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Dye-sensitized solar cells (DSSCs) have been widely investigated; however, the development of promising dye sensitizers is still appealing. In this work, we perform a detailed theoretical search for high-efficiency D-π-A organic dyes using density functional theory and time-dependent density functional theory calculations. Specifically, we perform geometric optimization, and electronic structure and absorption spectra calculations for isolated dyes for two thieno[3,2-b]benzothiophene π-spacer-based D-π-A organic dyes SGT129 and SGT130, which show significant efficiency difference, before and after binding to a TiO2 semiconductor. The calculation results reveal that the coplanar configuration between the electron donor and the π-spacer can enhance electronic communication efficiently, thus facilitating intra-molecular charge transfer from the electron donor to the acceptor groups in SGT130. The absorption spectrum of SGT130 broadens and is red-shifted owing to the decreased bandgap. The higher light-harvesting efficiency, favorable intra-molecular charge transfer, larger shift of the conduction band edge in the TiO2 semiconductor, and slower charge recombination between the injected electrons in the TiO2 conduction band and the electrolyte explain the superior efficiency of SGT130 over that of SGT129. Using SGT130 as the reference dye, we further design four novel dyes 1–4 by modifying the π-spacer with electron-rich and electron-withdrawing moieties. Judging from the theoretical parameters influencing the short-circuit current and open-circuit voltage, we found that all dyes would perform better than SGT130 in terms of the favorable interfacial charge transfer (ICT) and light-harvesting efficiency, as well as the larger shift of the TiO2 conduction band edge. Our theoretical research is expected to provide valuable insights into the molecular modification of TBT-based D-π-A organic dyes for DSSC applications.
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INTRODUCTION

Depletion of fossil fuels and the resulting environmental issues have led to increased interest in the search for alternative energy sources. The solar cell, a device that converts solar energy into electricity, offers a valuable solution to this problem. Among various photovoltaic devices, dye-sensitized solar cells (DSSCs) are prominent owing to their obvious advantages of low cost, high power conversion efficiency, and easy fabrication relative to Si-based solar cells (O'Regan and Grätzel, 1991; Grätzel, 2001). DSSCs have the following four primary parts: dye sensitizer, TiO2 semiconductor, electrolyte, and counter electrode. Among them, the dye sensitizer is crucial in the operation of DSSCs as it is responsible for the capture of photons and generation of photo-excited electrons. The excited electrons are subsequently injected to the semiconductor conduction band, leaving the oxidized dye for subsequent reduction by an electrolyte.

The DSSC performance can be tuned by regulating the molecular structure of the dye sensitizer while keeping the other components unchanged. In the past decades, a large number of attempts have been made to develop novel dyes (Chen et al., 2011; Tseng et al., 2014; Wu et al., 2015; Mandal et al., 2016; Eom et al., 2017; Li P. et al., 2017b; Li Y. et al., 2017; Wang et al., 2017; Zhang et al., 2017; Dhar et al., 2018; Li et al., 2018a; Lu et al., 2018a,b; Wen et al., 2018; Xu et al., 2019) for DSSCs. Polypyridyl ruthenium complex dyes (e.g., N719; Chung et al., 2012) have been demonstrated to result in high device efficiency. However, ruthenium dyes are inappropriate for large-scale solar energy utilization applications because they are costly and cause environmental pollution. Continuous research efforts have been devoted to the development of low-cost, environment-friendly, and easily tuneable metal-free organic sensitizers (Zhang et al., 2012a; Li et al., 2014c,d; Li M. et al., 2015; Arbouch et al., 2017; Li P. et al., 2017a; Lu et al., 2018b). In addition, organic dyes have higher molar extinction coefficients and a broader absorption band in the long-wavelength region of the solar spectrum. However, the efficiency of organic dyes is relatively low compared with that of ruthenium dyes, but it can be improved by extensive structural modification owing to their geometrical flexibility.

Most organic dyes have a D-π-A structure, where D/A and π refer to the electron donor/acceptor and π-bridge groups, respectively. This type of structure facilitates intra-molecular charge transfer upon photo excitation with a conjugated linker acting as a bridge to enable the transfer of electrons generated by the donor group to the acceptor group. The electron acceptor grafts the dye onto the semiconductor surface; subsequently, the exited-state electrons from the dye sensitizer can be injected into the conduction band (CB) of TiO2 by appropriate energy alignment of the dye/semiconductor interface system. Generally, the following points must be considered when designing novel dyes: the highest occupied molecular orbital (HOMO) should be below the redox potential of I−/[image: image]; the lowest unoccupied molecular orbital (LUMO) above the conduction band edge must facilitate dye regeneration and electron injection; the HOMO–LUMO gap must be small to maximize light-harvesting efficiency; and strong electronic coupling must exist between the LUMO of the dye and the CB of TiO2 to ensure fast interfacial charge transfer (ICT). All these factors have been discussed widely in previous works (Li W. et al., 2015; Lu et al., 2018b) and used as guidelines to screen potential candidates for dye sensitizers.

The π-bridge group is crucial in enhancing the performance of DSSCs because it can primarily affect the HOMO and LUMO energy levels, and thus, the absorption spectrum that is important for light harvesting. In addition, the planar conformation of the π-bridge group favors the electronic communication between the electron donor and acceptor groups, and facilitates intra-molecular charge transfer. A large number of π-bridge groups have been developed from experimental and theoretical viewpoints (Bouit et al., 2012; Zhang et al., 2012b, 2014; Cai et al., 2013; Gao et al., 2014; Eom et al., 2015). Recently, π-bridges based on fused heterocyclic moieties such as thieno[3,2-b]benzothiophene (TBT) have drawn significant attention, and their potential application as the core for functionalization has been demonstrated in the field of organic transistors and ferroelectric liquid crystals given their advantages such as planar conformation, asymmetric structure, and thermal stability (Košata et al., 2004). In addition, these π-bridges perform well as coupling mediators owing to their good intra-molecular charge transfer properties. However, the weak electron-donating ability of the TBT moiety owing to the presence of benzothiophene (BDT) limits extensive applications of the corresponding π-bridges. This problem can be solved organically by utilizing the electron-withdrawing ability of BDTs, which can enhance photo absorption and allow us to introduce the TBT moiety into the π-bridge group of D-π-A organic dyes.

