Predicting and improving the photovoltaic performances of phosphonic acid-based dyes sensitizers on (TiO2)9 by including an electron-withdrawing moiety
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Abstract 
[bookmark: _GoBack]In this study, three novel sensitizers with the donor-acceptor-π-spacer-acceptor D-A’-π-A) structure were designed based on the benzothiadiazole (BTD) surrounded by two thiophenes in each side (T4) mono-functionalized by an acid phosphonic (A) T4BTD-A  dye by insertion of vinyl and cyanide CN electron-withdrawing moiety in a different position. Their geometrical, electronic and photovoltaic parameters were predicted using density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations, via the functional BHandH in combination with the Poples basis set 6-311G(d) for small atoms and pseudo-potential basis set LANL2DZ for Titanium atom at the chloroform solvent medium via the implicit CPCM model. Results showed that the inclusion of the C=C and the CN moieties exhibits a decrease in the HOMO–LUMO gap, and a redshift in the absorption spectra. The photoelectric conversion efficiency (PCE) for the T4BTD-A dye was estimated to be about 6.57 % under the standard AM 1.5G solar radiation, which is in excellent agreement with its measured value of 6.40 %, suggesting that our calculations scheme is consistent. Moreover, the predicted PCE value after elongation of T4BTD-A by C=C and CN has increased to 7.11 % and (7.82 %, 8.09 %) respectively. Our results revealed that the addition of CN electron-withdrawing moiety enhances the PCE of the studied dyes, while the position of CN moiety has a slight effect on the PCE of the studied dyes. Additionally, our calculation suggests that the CCCN1 and CCCN2 are good candidates as efficient sensitizers for dye-sensitized solar cell DSSCs applications. 
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Introduction
The photovoltaic (PV)  effect conversion of light into electric current was first introduced by the pioneer Becquerel on electrolyte liquids in 1839 and since then it has been widely studied in various materials1. In 1954, Chapin et al. reported a silicon-based single p–n junction device with a solar power conversion efficiency of 6%2. A technology that was commonly used especially in satellite communication and now is known as a clean substitute to fossils energies3. To diminish the price of the production of silicon-based PV and to increase the performance of conversion of light, many semiconductors are under active search areas. Among them, the organic semiconductors which offer a clean, flexible, and promising alternative over the conventional silicon solar cells; absorbing further than crystalline silicon. It can also be processed directly onto large area substrates4. The improvement of the organic semiconductor solar cells consists of dye-sensitized solar cells (DSSCs)5, organic PVs6, and quantum dot solar cells7. In the past twenty years, the DSSCs have attracted much attention due to its numerous notable advantages, such as lightweight, inexpensive raw materials, and easy production process. Since their introduction by Grätzel and O’regon in 19918, DSSCs have been subject to enormous modifications. A regular DSSC is composed of four components: a photoanode such as TiO2, an electrolyte such as I-/I3-, a cathode, and a dye sensitizer.  In the middle of those components, the dye presents a key part of the DSSC device's workability. The photo-current conversion in DSSCs devices is a consequence of the injection of the electron upon incident photons from the excited state of the dye to the conduction band (CB) of the semi-conductor, this process is followed by the dye regeneration by the shuttle electrolyte and a hole transport to the counter electrode9. Therefore, the efficiency of the DSSC depends on the quality of the sensitizing dyes adsorbed on the TiO2 surface to harvest light. Since its launch by Grätzel8, The first used sensitizers are based on metal-complexes such as ruthenium (N310) and zinc11. Owing to their complicated synthesis route, cost and damage to the environment, the researcher looked forward to metal-complexes dyes by the metal-free organic sensitizers. The first metal-free organic dyes have the "pull-push"  donor-π-bridge-acceptor  (D-π-A) structure where the donor moiety and the anchoring group are connected by π-bridge12. To reduce energy difference between the HUMO and LUMO of the sensitizers and enhanced the performance of DSSC, researchers introduced the quadrupolar structures such as D-π-A-π-D or D-π-A-π-A13–16 and the octapolar (D-π-)3A or (A-π- )3D17, resulting in structures that display a large band adsorption spectra18. As the sensitizer is vital in DSSCs devices, the anchoring plays an important role as the unit that ensures the binding of the sensitizer to the semiconductor surface. After the cyanovinyl carboxylic acid, phosphonic acid is the mainly used anchor group in the field of organic electronics19. Several studies have evaluated phosphonic acids and described their binding pattern on different metal oxides20–25. Both ester (PO3R2) and acid (PO3H2) demonstrate a high affinity with other organic functional groups