-BTBA, PT-EBTBA and PT-EBTEBA dye sensitizers provide more or less similar photocurrent. In specific, PT-EBTEBA dye is more than the SB and other dyes, which is beneficial for 
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3.4.2. ELECTRON INJECTION AND DYE REGENERATION
Another technique of growing 
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 influencing factors of the dye regeneration (
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) in PT-BTBA, PT-EBTBA and PT-EBTEBA dye sensitizers was calculated by using principles as defined in a previous study[56] and the values are listed in Table 4. The electronic possessions of the dyes in the first excited state is a main feature to increase the presentation of DSSCs. Theoretically recommended that 
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 from the dye sensitizers in the first excited state to the CBE of TiO2.[57] From Table 4, it is observable that the 
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 calculated values are negative, which means that the excited state of the dye lies above the CBE of TiO2. According to Islam indication, 
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> 0.2 eV.[58] Consequently, absolute calculated PT-BTBA, PT-EBTBA and PT-EBTEBA dye molecules values are much than the 0.2 eV. The 
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 have an energy values are -1.48, 1.55 and -1.45 eV between the CBE of TiO2 and excited state dyes.

Moreover, 
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 is also enhanced by the regeneration efficiency (
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) of designed dyes. For a quicker CT, it is essential to lesser regeneration.[59] From Table 4, the absolute calculated values of the PT-BTBA, PT-EBTBA and PT-EBTEBA are 0.40, 0.32, and 0.19 eV, respectively. The 
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 of the PT-EBTBA and PT-EBTEBA dyes can be fastest regeneration, which is increase for 
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. Particularly, PT-EBTEBA dye display extreme PCE of the DSSCs.

3.4.3. OPEN-CIRCUIT PHOTOVOLTAGE


Theoretical analysis of 
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 was determined by using the formulations as defined in an earlier study.[60] The 
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 calculated values are listed in Table 4. From the table, PT-BTBA, PT-EBTBA and PT-EBTEBA values are given in a range from 0.99 to 1.08 eV. In these values is a promising response to the efficient electron injection. Also, larger values of the LUMOs will produce the higher 
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, which is provided to PCE of the DSSCs. 
It describes that the PT-EBTBA and PT-EBTEBA dyes have a larger 
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 values, compared to SB dye. In specific, PT-EBTEBA dye have a higher 
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, which identify that the extraordinary performance of dye sensitizers. Therefore, PT-BTBA, PT-EBTBA and PT-EBTEBA dyes have used for the dye-sensitized, owing to their electron injection technique from the excited state sensitizers into the CBE of TiO2 have been successful.
4. CONCLUSION
A sequence of three isolated metal-free organic DSSCs dyes based totally on a highly effective, PT-BTBA, PT-EBTBA and PT-EBTEBA were screened with the spacer and electron acceptor became successful. The molecular orbital electronic structures, absorption properties, light harvesting efficiency and photovoltaic performance of dyes were systematically investigated respectively. In this study, DFT and TD-DFT methods were detail discussed. The calculated outcomes suggest that the screened with a spacer and the electron acceptor in PT-EBTEBA are promising functional organization for D-π-A form. Furthermore, the calculated results imply that the PT-EBTEBA dye is strongly light harvesting efficiency, electron injection, electron transition, dye regeneration, open-circuit photovoltage and increasing the dipole moment, which benefits to higher PCE of DSSCs. It is concluded that the choice of the appropriate screened with spacer and electron acceptor is very important for the molecular design of phenothiazine based highly efficient organic solar cells.
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Figure Captions

Scheme 1
Sketching of molecular structures for donor, π-linker and acceptor.
Figure 1
Optimized geometric structures of SB and designed dye molecules were calculated at B3LYP/6-31G(d,p) level of theory.
Figure 2
The selected frontier molecular orbitals of the designed dye molecules and SB dye were calculated at B3LYP/6-31G(d,p) level of theory.
Figure 3
The energy levels of the SB and PT-BTBA, PT-EBTBA, PT-EBTEBA dyes are calculated at B3LYP/6-31G(d,p) level of theory.
Figure 4
TD-DFT absorption spectra of designed dyes and SB are calculated at CAM-B3LYP/6-311++G(d,p) level of theory in THF medium.
Supporting information
Figure S0
Dipole moment of the designed dyes are calculated by the B3LYP/6-31G(d,p) level of theory.
Highlights
· The phenothiazine-based organic dyes are designed and investigated.

· The simulated wavelength of PT-EBTEBA show better absorption than that of SB and other molecules. 

· The dyes could be used as potential sensitizers for DSSCs.
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