Recently, Eom et al. reported a series of TBT-based organic dyes for DSSC applications (Eom et al., 2015). The representative dyes are SGT129 and SGT130, as illustrated in Figure 1; both dyes comprise a triphenylamine (TPA), TBT unit, and cyanoacrylic acid as the electron donor, π-bridge, and electron acceptor groups, respectively. The primary difference between these two dyes is that SGT129 contains a TBT π-bridge group, whereas in SGT130, the phenyl unit of the TPA donor is fused with the thiophene unit of the TBT group. According to experiments, the power conversion efficiency of SGT130 after the introduction of a benzothiadiazole-phenyl (BTD-P) unit as an auxiliary acceptor is twice that of SGT129. The reason for a large difference in efficiency between the dyes is intriguing given the small structural variation, and this has triggered research toward improving the performance of SGT130. Herein, we first rationalize the experimentally observed performance difference between SGT129 and SGT130 by density functional theory (DFT) calculations and time-dependent DFT (TDDFT) investigations. We calculate the geometrical structure, electronic structure, and optical properties of the isolated dyes, as well as the charge transfer at the dye/TiO2 interface, which is the basis of the photo-to-current conversion device. Subsequently, we designed four novel dyes based on SGT130 by substitution of the BTD-P unit with other frequently used electron-withdrawing groups. The calculation results indicated that the SGT130 dye has enhanced photocurrent and voltage compared to the SGT129 dye owing to its better optical absorption, efficient intra-molecular charge transfer, large TiO2 CB shift, and slow charge recombination between the injected electron in the semiconductor and electrolyte, which agreed with the experimental results. We further demonstrated that all the designed dyes would be potential high-efficiency dye sensitizers as they perform well on key parameters influencing the photovoltaic efficiency. The current theoretical research demonstrates the potential of fine tuning the TBT-based π-spacer to develop highly efficient D-π-A organic dyes, which is of particular importance for further optimization of DSSCs.
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FIGURE 1. Sketch representation of the studied dyes.



COMPUTATIONAL DETAILS

Theoretical Method

The performance of DSSCs can be characterized by the power conversion efficiency (PCE, η), and can be expressed as follows:
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Where Jsc is the short-circuit current density of DSSCs under the sunlight irradiation, ff is the filling factor, and Voc is the open-circuit photovoltage under the same operation condition. Voc can be determined by the following formula (Marinado et al., 2010):
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Where q is the unit charge, Ecb is the CB edge of the TiO2 semiconductor, and Eredox is the redox potential of the [image: image]/I− electrolyte; κT is the thermal energy under room temperature; NCB is the effective state density of the TiO2 conduction band; nc is the number of electrons in the conduction band. Obviously, from equation 2, Voc depends primarily on the energy difference of Ecb and Eredox; a larger shift in the TiO2 CB edge (ΔEcb) will produce a positive impact on the Voc. Jsc can be expressed as follows (Lu et al., 2017):
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Where LHE(λ) is the light-harvesting efficiency at a given wavelength, λ; φinject is the electron injection efficiency; ηcollect is the charge collection efficiency; ηreg is the dye regeneration efficiency; φph.AM1.5G is the photon flux under AM1.5 solar irradiation; LHE(λ) can be further determined by the following equation:
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Where ε(λ) is the molar absorption coefficient associated with the excited states, b, and c are constants that are determined by the DSSC device. The theoretical maximum photocurrent [image: image] can be obtained if φinject, ηcollect, and ηreg equal 1. [image: image] reflects the maximum and idealobtainable photocurrent.

Computational Methods

Optimizations and electronic structure calculations of free dyes were performed using the Gaussian09 program (Frisch et al., 2009) using the B3LYP/6-31G(d) (Becke, 1993) level of theory in the gas phase. The absorption spectra were simulated using the CAM-B3LYP/6-31G(d) (Yanai et al., 2004) in the tetrahydrofuran (THF) solvent. The solvent effect was included with the polarizable continuum model (PCM) (Cossi et al., 2002). To reduce the computational cost, the long alkyl chains of all dyes were replaced by methyl groups, which has been validated in previous works (Li et al., 2014b). The charge recombination between the injected electron and electrolyte was evaluated by calculating the binding energy of I2 to different binding sites of the dye. Hence, the LanL2DZ [6-31G(d)] base set for I (C, H, O, N, S) atom were used (Hay and Wadt, 1985). We used the M06-2X DFT functional (Zhao and Truhlar, 2008) for the optimization of the dye-I2 system as it provides good results for such weak interaction systems. The basis set superposition error (BSSE) of the binding energy for the dye-I2 interaction was considered by the counterpoise method (Boys and Bernardi, 1970). The analysis of the excited electron density difference between the ground state and excited state was performed using the Multiwfn program (Lu and Chen, 2012). To study the interaction of the dye and TiO2 surface, we prepared a stoichiometric (TiO2)38 cluster and exposed its (101) surface. The (TiO2)38 cluster model was applied successfully to model the dye-sensitized TiO2 system (Li et al., 2014c,d; Li W. et al., 2015). For the geometric optimization of the (TiO2)38 cluster and dye/TiO2 combined system, the plane wave DFT method in conjugation with the generalized gradient approximation (GGA) of Perdew–Burke–Ernzerhwas used, as implemented in the Vienna ab initio simulation package code (Kresse and Hafner, 1993, 1994). The description of valence electrons is based on a plane wave basis set with an energy cut-off of 400 eV, using the gamma-only k-point. Vacuum layers were added to the x, y, and z directions to ensure no boundary interaction.