and are good candidates for surface modifications in many organic solvents and water20. The mainly used semi-conductors as photoanode for DSSCs purpose are MnO (CB=-3.4 eV), SnO (CB=-3.6 eV), TiO2 (CB=-4 eV) and FeO (CB=-4.4 eV)26. Titania (TiO2) is the most widely used electron conductor in Grätzel-type photovoltaic DSSC thanks to its stability, nontoxicity, corrosion resistance, inexpensive and biological kindnes 27. The TiO2 is composed of two major crystal phases rutile and anatase, in both crystal phases, each Ti atom is sixfold and coordinated with the threefold O atom28. For the nanoparticle sizes (>10 nm) employed in experimental devices, the anatase is the stable phase: its optical bandgap compares satisfactorily with that of rutile (3.2 vs 3.0 eV), and it exhibits larger open-circuit potential for the same conduction band electron concentration29,30. Due to its lower surface energy and its dominance, the model adopted in this study is based on a slab representation of the anatase (101) surface. The presence of three oxygen atoms on the phosphorous allows various binding forms to the metal oxide surfaces such as mono-, bi-, tri-dentate, or chelation of a single metal with two or three oxygen, in addition to the possibility of hydrogen bonding interactions originating from either the P-O-H or M-O-H hydrogen 31. Experimental investigation shows that the adsorption of phenyl phosphonic acid on the anatase TiO2(101) surface, under ultrahigh-vacuum conditions, using photoelectron and NEXAFS spectroscopy, adsorbs in a bidentate dissociative mode in which the hyrogens of hydroxyl are bonded to the oxygen of the semiconductor32. The injection time was reported  to depend on the anchoring mode (phosphonate monodentate < carboxylic acid < phosphonate bidentate), and the fastest injection times were measured for the dissociative bidentate geometries 19. To get insight into the interation relating the sensitizer and the surface of the TiO2, the adsorption of dyes on (TiO2)9 cluster was investigated with DFT calculations using Gaussian (09) code33. Sanches et al. reported that (TiO2)9 cluster is large enough to reproduce the electronic  propretiess of dye/TiO2 system34. The bidentate mode of adsorption in which the dye is covalently linked to a Ti atom of the cluster through the two oxygen atoms of the anchoring phosphonic group were also chosen.
In this work, we have studied a series of new organic dyes that were designed based on the benzothiadiazole (BTD) flanked by two thiophenes on each side (T4) mono-functionalized with a phosphonic acid (A) as an anchoring group (T4BTD-A)  molecule by the insertion of electron-withdrawing moiety using density functional theory (DFT) calculations. We intend to evaluate the effects of introducing a withdrawing moiety on the performances of the studied dyes employing quantitatively computing photovoltaic properties (optical absorption, open-circuit voltage, short-circuit current density, fill factor and overall PCE). We aim to elucidate the different parameters that control the photovoltaic efficiency toward a better comprehension of the structure-properties relationship. We believe that knowledge could help to design better sensitizers for real applications in DSSCs. 
1. Computational details
All calculations were carried out using the Gaussian 09 (G09) program package 35. According to previous studies on organic compounds, the alkyl-branched chain has negligible influences on their electronic structures and optical properties 36,37. Hence, to reduce the computational cost replaced hexyl (–C6H13) with methyl (–CH3) in the molecular model of experimentally synthesized dye T4BTD-A. The ground state geometry structure of dyes has been fully optimized without any symmetry constraint using the hybrid functional BHandH 38 ("half and a half") which include a fraction of 50% HF exchange with a Poples large basis set 6-311G(d) for light atoms and LANL2DZ 39–41 for Titanium atom. According to the available experimental results, the absorption spectra were simulated at the chloroform solvent medium via the implicit CPCM 42 model (conductor-like polarizable continuum model) for TDDFT. The electron-hole coherence of charge transfer upon electronic transitions was calculated using Multiwfn3.6 43 program to assess the qCT charge transfer and charge density difference (CDD). The natural charges on the fragments were calculated using the NBO44 analysis implemented in the G09 package suite35.
2. Results and discussion
2.1. Geometries 
The sensitizer is the key part of the DSSCs devices. It should have broad and strong optical absorption to harvest incident photons. Also, the charge transfer must be unidirectional to reduce charge recombination. Hence, the sensitizers must have good conjugation and coplanar. Figure 1 displays the four phosphonic acid-based dyes adsorbed on (TiO2)9 cluster which were designed based on the modification of T4BTD-A45. All the studied dyes possess the structure Donor-Acceptor- π-spacer-Acceptor (D-A’-π-A) with four important constituents: electron donor group (bi-thiophenes), internal electron acceptor unit (BTD), conjugated π-spacer (bi-thiophenes), and an anchoring group moiety. 

