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Abstract
A series of rigid triphenylamine (TPA) dyes have been designed with the donor      (D)-π-acceptor (A) architecture. To screen the acceptor moities, we have design that's A1 and A2. The design sensitizer to evaluate the parameters such as geometries, electronic structures, and optical properties, along with dipole moment, polarizability and first-order hyperpolarizability were calculated using density functional theory (DFT) and time-dependent DFT (TD-DFT). Photo physical properties like wavelength of maximum absorption (λmax), oscillator strength (f), light harvesting efficiency (LHE) and dipole moment ( ) have been analyzed. Based on the results A2 acceptor moities having good photo physical properties, so this A2 based dyes having good sensitizer for dye sensitized solar cells application.
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1. INTRODUCTION
The Dye Sensitized Solar Cells (DSSCs) are currently and widely research due to the low cost, potentially high photoelectric conversion efficiency of such devices as compared to the conventional solar cell [1, 2]. The DSSCs is composed of five compounds that are an anchored molecular sensitizer, semiconductor, a counter electrode, and a redox electrolyte (usually the [image: image1.png]1113



 redox couple). As the key component of DSSC, the photosensitive dyes play vital roles in the higher photoelectric conversion efficiency [3]. The photosensitive dyes have two types there are metal-complex and metal free dyes. Zn-porphyrin based DSSCs have reached the efficiency up to 13% [4]. However, the high cost and limited availability of ruthenium resources as well as the complex synthetic procedures and purification difficulty for zinc-porphyrin dyes restrict their further practical application in DSSCs [5]. Recently, some metal free dyes which have obtained the efficiency close to 14.7% [6]. In the meanwhile, the metal-free organic dyes are being increasingly studied as the alternative to Ru-complexes dyes for their higher molar absorption coefficients, spectral tunnability and reduced environmental impact. At present, it is worth noticing that the impressive photovoltaic performances of organic dyes have been reported, which shows promising efficiency values exceeding 14.7% when [image: image2.png]1113



 electrolyte is employed [6]. Despite that, the search of more efficient organic dyes for DSSCs remains a challenging issue.
Most organic sensitizers are composed of three fundamental groups: an electron donor (D), a bridge (π) and an electron acceptor (A), which is usually combined following the D-π-A structure [7]. The most important issue organic dyes need to address is to improve their light-harvesting ability in the visible region [8]. Therefore, appropriate structural modifications with the aim to red-shift and broaden the ultra-visible absorption spectra are desired for developing DSSCs [9]. If we consider the electronic structures in more detail, the following critical points also need to be included: 1) the lowest unoccupied orbital (LUMO) of the dye must be higher in energy than the TiO2 conduction band (CB) to permit efficient electron transfer, 2) the highest occupied orbital (HOMO) of dye must be lower than the redox potential of electrolyte to facilitate dye generation, 3) the electronic coupling between dye LUMO and TiO2 CB should be strong to speed up the electron injection process, and 4) the charge recombination rate should be slow to reduce the transfer of electrons from TiO2 CB to electrolyte. As a matter of fact, rational and judicious modifications on individual dye units, including the donor, π-spacer and acceptor have been extensively investigated both experimentally and theoretically [10-16]. 
Moreover, the choose of appropriate π-spacer is of paramount importance since it can largely guide the light absorption, slow down the charge recombination and facilitate the charge transfer process [17]. Nevertheless, laboratory works of sensitizer design often invoke a trial-and-error approach which is time consuming and expensive. In this regard, state-of-the-art theoretical calculations based on Density Functional Theory (DFT) and Time-Dependent DFT (TD-DFT) methods can be definitely of great help to significantly reduce the cost of screening potential organic dyes.
In this paper, our initial interest focused on exploring the physical origin of the performance difference based on acceptor modification of the organic dyes only with tiny structure difference. Here, in order to shed light on the reason of the performance difference, key parameters including open circuit photo voltage (VOC) and short circuit current density (JSC) were systematically investigated in detail based on DFT and TD-DFT calculations. In addition, we have designed dyes (A1, A2) (Shown Fig. 1.) with stronger light harvesting ability and slower charge recombination, which will be potential sensitizers for DSSCs. We hope our work can provide guidance to the design of new dyes and will move the DSSCs field forward.
2 METHODOLOGY
2.1 Theoretical Background
The particular Jsc value produced by a solar cell in AM 1.5 solar light can be derived by integrating the IPCE spectra over the spectral distribution of the standard AM 1.5 solar photon flux (Is) [18, 19]:
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Where e is the elementary charge, The IPCE can be calculating from the below equation [20]: 
                                  [image: image4.png]IPCE(A) = LHE(A)X ® ;X100 X ooy
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Where LHE (λ) is the light-harvesting efficiency at a given wavelength, [image: image5.png]inj



 is the electron-injection efficiency, [image: image6.png]