RESULTS AND DISCUSSION

Figure 1 shows the structures of the investigated dyes. It has been widely accepted that the planar conformation of the π-bridge group ensures the good electronic communication between the electron donor and acceptor, as shown by the work of Li P. et al. (2017a): We can expect that the torsion angles between the electron donor and π-bridge in SGT129 is larger than those in SGT130. this is due to the steric hindrance of the adjacent phenyl units from the TPA donor and TBT π-spacer. The use of a fused-ring building block in SGT130 reduces the dihedral angle between the thiophene unit and the phenyl unit of the TPA donor, thereby maintaining good coplanarity and rigidity. The improved coplanarity improves the π-conjugation between the electron donor and acceptor via the π-bridge, thus benefitting the electron delocalization and further intra-molecular charge transfer, as reported in early theoretical works (Li et al., 2014d; Li P. et al., 2017b).

The intra-molecular charge transfer is closely related to the frontier molecular orbital energy levels and its distribution. Figure 2 presents the HOMO and LUMO energy levels and HOMO–LUMO energy gap calculated at the B3LYP/6-31G(d) level of theory. As shown, the HOMO level of SGT129 and SGT130 are located at −6.067 and −5.975 eV, respectively, and the HOMO of SGT130 is slightly upshifted by 0.1 eV. The Calculated LUMOs are −1.790 and −1.973 eV for SGT129 and SGT130, respectively, and a larger upshift of 0.163 eV is observed for the LUMO levels of SGT130. Both dyes exhibit HOMOs that are lower than the redox potential of I−/[image: image], and LUMOs that are higher than the conduction band edge of TiO2, thus guaranteeing the energetically favorable dye regeneration and electron injection. Compared with the SGT129 dye, the introduction of the BTD-P unit destabilizes both HOMO and LUMO levels, leading to the reduction in the HOMO–LUMO gap. The smaller HOMO–LUMO gap favors the harvest of more sunlight in the long-wavelength region. Figure 3 shows the charge density distribution of HOMO and LUMO of both dyes. For SGT130, the HOMO is primarily localized on the electron donor and TBT moiety, and LUMO is primarily distributed on the cyanoacrylic acid and adjacent π-spacer group. Both HOMO and LUMO exhibit large overlaps on the π-bridge group, thus creating favorable spatial distributions for the intra-molecular charge transfer process. It is interesting that the HOMO of SGT129 dye contributes less from the TBT moiety; this is due to the less planar structure between the TPA donor and TBT unit that is unfavorable for the electronic communication and intra-molecular charge transfer process. The intra-molecular charge transfer process can be visualized clearly from the charge density difference between the excited state and ground state, as shown in Figure 3. The blue (purple) area refers to the charge density decreasing (increasing) regions. For SGT129, most of the charge density decreasing regions occur at the electron donor, whereas the charge density increasing region occurs at the electron acceptor and TBT moiety. Using a fused-ring building block and the introduction of the BTP-P moiety render more decrease in charge density and increasing regions centered at the π-spacer. The analysis of two centroids C+/C− corresponds to the increasing charge density and coincides with this observation.
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FIGURE 2. Calculated HOMO-LUMO energy levels and HOMO-LUMO energy gaps for all dyes.
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FIGURE 3. Computed HOMO and LUMO distributions, charge density difference(Δρ) between excited state and ground state, and centroids of charge density decreasing/increasing for SGT129 and SGT130. The purple (blue) color indicates a charge density increasing (decreasing).



We next evaluate the optical property of SGT129 and SGT130. It is well-known that the absorption spectrum of the dye sensitizer should encompass most of the solar spectrum to maximize sunlight harvesting. We simulated the absorption spectra at the PCM/TD-CAM-B3LYP/6-31G(d) level of theory in the THF solution, as presented in Figure 4. The excitation energy, oscillator strength, and electronic transitions are summarized in Table 1. As shown, all dyes comprise a major absorption band in the long wavelength region. The simulated absorption peaks for SGT129 and SGT130 are located at 417 and 494 nm, respectively, which agree with the experimental values of 426 and 514 nm, respectively. The absorption peak red shifted in SGT130 because of the decreased HOMO–LUMO gap; this can be further attributed to the better coplanarity between the electron donor and TBT unit, and the introduction of the electron-withdrawing BTD-P moiety. In addition, the relative trend on the intensity of the major absorption band agrees with the experimental observation (Eom et al., 2015). Therefore, the accuracy of the PCM/TD-CAM-B3LYP/6-31G(d) level of theory for the simulation of the optical properties of the investigated dyes can be validated. For both dyes, the lowest-lying excitation that dominates the primary absorption band can be attributed to the intra-molecular charge transfer based on the analysis above of the HOMO and LUMO charge density distributions. SGT130 exhibits the stronger light absorption ability owing to the red-shifted and broadened absorption spectrum that is necessary to produce a large photocurrent response. We also calculated the theoretical maximum photocurrent, [image: image], using the theoretical methodology described in the Method section. The LHE(λ) curves are presented in Figure 5, and the calculated [image: image] are listed in Table 1. The simulated [image: image] are ~6.98 and 14.52 mA cm−2 for SGT129 and SGT130, respectively, which agree with the experimental trend (Eom et al., 2015).
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FIGURE 4. Simulated absorption spectra for all dyes at the PCM/TD-CAM-B3LYP/6-31G(d) level of theory.




Table 1. Calculated lowest-lying excitation energy, oscillator strength (f), charge transfer parameters, TiO2CB shift (ΔEcb), theoretical maximum photocurrent ([image: image]), interface charge transfer time (τ) of all dyes.
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FIGURE 5. The sun light irradiation spectrum at AM1.5 (gray line) and calculated wavelength-dependent light-harvesting efficiency curves for all dyes.



To evaluate the extent of intra-molecular charge transfer quantitatively, we calculated the charge transfer parameters for the investigated dyes, such as dCT, qCT, H, and t, as listed in Table 1. qCT represents the amount of the transferred charge. dCT represents the distance of charge transfer; H represents the space distance between the centers of gravity of the density depletion/enhancement; t represents the degree of overlap between the charge density increasing/decreasing region. More details regarding these parameters can be found elsewhere (Le Bahers et al., 2011; Li et al., 2014d). It is shown that all the calculated t are smaller than 1.7 Å, which serve as the threshold of the through-space transition, as previously defined in literature(Ciofini et al., 2012; Jacquemin et al., 2012), indicating that both dyes exhibit no through-space transition character. The charge transfer distance is ~5.658 Å for SGT129 and 5.269 Å for SGT130. This difference can be rationalized through the analysis of charge density difference between the excited state and ground state, and the centroid of the charge density increasing and decreasing areas, as shown in Figure 3. The intra-molecular charge transfer in SGT130 is relatively more efficient as it contains the larger amount of transferred electron, 0.701 e, considerable length of charge transfer, 5.269 Å, and smaller t.