Figure 1:Optimised geometries for the studied dyes complexes.

Table 1 shows the values of the C-P (R8) carbon-phosphorus, the non-cyclic (C-C, C=C), and the inter-cyclic bond lengths (R1-7) (Figure 2) of the studied dyes obtained after a total optimization using the BHandH/6-311G(d)/LANL2DZ method. Except for the C-P bond length, the analysis of Table 1 reveals that the R1-7 bond length has not changed from the free dye form and the complex form. As shown in Table 1, the bond lengths Ri(i=1,7) are between single and double bonds (C = C: 1.339 Å, C-C: 1.530 Å)46. 

[bookmark: _Ref39069759]Figure 2: The discussed parameters, the bond lengths Ri(i=1,7) (blue color), the dihedral angles CCCC αi(i=1,5)  and CCPO  α6 (red color), and the dihedral SCCS βi(i=1,2) (green color)

This indicates that a resonance structure is built across the C-C backbone, linking the donor and the acceptor. The bond lengths Ri(i=1,5) do not change from the free form and the complex form. Besides, the bond lengths Ri(i=6,7) has slightly been shortened by adding the TiO2.  Owing to the interaction between the anchoring group and the TiO2 surface, the C-P bond length has largely been shortened from the free form to the complex form. All dyes have been shortened by approximately 0.014 Å from the free form to the complex form. The adsorption of the studied dyes on the TiO2 surface reinforces the conjugation of the backbone π-system.

[bookmark: _Ref29214689]Table 1:  The Values of the inter-cyclic bond length C-C(Ri(i=1,7) and the C-P (R8) bond length in (Å)  of the studied dyes at BHandH1/6-311G (d)/LANL2DZ level of theory.

Table 2 summarizes the values of the dihedral angles CCCC (αi(i=1,5), CCPO (α6), and the SCCS(βi(i=1,2) (Figure 2) of the studied dyes using the BHandH/6-311G (d)/LANL2DZ level of theory.  Inversely to the angle α3, the angle α1, α2, and β1 have slightly flattened for the CC and CCCN1 dyes from the free form to adsorbed form while it slightly destroyed for the BASE and CCCN2 dyes. Except for the CC dye, the angle α4, the adsorption of the BASE and CCCN1 dyes on the TiO2 surface have been largely modified the planarity of BTD unit and its thiophene flank, while the CCCN2 has a slight modification. The α5 between the carbons of the two thiophenes beside the anchoring group is faintly flattened for CC and CCCN1 dyes, while it’s a little damaged for the CCCN2 dye. Except for the CC dye, the angle α6 and β2 have been mainly shattered for the CCCN1 dye while the CCCN2 and BASE have a smaller modification respectively.

[bookmark: _Ref29215525]Table 2: The values of dihedral angles in (°) of the studied dyes at BHandH1/6-311G (d)/LANL2DZ level of theory.

Table 3 presents the values of bond length of the phosphorus atom and its three adjacent oxygen, the bond length of the anchored oxygens and the titanium atoms, the bond length of the protons, and the oxygen of the TiO2 surface as schematized in Figure 2.

[bookmark: _Ref31405699]Figure 3: The discussed bond lengths of the studied dyes.