 is the dye-regeneration efficiency, and [image: image7.png]N o



 denotes the charge-collection efficiency. Therefore, we focused on the effects of LHE, [image: image8.png]inj
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2.2 Computational Details
The Density Functional Theory calculations were performed using the Gaussian 09w program on personal computers [21]. Optimizations of the ground state geometry were conducted at the hybrid DFT level using the Becke, three parameters, Lee-Yang-Parr (B3LYP) hybrid functional, which combines the functional exchange functional [22]. This combination improves the well-known deficiency in the long-range behavior of the DFT functional, The 6-311++G (d, p) [23] basis set was employed. 
For a reasonable computational effort, the state of the art DFT/TDDFT computational methodologies provide reasonable results and reproduce well the optical properties of various organic dyes [24]. Time Dependent-DFT (TD-DFT) calculations [25] were performed in Gaussian 09 with the same functional and basis sets using in the excited state optimizations. The solvent effect of acetonitrile (C2H3N) which has been used solution were modeled using a conductor-like polarizable continuum model (C-PCM) [26] within the self-consistent reaction field (S-CRF) theory unless otherwise noted.
3 RESULTS AND DISCUSSION
3.1 Molecular Geometry and Electronic Structure
The optimized the structure of design dye sensitizer at B3LYP/6-311++G (d, p) level theory and as shown in the optimized structure Fig. 2. From the optimized geometry, we can able analysis most of results, like the bond length, bond angle and dihedral angle. The stability of these dyes to be better optimizations and frequency analyses for five sensitizers investigated by ground state (S0) were carried out by B3LYP/ 6-311++G(d,p) method. No imaginary frequency was found for the optimized structures of dyes, confirming the stationary nature of S0 geometry as is well-known, the energy levels and the corresponding distribution of frontier molecular orbitals are closely related to the electronic excitation and transition characters of dyes.
To gain insight into the influence of different anchor groups on the energy levels and electron distribution in FMOs, Fig. 3 shows the energy levels and the distribution of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). According to the molecular orbital spatial distribution of TPA  based dyes show in Fig. 3, we find that the HOMOs are mainly delocalized over the entire donor unit of dye molecule, and LUMOs are only localized on the π-linker and acceptor regions, implying that the excited states of these dyes may be of intermolecular charge transfer character (ICT). Moreover, the other properties of design the dye sensitizer were analyzed via DFT. The[image: image11.png]
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Global hardness are calculated formula given eq. (3 and 4) [27]
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Where, I is the ionization potential and A is the electron affinity. Table 1 shows the ionization potential and electrons affinities. One general challenge for the application in the Light Emitting Diodes (LED) is the achievement of high electron affinity (n-type) conjugated molecule for improving electron injection/transport and low ionization potential (p-type) conjugated molecule for better hole injection/transport in organic electronic devices.
Additionally, comparisons with the redox potential of  [image: image15.png]rir



 (-4.80 eV) [28], which is the commonly used electrolyte in DSSCs, the LUMO energy levels are all more positive, demonstrating that these two dyes possess enough driving force for the regeneration of reduced dyes with[image: image16.png]L



, while as compared to the valence band edge of TiO2 (-4.0 eV) [29], the more negative HOMO levels could guarantee the efficient hole injection. 
Moreover, for the HOMO, LUMO energy levels and the energy gaps are all in sequence of A2< A1, suggesting that the adsorption spectrum of A2will be red-shifted and will results in more efficient solar energy harvesting.
3.2 Density of States