The dye/TiO2interaction is important in determining the interface electron injection rate and thus the device performance. We adopted the (TiO2)38 cluster to model the surface structure of TiO2. The bidentate binding mode was used as the binding mode for the dye adsorption onto the (TiO2)38 cluster. This binding mode is the most stable form for the adsorption of dyes with cyanoacrylic acid acceptors (Li et al., 2014b). The (TiO2)38 cluster model has been widely used to investigate the dye/TiO2 interaction with smaller computation cost. Also, (TiI2)38 model has been demonstrated to nicely reproduce the bandgap of bulk TiO2 (Lundqvist et al., 2006). The interface charge transfer depends on the electronic coupling between the dye excited state and TiO2 CB state. To understand the mechanism of electron injection, we computed the electronic structure of the dye/TiO2 system, and present the electron donor and acceptor states together with the charge density difference between the excited state and ground state in Figure 6. Generally, the strength of electronic coupling is reflected by the overlap between the electron donor and acceptor states, as manifested by Fermi's golden rule. For SGT130, the electron donor group is distributed over the dye/TiO2 interface, and electron acceptor orbitals are localized on the TiO2 cluster. This is favorable for the interaction of electron donor and acceptor states, and thus the fast electron injection from dye excited state to TiO2 CB state. Inspection of the excited state charge density difference reveals that most of the electron decreasing and increasing regions are located at the dye/TiO2 interface, which is consistent with the analysis of the electron donor and acceptor states. Overall, the distribution of the electron donor and acceptor states creates a favorable overlap between the two states, and accelerates the interface charge transfer process.
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FIGURE 6. The charge density difference and electron donor and acceptor state responsible for interface charge transfer of dye-TiO2 systems.



Based on the optimized interface structure, we performed a quantum dynamics simulation of the interface charge transfer at the dye/TiO2 interface using the semi-empirical extended Hückel theory (EHT) combined with mean-field Ehrenfest dynamics. The electronic structure calculation is obtained using a tight binding EHT method. EHT method is able to provide the accurate results regarding the band structure and chemical bond with negligible computational costs due to the use of transferrable parameters compared to the ab initio method with the use of plane wave basis. EHT predicates well the properties of band and atomic bonding (Rego and Batista, 2003). The quantum dynamics method based on EHT and Ehrenfest methodology was developed by Rego et al. (Rego and Batista, 2003; Hoff et al., 2012; Monti et al., 2015; Torres et al., 2015) and has been applied successfully to investigate the interface charge transfer process in a number of systems (Li et al., 2014a,b; He et al., 2017; Lu et al., 2018a), with satisfied results achieved. More details regarding the validation of this methodology can be found elsewhere (Rego and Batista, 2003). During the simulation, the LUMO was chosen as the initial state for the propagation of the photo-excited electronic state, as the HOMO → LUMO transition represents the most probable photo excitation in these dyes. Figure 7 shows the time evolution of the population for the photo-excited initial state. P(t) is the time-evolved survival probability. We performed an exponential fitting, f(t) = exp(–t/τ), to obtain the electron injection time. The simulation results indicate that all dyes exhibit a fast timescale for the population decay compared to the nanoseconds charge recombination process (Li et al., 2018c). The fast electron injection process typically induces suppressed charge recombination and improves the photovoltaic efficiency (Li et al., 2018b,c,d,e).
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FIGURE 7. Time evolution of population starting from the photoexcited initial state.



Next, we will discuss the factors influencing Voc. As discussed in the Method section, Voc primarily depends on the TiO2Ecb that changes upon the adsorption of different dyes. A larger shift in TiO2 Ecb(ΔEcb) typically induces a larger Voc. To obtain the TiO2Ecb, we computed the partial state density (pDOS) of the dye/TiO2 combined system using the B3LYP/6-31G(d) level of theory. Subsequently, a linear fitting of the low energy range of the pDOS from −5 to −3 eV was performed, and the intercept of the fitting line with the energy axis was chosen as the Ecb (see Figure 8). The computed ΔEcb are listed in Table 1. As shown, SGT130 exhibits the larger ΔEcb; therefore, this dye would demonstrate a better Voc. In addition to the shift in TiO2Ecb, Voc was also subjected to the influence of the recombination between the injected electron in the TiO2 CB and electrolyte. In order to model this process, we consider the dye-I2 combined structure in which I2 binds to the possible binding sites of dyes, such as electron rich group, -CN, S, O, etc. Noted that we only consider the I2, previous simulations shown that the use of I2 for dye-electrolyte combined structure is more realistic and simplifies out simulation, whereas the overall conclusion is not changed. We present the optimized dye-I2 structure together with the binding energy in Figure 9. Generally, the I2 molecule must be placed far away from the TiO2 surface to minimize the recombination between the injected electrons in TiO2 and the electrolyte. The higher the binding site of I2, the less probable is the charge recombination. As shown for SGT129, the dye-I2-CN site possesses the largest binding energies of ~-6.41 kcal/mol than other sites. For SGT130, the most favorable binding site is the S1 atom of the TBT moiety with a binding energy equal to −8.33 kcal/mol. Therefore, for SGT130, the largest iodine concentration should occur around the S1atom, which might result in a slower charge recombination than SGT129. Overall, the larger the ΔEcb and the slower the rationalized charge recombination, the better is the Voc performance observed experimentally.
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FIGURE 8. Illustration of the determination of TiO2 Ecb based on the partial density of states of (TiO2)38 cluster.
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FIGURE 9. The optimized structures and binding energies of dye-I2 systems. Unit in kcal/mol.