[bookmark: _Ref29215899]Table 3:  The values of the bond lengths (schematized in Figure 2)  in (Å)  of the studied dyes at BHandH1/6-311G (d)/LANL2DZ level of theory.

As shown in  Table 3,  the bond length of the hydrogens and the atoms of oxygen do not change by varying the dyes. All P-O bond lengths have been lengthened by inserting the C=C moiety while the introduction of CN moiety has slightly shortened these bonds. For the Ti-O, the oxygen atoms attached to the phosphorus atom have different bond lengths which means that the dyes are not perpendicular to the TiO2 surface. The introduction of C=C moiety shortens those bonds, while the inclusion of CN moiety lengthen the Ti2-O2 bonds and slightly shortened the Ti1-O1 bond.
2.2. Electronic properties
1.1.1. Frontier orbital energies FMO
Moreover, it is observed that the LUMO orbital energies exhibit a change in comparison to the free dye molecules in terms of better stabilization. The comparative molecular orbital energies of the isolated and TiO2-bound acid phosphonic based dye molecules are shown in Figure 3. The dye LUMO energy stabilization is due to the interaction of dye LUMO with the positive Ti(IV) surface ions and electron transfer from excited state dyes with electron density in LUMO to the conduction band of the TiO2 cluster. It’s noted that the HOMO orbital energies of the free dye are larger than HOMO calculated for the dye-TiO2 sensitizer in solution, the stabilization of LUMO upon interaction with the TiO2 cluster and electron density shift decreases the HOMO-LUMO energy gaps for the adsorbed systems in comparison to the free dye molecules. The BASE and CC dyes have the LUMO of complex larger than the (TiO2)9 where the LUMOs of the CCCN1 and the CCCN2 are lower than the conduction band. These factors are indicative of the fact that some charge transfer is taking place between the dyes and the semiconductor and hence these dyes can act as sensitizers for the TiO2 clusters.

[bookmark: _Ref28180114]Figure 4: Comparative molecular orbital energies of the isolated and TiO2-bound of the studied dyes. the blue line represents the conduction band edge position for anatase (101) TiO2.

1.1.2. Adsorption energies
The adsorption energies of the dyes bound to the (TiO2)9 surfaces have been defined as follows47:

Table 4 illustrates the adsorption energies of the studied dyes. The analysis of the adsorption energy values obtained for the designed dyes are classified as follows: CC@(TiO2)9 < CCCN 1@(TiO2)9<BASE@(TiO2)9<CCCN2@(TiO2)9.  The CC and the CCCN1 dyes have larger absorption energies than BASE dye where the  CCCN2 exhibit lower complexation energy in comparison to the BASE dye. The expansion of the conjugated spacer by C=C unit increases the adsorption energy with the surface of semiconductor (TiO2)9, this may be attributed to the interaction between the two oxygens of the phosphonic acid and the sulfur of the adjacent thiophene is lower for the CC dye than the BASE dye. Also, the adsorption energy has increased more by adding the CN unit in position 1 for the CCCN1 dye which may be the result of the favorable interaction between the sulfur of the adjacent thiophene and the CN moiety and also between CN unit and the two oxygens of the phosphonic acid.

[bookmark: _Ref29131410]Table 4: The adsorption energies of all dye@(TiO2)9 and The difference in absorption energy between each dye@(TiO2)9 and BASE@(TiO2)9.

1.1.3. The spatial distributions of molecular orbitals
The spatial distributions of the occupied molecular orbital (HOMO), non-occupied molecular orbital (LUMO), HOMO-1, LUMO+1, and the relevant molecular orbital in the transition recorded for the absorption spectra of the studied dyes are determined and presented in Figure 4.  From Figure 4, we notice that the density of HOMO-1 and HOMO are mainly located on the dye for all studied dyes. Except for the BASE dye which the density of LUMO is located on the TiO2 surface, the densities of LUMO of the other dyes are located between BTD and the anchoring group. In addition, the LUMO+1 densities are located on the TiO2 for all dyes except for the BASE dye. The charge density difference for the first excited state and the ground state is located in the dye part for all the studied dyes.