The energies of its frontier molecular orbital (FMO) and the corresponding density of state of the dye is shown in Fig. 2. Based on the optimized structures of five dyes, we analyzed the difference in their Density of States (DOS) profiles to discuss the possible implications of the different magnitude of electronic coupling between dye. To understand the electronic structure difference, The DOS contains broad surface valence and conduction bands separated by a wide band gap. From Fig. 3, it is clear that comparing with the bare TiO2, the DOS of five dyes a shift of the conduction band edge of TiO2, while the band gaps remain almost the same.
3.3 Non-Linear Optical Properties
We have calculated the static dipole moment (μ), mean polarizability (α0), polarizability anisotropy (Δα), static first hyperpolarizability (β) and second hyperpolarizability (γ) at the ground state for design dye molecules. Design molecules were calculated using the formulae as [30-34]
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 is the polarizability tensor components, [image: image24.png]
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the first order and second order tensor compounds. The calculated dipole moment (μ), mean polarizability (α0), polarizability anisotropy (Δα), static first hyperpolarizability (β) values were summarized in Table 2. The A2dye sensitizer so dipole moment values are high and large difference between ground and excited state values are -5.08 and -5.15 Debye respectively.  The mean polarizability has 4.31x10-23 e. s. u for the A1 dye compare to higher values for other dyes. The polarizability anisotropy of has 3.61 x10-23e.s.u. The static polarizability is directly proportional to the dipole moment [35]. The first hyperpolarizability is inversely proportional to the transition energy. Accordingly, the A2dye molecule with minimum transition energy (1.58 eV obtained from TD-DFT calculation) exhibits the maximum value of 3.21 x10-29 e.s.u. The hyperpolarizability was calculated using the table 2 has shown hyperpolarizability results. The present results clearly include that the A2dye molecule particularly can be used in NLO applications.
3.4 Absorption Spectra of Dyes
Fig. 4 presents the electronic absorption spectra of designed dye sensitizers is performed in solvent medium (acetonitrile) using TD-DFT(B3LYP)/6-311++G(d,p) level theory. The major absorption transition observed in Ultraviolet-visible region 688,428,780 nm and A1, A2, respectively. Whereas as compared the selected dye A2 dye sensitizer shows cover entire visible region and slightly red shifted to higher wave number. This is attributed to the fact that the polar solvents usually stabilize or destabilize the molecular orbitals of the sensitizer either in the ground state or excited state. The characteristic absorption band transition of A2based dye exhibit n→π* transitions of (2E)-2-(4-((E)-prop-1-enyl) benzylidene) but-3-ynoic acid based acceptor molecule is observed at 665 nm in the          UV-Visible region. Based on the absorption properties could be affected when the dyes adsorb onto the semiconductor due to the interaction between the dyes and semiconductor. Compared with the absorption properties of the designed dyes, we preferred to get insight into the corresponding properties of the dyes after binding to semiconductor. 
3.5 Light-Harvesting Ability
Based on the above optimized geometries, TD-DFT calculations were performed to obtain the optical properties. It should be stressed that this study focused on a relative comparison among the dyes rather than a reproduction of the exact excitation energies and absorption ranges [36]. Table 3 lists the calculated excitation wavelengths along with their oscillator strengths. Fig. 4 depicts the calculated absorption spectra of the designed dyes. The lowest excitation wavelengths for all species are mainly contributed by the excitation from the HOMO to LUMO major contributions (over 99%, Table 3). The oscillator strength of the lowest excitation for A1 is 0.091 (at 359 nm) smaller than those of the others. The absorption peak of A2 at 665 nm mainly controlled by the excitation from the HOMO to the LUMO is red-shifted over 20 nm of the A2 dye sensitizers. As the results, the calculated absorption spectra at wavelengths longer than 359 nm for A1 are somewhat weaker than those of the others (Fig. 4). In contrast, the largest oscillator strength of A2 (1.3182) dye achieved.
3.6 Electron-Injection Ability
In Eq. (3.7), [image: image33.png]inj



 can be indirectly characterized by the electron injection driving force ([image: image34.png]inject



) from the excited dye into the conduction band of the semiconductor, which can be determined by the following equation [37, 38]:
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 are the oxidation potentials of the excited and ground states, respectively; [image: image39.png]Eh



 is the excitation energy at the maximum absorption wavelength; and ECB is the conduction band energy level of the semiconductor. In this study, the ECB of TiO2 is assumed to be -4.00 eV based on the values in the literature [29] and the widely used experimental values [39, 40]. Table 4 lists the calculated[image: image40.png]dye
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among the five dyes agrees with the relative order of the energy differences between the LUMOs of the dyes and the conduction bands of TiO2             ([image: image45.png]inject
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value of A2 (0.53 eV) is the smallest among all of the investigated dyes, it is sufficient to inject electrons from the excited dyes into the conduction band edge of TiO2. Although the values differ by analysis method, A1 and A2 exhibit the largest [image: image47.png]inject



 values 1.17 and 0.5 eV, respectively. The differences between A1 and A2are about 1%. These findings indicate that the photo excited A2injected the largest number of electrons into the TiO2 conduction band, which is consistent with the highest Jsc values of these dye in practical. 
CONCLUSIONS
The DFT and TD-DFT methods were employed to investigate the optoelectronic properties and adsorption mode of TPA based dyes with difference anchor groups.              The 2-cyanoacrylic acid acceptor group (A2) based dye gets more efficient towards elevating the HOMO and LUMO energies. The obtained dipole moment and molecular polarizability could be comparable to that of TPA based sensitizers. The calculated absorption spectra of the designed dyes showed absorbance in visible region (380-656 nm) with high oscillator strength (f) (0.318 - 1.3194) and light harvesting efficiency (LHE) (0.0706-0.9520). There is high probability that these dyes will show larger JSC due to high driving force for electron injection. The results show that the maximum absorption wavelengths of the five investigated dyes gradually red-shifts following the sequence of A2suggesting that the (2E)-2-(4-((E)-prop-1-enyl) benzylidene) but-3-ynoic acid is a more efficient anchor group for improving the light-harvesting properties. It is our expectation that our studies can provide some useful ideas for the enhancement of the overall performance of the DSSCs.
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Figure Caption

Fig. 1 
Chemical Structure of the designed the dyes based on the TPA
Fig. 2 
Optimized molecular structures of the acceptor modified dyes ref. Dye, -A1 and A2
Fig. 3
Isopotential plots of frontier molecular orbital energy levels of designed dyes with is value contour 0.02
Fig.4 
Density of state of the corresponding energy at the B3LYP/6-311++G (p,d ) level

Fig. 5
Calculated absorption spectra of designed dye molecules obtained using TD-B3LYP with the 6-311++G (d, p) basis set