In this section, we focus on the further optimization of SGT130 dye. Structures of the designed dyes are shown in Figure 1. The new dyes were designed by replacing the BTD-P moiety with electron-rich moieties, e.g., thiophene, 4H-cyclopenta[2,1-b:3,4-b′]dithiophene (CPDT), and 3,4-ethylenedioxythiophene (EDOT), or electron-withdrawing moieties, e.g., BTD derivatives. First, it is noteworthy that all the HOMO and LUMO levels satisfied the requirement as an efficient dye: HOMO levels are below the redox potential of [image: image]/I− and the LUMO levels above the TiO2 CB, see Figure 2. The HOMO–LUMO energy gap decreases in the order of 3 (3.998 eV) <2 (3.794 eV) <1 (3.737 eV) <4 (3.085 eV). The changes in the HOMO and LUMO levels depend on the ability in donating and accepting electrons. For dye 3, the introduction of electron-rich EDOT and CPDT moieties pushes the LUMO level up, thus enlarging the electron injection driving force. For dye 4, the replacement of EDOT with an electron withdrawing moiety destabilizes the LUMO level, decreases the HOMO–LUMO energy gap, and thus favors sunlight harvesting. All the designed dyes exhibit a larger theoretical maximum photocurrent than the reference dye, SGT130. In particular, dye 4 possesses the largest [image: image]. This is because the designed dyes comprise either red-shifted absorption bands or larger absorption coefficients. The quantum dynamics simulation of the interface charge transfer suggests that dyes 1–3 exhibit the faster electron injection process, and that dye 4 exhibits the comparable timescale of electron injection as compared with SGT130. A fast electron injection is required to compete with other unfavorable processes, and to avoid energy and charge losses. All the designed dyes exhibit a larger ΔEcb than SGT130, an indication of better Voc performance. Based on the analysis above, we conclude that all the designed dyes exhibit better photocurrent and voltage performance than the SGT130 dye.

CONCLUSIONS

We theoretically investigated and designed a series of TBT moiety-based D-π-A organic dyes for DSSC applications. DFT and TDDFT methods were used to perform the geometric optimization, and electronic structure and absorption spectra calculations for all dyes before and after binding to the TiO2 surface. The key parameters influencing Jsc and Voc were discussed. The calculation results revealed that the coplanar configuration between the donor and π-spacer enhanced electronic communication, thus benefitting the intra-molecular charge transfer from the electron donor to the acceptor via the π-spacer. The HOMO and LUMO of all dyes were lower than the I−/[image: image] redox potential, and were higher than the conduction band of TiO2. Thus, the dye regeneration and electron injection process will be efficient. The absorption spectrum of SGT130 broadened and redshifted owing to the decrease in the HOMO–LUMO energy gap. Consequently, the attainable photocurrent response increased. SGT130 dye exhibited a larger ΔEcb and slower charge recombination between the injected electron in the TiO2 CB and electrolyte, thus contributing to the better Voc performance. We conclude that SGT130dye demonstrated a higher efficiency than SGT129, which agreed with the experiments. With SGT130 as the reference dye, we further designed four novel dyes by modifying the π-spacer with electron-rich and electron-withdrawing moieties. According to the theoretical parameters influencing the Jsc and Voc, all dyes are promising in challenging the efficiency of SGT130 because they performed well on the light-harvesting efficiency,[image: image], ΔEcb, and interface charge transfer rate. Our theoretical research is expected to provide valuable insights into the further optimizations of D-π-A organic dyes for applications in DSSCs.

AUTHOR CONTRIBUTIONS

XX: design of the work data collection; Z-HL: data analysis and interpretation; F-QB: drafting the article; H-XZ: critical revision of the article.

FUNDING

This work was funded by the Natural Science Foundation of China (Grant Nos. 21873038 and 21573088), the Opening Foundation of State Key Laboratory of Chemo/Biosensing and Chemometrics of Hunan University and the Young Scholar Training Program of Jilin University.

ACKNOWLEDGMENTS

We acknowledge the support by the department of education, Jilin province, grant No. JJKH20180558KJ.

REFERENCES

 Arbouch, I., Cornil, D., Karzazi, Y., Hammouti, B., Lazzaroni, R., and Cornil, J. (2017). Influence of the nature of the anchoring group on electron injection processes at dye-titaniainterfaces. Phys. Chem. Chem. Phys. 19, 29389–29401. doi: 10.1039/C7CP05638A

 Becke, A. D. (1993). Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 98, 5648–5652. doi: 10.1063/1.464913

 Bouit, P.-A., Marszalek, M., Humphry-Baker, R., Viruela, R., Ortí, E., Zakeeruddin, S. M., et al. (2012). Donor-π-acceptors containing the 10-(1,3-dithiol-2-ylidene)anthraceneunit for dye-sensitized solar cells. Chem. Eur. J. 18, 11621–11629. doi: 10.1002/chem.201201022

 Boys, S. F., and Bernardi, F. (1970). The calculation of small molecular interactions by the differences of separate total energies. Some procedures with reduced errors. Mol. Phys. 19, 553–566. doi: 10.1080/00268977000101561

 Cai, N., Li, R., Wang, Y., Zhang, M., and Wang, P. (2013). Organic dye-sensitized solar cells with a cobalt redox couple: influences of π-linker rigidification and dye–bath solvent selection. Energy Environ. Sci. 6, 139–147. doi: 10.1039/C2EE23592G

 Chen, H., Cui, Q., Yu, G., Guo, Y., Huang, J., Zhu, M., et al. (2011). Synthesis and characterization of novel semiconductors based on thieno[3,2-b][1]benzothiophene cores and their applications in the organic thin-film transistors. J. Phys. Chem. Lett. 115, 23984–23991. doi: 10.1021/jp2081484

 Chung, I., Lee, B., He, J., Chang, R. P. H., and Kanatzidis, M. G. (2012). All-solid-state dye-sensitized solar cells with high efficiency. Nature 485, 486–489. doi: 10.1038/nature11067