[bookmark: _Ref29216554]Figure 5: Electronic distribution of frontier orbitals and density charge difference CDD of studied dyes@(TiO2)9. The isovalue used is 0.02 for FMO and 0.0004 for CDD. Colour for FMO (red: negative density, green: Positive density) and CDD (yellow: for electron, blue: for hole).

2.3. Optical absorption properties
Since the absorption properties of the dye represent the capability of the photon harvesting in different parts of the electromagnetic spectrum, the performance of the sensitizers is severely influenced by the photoelectric properties of the dye. UV-Vis absorption spectra of the studied dyes were simulated, using the time-dependent DFT/BHandH/6-311G(d) method and illustrated in Figure 5. The molecular information of the electronic transitions, including the maximum wavelengths λmax, oscillator strengths f, excitation energies of the lowest excited states of the dyes, and S1-S3 in singlet-singlet states of the absorption bands were calculated and presented in Table 5. 

[bookmark: _Ref27924991]Table 5: The transition properties λmax (nm), oscillation strength f, calculated LHE (%), and Composition of the dyes studied in chloroform via BHandH/6-311G (d).

According to the results in Table 5, the adding of C=C and CN moieties of the sensitizers influence the corresponding UV-Vis spectrum. Since the simulated absorption spectra of the phosphonic acid-based sensitizers, CC, CCCN1, and CCCN2 have larger values of the molar extinction coefficient and are redshift in the wavelength in comparison with the BASE dye, which is in agreement with the experimental results48. This may be due to the elongation of the π-conjugated backbone. Also, those dyes exhibit a higher oscillation strength. Moreover, the CCCN1 and CCCN2 dyes have the second excitation in the visible spectrum.

[bookmark: _Ref27929841]Figure 6: Absorption spectra of the studied dyes@(TiO2)9 in chloroform solvent by BHandH/6-311G(d) method.

The maximum absorption wavelengths (λmax) of all the dyes are in the following order CCCN2 > CCCN1 > CC > BASE and their absorption spectra show significant red-shifts compared to BASE dye. 
2.4. NBO charge analysis
The natural charges on the fragments of the adsorbed dyes were evaluated using NBO44 analysis, which elucidates the understanding of the intramolecular charge distribution and interaction. Table 6 summarizes the natural charges for the ground state, using NBO 3.1 implemented in the G09 package suite33. To qualitatively explore the electron transfer, the natural population analysis was calculated at the CPCM/BHandH/6-311G(d)/LANL2DZ. 

Figure 7: fragments schematic of the studied dyes

[bookmark: _Ref28373993]Table 6:  Analysis of NBO charges of the fragments of the studied dyes in (e).

The order of NBO charge of Donor moiety is order as CC@(TiO2)9 <  BASE@(TiO2)9 < CCCN1@(TiO2)9< CCCN2@(TiO2)9. The addition of C=C moiety changes the donation force of the donor in the BASE dye. Those values increased slightly when adding CN moiety. Besides,  the position of the CN moiety has a little effect on the NBO charge value of the Donor, in which CCCN2  has the larger value of NBO charge. Also, the increasing order of NBO charge of Acceptor1 moiety is as follows: CCCN2@(TiO2)9 < CCCN1@(TiO2)9  <CC@(TiO2)9  <BASE@(TiO2)9. The inclusion of C=C moiety decreases the withdrawing force of the Acceptor1 of the CC dye in comparison to the BASE dye. The Acceptor1 plays the role of donor in the BASE and CC dyes. When adding CN moiety, those values decrease dramatically for CCCN1 and CCCN2 dyes respectively, which reveals that the Acceptor1 in the CCCN2 dye has the highest withdrawing force.  The values of the NBO charge of the Bridge are as follows: as BASE@(TiO2)9 <  CC@(TiO2)9 <  CCCN1@(TiO2)9< CCCN2@(TiO2)9. in case of the BASE dye the Bridge is an acceptor unit. When adding the C=C moiety, the Bridge unit accts as a donor. More than that, the inclusion of the CN moiety has enhanced the donor capability of the Bridge unit in favor of the CCCN2 dye. The withdrawing force of the Acceptor2 has decreased as follows: CC@(TiO2)9 < BASE@(TiO2)9 < CCCN1@(TiO2)9< CCCN2@(TiO2)9. The CCCN2 dye presents the lowest NBO charge value for the Acceptor2 which eases the CT. The increased order of NBO charge values of the (TiO2)9 unit is as follows: CCCN2@(TiO2)9<  CCCN1@(TiO2)9 < BASE@(TiO2)9< CC@(TiO2)9. The larger NBO charge value by the (TiO2)9 is exhibited by the CC dyes which means that a good charger transfer has taken place for this sensitizer. The high withdrawing capability of the CN moiety probably has decreased the charge transferred to the  (TiO2)9 unit which is slightly noticed for the CCCN2.