 Ciofini, I., Le Bahers, T., Adamo, C., Odobel, F., and Jacquemin, D. (2012). Through-space charge transfer in rod-like molecules: lessons from theory. J. Phys. Chem. C 116, 11946–11955. doi: 10.1021/jp3030667

 Cossi, M., Scalmani, G., Rega, N., and Barone, V. (2002). New developments in the polarizable continuum model for quantum mechanical and classical calculations on molecules in solution. J. Chem. Phys. 117, 43–54. doi: 10.1063/1.1480445

 Dhar, A., Kumar, N. S., Paul, P. K., Roy, S., and Vekariya, R. L. (2018). Influence of tagging thiophene bridge unit on optical and electrochemical properties of coumarin based dyes for DSSCs with theoretical insight. Org. Electron. 53, 280–286. doi: 10.1016/j.orgel.2017.12.007

 Eom, Y. K., Choi, I. T., Kang, S. H., Lee, J., Kim, J., Ju, M. J., et al. (2015). Thieno[3,2- b][1]benzothiophenederivative as a new π-bridge unit in D-π-A structural organic sensitizers with over 10.47% efficiency for dye-sensitized solar cells. Adv. Energy Mater. 5:1500300. doi: 10.1002/aenm.201500300

 Eom, Y. K., Kang, S. H., Choi, I. T., Yoo, Y., Kim, J., and Kim, H. K. (2017). Significant light absorption enhancement by a single heterocyclic unit change in the π-bridge moiety from thieno[3,2-b]benzothiophene to thieno[3,2-b]indole for high performance dye-sensitized and tandem solar cells. J. Mater. Chem. A 5, 2297–2308. doi: 10.1039/C6TA09836C

 Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E., Robb, M. A., Cheeseman, J. R., et al. (2009). Gaussian 09. Wallingford: Gaussian, Inc.

 Gao, P., Tsao, H. N., Yi, C., Grätzel, M., and Nazeeruddin, M. K. (2014). Extended π-bridge in organic dye-sensitized solar cells: the longer, the better? Adv. Energy Mater. 4:1301485. doi: 10.1002/aenm.201301485

 Grätzel, M. (2001). Photoelectrochemical cells. Nature 414, 338–344. doi: 10.1038/35104607

 Hay, P. J., and Wadt, W. R. (1985). Ab initio effective core potentials for molecular calculations. Potentials for the transition metal atoms Sc to Hg. J. Chem. Phys. 82, 270–283. doi: 10.1063/1.448799

 He, L.-J., Wei, W., Chen, J., Jia, R., Wang, J., and Zhang, H.-X. (2017). The effect of D–[D e –π-A] n (n = 1, 2, 3) type dyes on the overall performance of DSSCs: a theoretical investigation. J. Mater. Chem. C 5, 7510–7520. doi: 10.1039/C7TC02499A

 Hoff, D. A., da Silva, R., and Rego, L. G. C. (2012). Coupled electron–hole quantum dynamics on D–π-A dye-sensitized TiO2semiconductors. J. Phys. Chem. C 116, 21169–21178. doi: 10.1021/jp303647x

 Jacquemin, D., Le Bahers, T., Adamo, C., and Ciofini, I. (2012). What is the “best” atomic charge model to describe through-space charge-transfer excitations? Phys. Chem. Chem. Phys. 14, 5383–5388. doi: 10.1039/c2cp40261k

 Košata, B., Svoboda, J., Novotná, V., and Glogarová, M. (2004). Synthesis and mesomorphic properties of liquid crystalline [1]benzothieno[3,2- b][1]benzothiophene derivatives. Liq. Cryst. 31, 1367–1380. doi: 10.1080/02678290412331282091

 Kresse, G., and Hafner, J. (1993). Ab initio molecular dynamics for liquid metals. Phys. Rev. B 47, 558–561. doi: 10.1103/PhysRevB.47.558

 Kresse, G., and Hafner, J. (1994). Ab initio molecular-dynamics simulation of the liquid-metal–amorphous-semiconductor transition in germanium. Phys. Rev. B 49, 14251–14269. doi: 10.1103/PhysRevB.49.14251

 Le Bahers, T., Adamo, C., and Ciofini, I. (2011). A qualitative index of spatial extent in charge-transfer excitations. J. Chem. Theory Comput. 7, 2498–2506. doi: 10.1021/ct200308m

 Li, M., Kou, L., Diao, L., Zhang, Q., Li, Z., Wu, Q., et al. (2015). Theoretical study of WS-9-based organic sensitizers for unusual vis/NIR absorption and highly efficient dye-sensitized solar cells. J. Phys. Chem. C 119, 9782–9790. doi: 10.1021/acs.jpcc.5b03667

 Li, P., Cui, Y., Song, C., and Zhang, H. (2017a). A systematic study of phenoxazine-based organic sensitizers for solar cells. Dyes Pigments 137, 12–23. doi: 10.1016/j.dyepig.2016.09.060

 Li, P., Wang, Z., Song, C., and Zhang, H. (2017b). Rigid fused π-spacers in D–π-A type molecules for dye-sensitized solar cells: a computational investigation. J. Mater. Chem. C 5, 11454–11465. doi: 10.1039/C7TC03112B

 Li, W., Bai, F.-Q., Chen, J., Wang, J., and Zhang, H.-X. (2015). Planar amine-based dye features the rigidified O-bridged dithiophene π-spacer: a potential high-efficiency sensitizer for dye-sensitized solar cells application. J. Power Sources 275, 207–216. doi: 10.1016/j.jpowsour.2014.11.013

 Li, W., Long, R., Hou, Z., Tang, J., and Prezhdo, O. V. (2018b). Influence of encapsulated water on luminescence energy, line width, and lifetime of carbon nanotubes: time domain ab initio analysis. J. Phys. Chem. Lett. 9, 4006–4013. doi: 10.1021/acs.jpclett.8b02049

 Li, W., Lu, T.-F., Ren, W., Deng, L., Zhang, X., Wang, L., et al. (2018a). Influence of exciton-delocalizing ligand on the structural, electronic, and spectral features of the Cd33S33quantum dot: insights from computational studies. J. Mater. Chem. C 6, 8751–8761. doi: 10.1039/C8TC03342K