Figure 8: The calculated NBO charge of studied dyes.

2.5. Charge transfer model
Light absorption by the dyes profits from the transition of ICT and excited states with considerable charge separation properties 49. It might be facilitated by ultrafast interfacial electron injection from the sensitized dye to the CB of TiO2. Also, such a process could diminish the degree of electron recombination with the oxidized dye50. Complete descriptions of the equations can be found in the literature or the Multiwfn manual. The electron density variation (Δρ) from the excited state (ES) to the ground state (GS) is given by51,52:
 				
Where Δρ(r) is  (ρ+(r),ρ-(r)) the positive and the negative part. 
The barycenter positive and the negative parts(C+, C-) of the spatial regions calculated as:
			
			
The integration of all ρ+(ρ-) over space is the transferred charge qCT, this value comprised between 0 and 1. 
The charge transfer excitation length DCT the spatial distance between two barycenters  (positive, negative ) of density distribution is defined below:
					
Where C+(r) and C-(r) the centroids of the charges associated with the positive and negative density regions, respectively. The difference between the dipole moment between the ground and excited states (μCT) is as follows:
					
Index H is defined as:
						
Where σ±x is the deviation for the positive or negative components along the x-axis is defined as follows:
					
The difference between the calculated DCT and H denoted as the tindex is calculated as:
					
 If tindex >1.6 Å,  that means that the used functional presents a bad description of the transition energy associated with a CT excitation. However, if tindex < 1.6 Å, the functional shows a good description of the transition charge transfer53. Table 7 presents the qCT(a.u), Dindex(Ǻ), Δµ(D), HCT(Ǻ), Hindex(Ǻ), tindex(Ǻ) and Overlap integral between (C+ and C-) of the studied dye@(TiO2)9. The quantity of charge transferred qCT ongoing from the ground to the excited state qCT was found to depend on the type of the dye as well as the position of CN moiety. The leading calculated value of qCT among the studied dyes was exhibited by the CCCN1 dye where the other dye is in the order CC < BASE < CCCN2 < CCCN1. 
[bookmark: _Ref29133527]Table 7: The qCT(a.u), DCT(Ǻ), Δµ(D), HCT(Ǻ), Hindex(Ǻ), tindex(Ǻ) and Overlap integral between (C+ and C-)  of the studied dye@(TiO2)9 using TD-DFT/BHandH/6-311G(d) level of theory.

The calculated (Dindex) shows that the elongation of the BASE by C=C moiety decreases dramatically the distance between the two barycenters whereas the addition of the withdrawing group tends to increase this distance in favor of the position near the phosphonic acid functional group for CCCN2 dye. On the other hand, the calculated change in molecular dipole moment ongoing from the ground to the excited state has the same trend as Dindex. The highest calculated value of Δμ for all dyes was found with CCCN2 dye. A comparison between the calculated DCT and Hindex values for the studied dyes showed that all the calculated DCT values were found to be smaller than the calculated Hindex values. For all studied dyes, tindex is negative which reveals that the barycenters of positive and negative charges are close.
2.6. Open-circuit voltage Voc 
In general, it is crucial to enhance the open-circuit voltage (Voc), short-circuit current ( Jsc), and fill factor (FF) to produce high-efficiency solar cells. The Voc, Jsc, and FF are mainly dependent on the electronic and electrical properties of the materials used to make the electron transporting layer (ETL). In particular, Voc in the DSSCs and PSCs is principally determined by the energy level differences in the junction between the Ef (the quasi-Fermi level) in ETL/redox potential (I-/I3-) in the electrolyte and the Ef in the ETL/perovskite absorber, respectively54,55. The Voc can be estimated as 56–58:

Where ECB is the CB level of semiconductor, ΔECB is the CB level shift of semiconductor caused by the dye adsorption, nc is the free electron density in the CB, NCB is the accessible state density in the CB, Eredox is the redox potential of electrolyte, kBT is the thermal energy, and e is the unit charge. According to the previous study, the nc is about 1018–1019cm-3 for typical DSSC devices under operating conditions 59, and the NCB is equal to 7.0×1021 cm-3 60. Then, these two values were used to calculate the Voc in our simulation. The ΔECB can be obtained by 61,

where μnormal is the dipole moment of individual dye perpendicular to the semiconductor surface, γ is the concentration of dyes adsorbed on the semiconductor surface, ε0 is the vacuum permittivity, and ε is the dielectric permittivity of solvent. The μnormal has crucial influences on the ΔECB, so for the studied dyes. We have considered the dipole moment over the y-axis as the μnormal. The estimated μnormal and ΔECB values for all studied dyes were listed in Table 8. As seen, except for the CC dye the designed dyes have larger μnormal values than the BASE dye.

[bookmark: _Ref27932588]Table 8: The calculated normal dipole moments, conduction band level shift (ΔECB), and open-circuit voltage (Voc) for all studied dyes.

From Table 8, the μnormal values are classified in absolute values as follows: CC@(TiO2)9 <  BASE@(TiO2)9 < CCCN1@(TiO2)9 < CCCN2@(TiO2)9. The order of ΔECB follows the same order as the absolute μnormal values. The inclusion of the C=C unit decreases the shift of the conduction band but the addition of CN moiety increases the values of ΔECB. In our model, the position of the CN moiety does not affect the value of ΔECB. The classification of the open-circuit voltage Voc follows the same order as ΔECB. Furthermore, the predicted value of Voc for the BASE dye is very close to the experimental value recorded in the previeous study45. The inclusion of a withdrawing moiety increases more the Voc, but the position the CN withdrawing moiety does not affect the value of the Voc. 
2.7. Short circuit current density Jsc 
The Jsc is a key parameter for the DSSC devices, which can be estimated with the following equation58:

where the LHE(λ) is the light-harvesting efficiency which is calculated by the following equation:

where ε(λ) is the molar absorption coefficient at a fixed wavelength, b is the thickness of TiO2 film, and c is the dye concentration. According to the experiments, the b and c were set as 15μm and 0.3 10-3 mol.L-1, respectively, in this work45. , ηinj is the electron injection efficiency, ηcoll is the electron collection efficiency, q is the unit charge, and Is(λ) is the corresponding photon flux of the solar radiation spectrum at a fixed wavelength. The ηinj and ηcoll are taken in our model equal to 157,58.  Figure 8 presents the simulated LHE spectra in the function of the wavelength of the studied dyes.
[bookmark: _Ref29057972]
Figure 9: LHE(%) for all studied dyes.

Figure 9 illustrates the accumulated Jsc in the function of the wavelength of the studied dyes. The increasing order of overall PCE values for all studied dyes is as follows: BASE@(TiO2)9 < CC@(TiO2)9 < CCCN1@(TiO2)9 < CCCN2@(TiO2)9. The elongation of started dye BASE by C=C moiety increases more the Jsc although the inclusion of the CN moiety increases more the Jsc values. The position of the CN moiety has a small effect on the value of the Jsc. The insertion of the CN moiety close to the anchoring group (CCCN2 dye)  increases the ability of harvesting light by 0.51 mA.cm-2 larger than CCCN1 dye.

[bookmark: _Ref29058085]Figure 10:accumulated Jsc values for all studied dyes.

2.8. Fill factor FF and overall power conversion efficiency PCE(η)
The fill factor is known by his abbreviation as FF. It’s a parameter that determines the maximum power from the solar cell. FF can be calculated by the following approximate relationship62:

where νoc is the dimensionless voltage, which can be estimated with63:

where kB the Boltzmann constant, T the temperature, and e the unit charge,  n is an ideality factor. According to the previous study, DSSCs typically have ideal factors in the range of 1.0–2.062. As known, the overall PCE (η) is one of the most quantitative parameters that describe the DSSC performance, which is directly related to the open-circuit voltage, Voc; short-circuit current density, Jsc; and fill factor, FF. And it can be expressed as follows64,65:

where Pmax is the maximum power of the DSSC devices, and Pin (= 100mW·cm-2) is the incident solar power on the cell. The νoc, FF, Jsc, and PCE values for all studied dyes are summarized in Table 9.