 Li, W., Rego, L. G. C., Bai, F.-Q., Kong, C.-P., and Zhang, H.-X. (2014a). Theoretical investigation of the adsorption, IR, and electron injection of hydroxamate anchor at the TiO2 anatase (1 0 1) surface. RSC Adv. 4, 19690–19693. doi: 10.1039/C4RA01116C

 Li, W., Rego, L. G. C., Bai, F.-Q., Wang, J., Jia, R., Xie, L.-M., et al. (2014b). What makes hydroxamate a promising anchoring group in dye-sensitized solar cells? Insights from theoretical investigation. J. Phys. Chem. Lett. 5, 3992–3999. doi: 10.1021/jz501973d

 Li, W., Sun, Y.-Y., Li, L., Zhou, Z., Tang, J., and Prezhdo, O. V. (2018c). Control of charge recombination in perovskites by oxidation state of halide vacancy. J. Am. Chem. Soc. 140, 15753–15763. doi: 10.1021/jacs.8b08448

 Li, W., Tang, J., Casanova, D., and Prezhdo, O. V. (2018d). Time-domain ab initio analysis rationalizes the unusual temperature dependence of charge carrier relaxation in lead halide perovskite. ACS Energy Lett. 11, 2713–2720. doi: 10.1021/acsenergylett.8b01608

 Li, W., Wang, J., Chen, J., Bai, F.-Q., and Zhang, H.-X. (2014c). Theoretical investigation and design of high-efficiency dithiafulvenyl-based sensitizers for dye-sensitized solar cells: the impacts of elongating π-spacers and rigidifying dithiophene. Phys. Chem. Chem. Phys. 16, 9458–9468. doi: 10.1039/c4cp00968a

 Li, W., Wang, J., Chen, J., Bai, F.-Q., and Zhang, H.-X. (2014d). Theoretical investigation of triphenylamine-based sensitizers with different π-spacers for DSSC. Spectrochim. Acta A Mol. Biomol. Spectrosc. 118, 1144–1151. doi: 10.1016/j.saa.2013.09.080

 Li, W., Zhou, L., Prezhdo, O. V., and Akimov, A. V. (2018e). Spin–orbit interactions greatly accelerate nonradiative dynamics in lead halide perovskites. ACS Energy Lett. 9, 2159–2166. doi: 10.1021/acsenergylett.8b01226

 Li, Y., Xu, B., Song, P., Ma, F., and Sun, M. (2017). D–A–π-A system: light harvesting, charge transfer, and molecular designing. J. Phys. Chem. Lett. 121, 12546–12561. doi: 10.1021/acs.jpcc.7b02328

 Lu, T., and Chen, F. (2012). Multiwfn: a multifunctional wavefunction analyzer. J. Comput. Chem. 33, 580–592. doi: 10.1002/jcc.22885

 Lu, T.-F., Li, W., Bai, F.-Q., Jia, R., Chen, J., and Zhang, H.-X. (2017). Anionic ancillary ligands in cyclometalatedRu(II) complex sensitizers improve photovoltaic efficiency of dye-sensitized solar cells: insights from theoretical investigations. J. Mater. Chem. A 5, 15567–15577. doi: 10.1039/C7TA03360E

 Lu, T.-F., Li, W., Chen, J., Tang, J., Bai, F.-Q., and Zhang, H.-X. (2018a). Promising pyridinium ylide based anchors towards high-efficiency dyes for dye-sensitized solar cells applications: insights from theoretical investigations. Electrochimica Acta 283, 1798–1805. doi: 10.1016/j.electacta.2018.07.108

 Lu, T.-F., Li, W., and Zhang, H.-X. (2018b). Rational design of metal-free organic D-π-A dyes in dye-sensitized solar cells: Insight from density functional theory (DFT) and time-dependent DFT (TD-DFT) investigations. Org. Electron. 59, 131–139. doi: 10.1016/j.orgel.2018.05.005

 Lundqvist, M. J., Nilsing, M., Persson, P., and Lunell, S. (2006). DFT study of bare and dye-sensitized TiO2 clusters and nanocrystals. Int. J. Quantum Chem. 106, 3214–3234. doi: 10.1002/qua.21088

 Mandal, S., Kushwaha, S., Mukkamala, R., Siripina, V. K., Aidhen, I. S., Rajakumar, B., et al. (2016). Metal-free bipolar/octupolar organic dyes for DSSC application: A combined experimental and theoretical approach. Org. Electron. 36, 177–184. doi: 10.1016/j.orgel.2016.06.009

 Marinado, T., Nonomura, K., Nissfolk, J., Karlsson, M. K., Hagberg, D. P., Sun, L., et al. (2010). How the nature of triphenylamine-polyene dyes in dye-sensitized solar cells affects the open-circuit voltage and electron lifetimes. Langmuir 26, 2592–2598. doi: 10.1021/la902897z

 Monti, A., Negre, C. F. A., Batista, V. S., Rego, L. G. C., de Groot, H. J. M., and Buda, F. (2015). Crucial role of nuclear dynamics for electron injection in a dye–semiconductor complex. J. Phys. Chem. Lett. 6, 2393–2398. doi: 10.1021/acs.jpclett.5b00876

 O'Regan, B., and Grätzel, M. (1991). A low-cost, high-efficiency solar cell based on dye-sensitized colloidal TiO2 films. Nature 353, 737–740. doi: 10.1038/353737a0

 Rego, L. G. C., and Batista, V. S. (2003). Quantum dynamics simulations of interfacial electron transfer in sensitized TiO2semiconductors. J. Am. Chem. Soc. 125, 7989–7997. doi: 10.1021/ja0346330

 Torres, A., Oliboni, R. S., and Rego, L. G. C. (2015). Vibronic and coherent effects on interfacial electron transfer dynamics. J. Phys. Chem. Lett. 6, 4927–4935. doi: 10.1021/acs.jpclett.5b02191