[bookmark: _Ref28956858]Table 9: Calculated νoc, FF, Jsc, and PCE values for all studied dyes.

From Table 9, the νoc values are classified as follow : CC@(TiO2)9 <  BASE@(TiO2)9 < CCCN1@(TiO2)9 < CCCN2@(TiO2)9. The inclusion of C=C moiety has decreased slightly the value of CC@(TiO2)9 dye in comparison to BASE@(TiO2)9 while the inclusion of withdrawing moiety CN has increased the values of  CCCN1@(TiO2)9 and CCCN2@(TiO2)9 respectively. The position of the CN moiety has almost no effect on the value of the νoc, which increases the value of the CCCN2@(TiO2)9  by only 0.02 in comparison to CCCN1@(TiO2)9. The νoc values have the same tendency as the Voc which depends on the normal dipole moment, dyes with larger normal dipole moment exhibit higher Voc and the higher νoc. Moreover, the FF values have the same tendency as the νoc, because this parameter depends on νoc. The Jsc is related to the LHE, stronger and broader absorption spectra of the dye has the capability of harvesting incident photon, more the Jsc is important. As shown in the previous paragraph, the elongation of started dye BASE by C=C moiety increases more the Jsc. Although the inclusion of the CN moiety increases more the Jsc values, where the insertion of the CN moiety close to the anchoring group (CCCN2 dye)  increases the ability of harvesting light 0.51 mA.cm-2 larger than CCCN1 dye. Additionally, the increasing order of overall PCE values for all studied dyes is as follows: BASE@(TiO2)9 < CC@(TiO2)9 < CCCN1@(TiO2)9 < CCCN2@(TiO2)9. The order of the PCE values has the same tendency as the short circuit current density Jsc. It’s noticed that our predicted value of PCE is very close to the experimental value recorded by Stalder et al45. The elongation of the π-conjugated backbone by the C=C unit has enhanced the PCE by 0.54% in comparison to the started dye. Also, adding CN withdrawing unit to the CC dye increases more the PCE by 1% for the CCCN2 dye and 0.71% for the CCCN1 dyes. The calculated PCE for the CCCN2 dye is larger than the started dye by 1.52%. These results are in line with the experimental PCE value reported by Liao et al.48 for oligothiophene with only phosphonic acid as an anchor group (0.69%)  and with the cyanovinyl phosphonic acid as an anchor group (2.3%). 
3. Conclusion
In this research, the theoretical potential of the metal-free organic dyes, BASE, CC, CCCN1, and CCCN2 phosphonic acid-based dyes was investigated on (TiO2)9 anatase (101). Their geometrical, electronic and photovoltaic parameters were predicted using density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations, via the functional BHandH in combination with the Poples basis set 6-311G(d) for small atoms and pseudo-potential basis set LANL2DZ for Titanium atom at the chloroform solvent medium via the implicit CPCM model. The results showed that the inclusion of the C=C and the CN moieties decreases the HOMO–LUMO gap, and redshifts the absorption spectra. The photoelectric conversion efficiency (PCE) for the T4BTD-A dye was estimated to be about 6.57 % under the standard AM 1.5G solar radiation, which is in excellent agreement with its measured value of 6.40 %, suggesting that our calculation scheme is consistent. Moreover, the predicted PCE value after elongation of T4BTD-A by C=C and CN has increased to 7.11 % and (7.82 %, 8.09 %) respectively. Our results revealed that the addition of CN electron-withdrawing moiety enhances the PCE of the studied dyes, while the position of CN moiety has a slight effect on the PCE of the studied dyes. What’s more, our calculation suggests that the CCCN1 and CCCN2 are good candidates as efficient sensitizers for dye-sensitized solar cell DSSCs applications.
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