 Tseng, C.-Y., Taufany, F., Nachimuthu, S., Jiang, J.-C., and Liaw, D.-J. (2014). Design strategies of metal free-organic sensitizers for dye sensitized solar cells: role of donor and acceptor monomers. Org. Electron. 15, 1205–1214. doi: 10.1016/j.orgel.2014.03.022

 Wang, X., Yang, H., Wen, Y., Wang, L., Li, J., and Zhang, J. (2017). Comprehension of the effect of a hydroxyl group in ancillary ligand on phosphorescent property for heterolepticIr(III) complexes: a computational study using quantitative prediction. Inorg. Chem. 56, 8986–8995. doi: 10.1021/acs.inorgchem.7b00946

 Wen, Y., Zhang, W., Zhu, X., Zhang, J., and Wang, L. (2018). Interfacial properties of high-order aggregation of organic dyes: a combination of static and dynamic properties. Energy 158, 537–545. doi: 10.1016/j.energy.2018.06.058

 Wu, Y., Zhu, W.-H., Zakeeruddin, S. M., and Grätzel, M. (2015). Insight into D–A–π-A structured sensitizers: apromising route to highly efficient and stable dye-sensitized solar cells. ACS Appl. Mater. Interfaces 7, 9307–9318. doi: 10.1021/acsami.5b02475

 Xu, Y., Li, M., Fu, Y., Lu, T., Hu, Y., and Lu, W. (2019). Theoretical study of high-efficiency organic dyes with the introduction of different auxiliary heterocyclic acceptors based on IQ1 toward dye-sensitized solar cells. J. Mol. Graph. Model. 86, 170–178. doi: 10.1016/j.jmgm.2018.10.001

 Yanai, T., Tew, D. P., and Handy, N. C. (2004). A new hybrid exchange–correlation functional using the Coulomb-attenuating method (CAM-B3LYP). Chem. Phys. Lett. 393, 51–57. doi: 10.1016/j.cplett.2004.06.011

 Zhang, J., Kan, Y.-H., Li, H.-B., Geng, Y., Wu, Y., and Su, Z.-M. (2012a). How to design properπ-spacer order of the D-π-A dyes for DSSCs? A density functional response. Dyes Pigments 95, 313–321. doi: 10.1016/j.dyepig.2012.05.020

 Zhang, J., Li, H.-B., Sun, S.-L., Geng, Y., Wu, Y., and Su, Z.-M. (2012b). Density functional theory characterization and design of high-performance diarylamine-fluorenedyes with different π spacers for dye-sensitized solar cells. J. Mater. Chem. 22, 568–576. doi: 10.1039/C1JM13028E

 Zhang, J., Zhang, J.-Z., Li, H.-B., Wu, Y., Geng, Y., and Su, Z.-M. (2014). Rational modifications on champion porphyrin dye SM315 using different electron-withdrawing moieties toward high performance dye-sensitized solar cells. Phys. Chem. Chem. Phys. 16, 24994–25003. doi: 10.1039/C4CP03355H

 Zhang, K., Zhang, W., Huang, J., Pang, A., and Wong, M. S. (2017). Metal-free photosensitizers based on benzodithienothiophene as π-conjugated spacer for dye-sensitized solar cells. Org. Electron. 42, 275–283. doi: 10.1016/j.orgel.2016.12.044

 Zhao, Y., and Truhlar, D. G. (2008). The M06 suite of density functionals for main group thermochemistry, thermochemical kinetics, noncovalent interactions, excited states, and transition elements: two new functionals and systematic testing of four M06-class functionals and 12 other functional. Theor. Chem. Account 120, 215–241. doi: 10.1007/s00214-007-0310-x

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Xie, Liu, Bai and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/inline_12.gif





OPS/images/inline_11.gif
T





OPS/images/inline_2.gif





OPS/images/inline_13.gif
T





OPS/images/inline_10.gif





OPS/images/inline_1.gif





OPS/images/cover.jpg
’ frontiers
in Chemistry

Performance Regulation of
Thieno[3,2-b]benzothiophene
n-Spacer-Based D-n-A Organic Dyes
for Dye-Sensitized Solar Cell
Applications: Insights From
Computational Study








OPS/images/fchem-06-00676-t001.jpg
Dye

SGT129
SGT130
1

2
3
4

AEqy
)

29688
25080
22344
21582
22999
1.4891

Meal
(nm)

417

554
574
539
832

1.6663
1.6373
1.7246
22472
2.5987
1.7935

dcT
(0]

5.658
5.269
4.971
2.768
4.208
1.834

qcT
(e)

0.684
0.701
0.665
0.583
0576
0535

H
Q]
6.102
6.058
6.194
6.697
6.227
6.037

t
(]
—0.444
-0.789
-1.223
-3.929

-2019
—4.203

AEch

0.159
0.198
0.263
0.292
0.329
0.363

gmax

(mA cm™?)
698
14.52
2096
23,68
2005
4097

(ps)

0.037
0.125
0.047
0.027
0.028
0.154






OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Chemistry





OPS/images/fchem-06-00676-g005.gif





OPS/images/fchem-06-00676-g006.gif





OPS/images/fchem-06-00676-g003.gif
#
HOMO

s

¥
LUMO.

ap

SGTI29 SGTI30





OPS/images/fchem-06-00676-g004.gif
i
!
o
-
i

[





OPS/images/fchem-06-00676-g009.gif
SGTiLON SGTILS, SGTIES:

soniony: Sorons






OPS/images/fchem-06-00676-g007.gif
w0

00
Times(fs)

0





OPS/images/fchem-06-00676-g008.gif





OPS/images/math_2.gif
@)





OPS/images/math_1.gif





OPS/images/math_4.gif





OPS/images/math_3.gif
le=e / LHE ()injectNcaec Tregphanisdh ()
[





OPS/images/fchem-06-00676-g001.gif





OPS/images/inline_7.gif
T





OPS/images/fchem-06-00676-g002.gif





OPS/images/inline_9.gif
T





OPS/images/inline_8.gif
T





OPS/images/inline_4.gif
T





OPS/images/inline_3.gif
T





OPS/images/inline_6.gif
T





OPS/images/inline_5.gif





