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Abstract

Time-dependent density functional theory (TD-DFT)/periodic DFT calculations were

performed to determine the role of pro-aromatic organic D-A-π-A type dyes (the

NL1-NL17 family) with Thieno[3,4-b]pyrazine (Tpy) as A acceptor group into dye-

sensitized solar-cells (DSSC). This work presents a discussion of the ground and

excited states of these dyes along with the aromaticity analysis and the electron injec-

tion step using a dye@(TiO2)72 model. The results suggest that the pro-aromatic

behavior increases from the thiophene ring to the pyrazine when an acceptor

π-bridge such as phenyl is used. This strong pro-aromaticity is also reflected in the

electron injection step, studied using a 3x2 3 layer (TiO2)72 slab model. The resulting

adsorption energies (ΔEads and ΔGads) and the electron injection (ΔGinject) in the sta-

blest coordination mode, Bid_CN_COOH, indicate that the redox reaction (Dye* à

Dye+ + e−) is stronger and more spon than the adsorption reaction (Dye+ + TiO2

[+e−] à Dye@TiO2) in the electron injection. In this way, the highest efficiency of NL6

and NL12 is a consequence of the more significant pro-aromatic characteristics and

the more spontaneous redox process. Finally, these NL dyes are promising in the

molecular engineering of D-A-π-A metal-free types dyes.
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1 | INTRODUCTION

Dye-sensitized solar cell (DSSC)[1–3] are promising photovoltaic systems for the generation of electrical energy, currently reaching a record of

14% in the overall power conversion efficiency (η).[4,5] In DSSC, the dye harvests sunlight and becomes photoexcited, promoting the molecule to

an excited state. This generates an electron with enough energy to escape and move toward the titanium dioxide surface (TiO2) in a process

known as electron injection.[6,7] The above injection, along with an electrolyte, creates an electrical circuit that powers a device. Three sensitizing's

families have been reported: Ruthenium complexes, Zn-porphyrins and Metal-free organic sensitizers. Ruthenium complexes were proposed in

1991 by O �cRegan and Grätzel.[8] The most prominent ones are N3 dye [RuL2(NCS)2],
[9] and its protonated salt N719,[10,11] among others.

Zn-porphyrins present broad and strong absorption in the visible region.[12,13] Among the most important ones there are YD-o-C8

(η = 12.3%),[14,15] SM371 (η = 12.0%), and SM315 (η = 13.0%).[16] Metal-free organic sensitizers[17] are generally used as junction systems or are

co-sensitized[18] with two or more kinds of dyes to improve their efficiency. The most recent dye is the ADEKA-1 (η = 12.0%)[19] which, when

co-sensitized with LEG4, increases the efficiency of up to 14%.[20]

Received: 11 June 2019 Revised: 21 October 2019 Accepted: 30 October 2019

DOI: 10.1002/qua.26108

Int J Quantum Chem. 2020;120:e26108. http://q-chem.org © 2019 Wiley Periodicals, Inc. 1 of 19

https://doi.org/10.1002/qua.26108

https://orcid.org/0000-0002-1407-8752
https://orcid.org/0000-0003-2747-9982
https://orcid.org/0000-0001-6140-2116
https://orcid.org/0000-0002-6912-8630
mailto:k.paredesg@utem.cl
http://q-chem.org
https://doi.org/10.1002/qua.26108
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fqua.26108&domain=pdf&date_stamp=2019-11-19


Most current research has focused on the structural design of the dyes because their chemical characteristics control the yield of the solar cell.

In general, the dyes traditionally have a donor-π-bridge-acceptor rearrangement (D-π-A) that favors the intramolecular charge transfer.[21–23] In

this context, the donor-acceptor nature of the dyes is a popular discussion topic.[24] Some of the main structural changes include bulky donor

groups, such as perylene in WW3-WW8,[25] and strong acceptor groups such as thiazole ligand in ZZXN7-ZZXN9,[26] among others. Nevertheless,

to facilitate the electron transfer, W. Zhu et al. synthesized WS-1 and WS-2 dyes[27] which include 2,1,3-benzothiadiazole (BTD) as an auxiliary

electron acceptor group (A), leading to the D-A-π-A rearrangement. This novel sensitizer type gives a photovoltaic cell performance of η = 8.0%,

which is higher than L1 (η = 2.0%), the simplest D-π-A dye. Thus, the D-A-π-A rearrangement is nowadays the most common one in the architec-

ture of new photosensitizers.[28,29] In this respect, the highest efficiency solar cell for the metal-free organic dyes is reached in SGT-130

(η = 10.47%),[30] while in Zn-porphyrins is SM315 (η = 13.0%).[16] Both dyes incorporate benzothiadiazole in their acceptor groups (A). Similar dyes

have been synthesized in this manner, some of the most remarkable of which are RK-1, and RKF dyes with substituted benzothiadiazole, and

indeno[1,2-b]-thiophene, which give overall efficiencies between 8.22% and 10.25%.[31,32] JZ117 and JZ145 dyes[33] with 5,6-difluro-

2,1,3-benzothiadiazole have overall efficiencies of η = 7.4% and 9.1%, respectively. Furthermore, WS-5,[34] WS-9,[35] W7-W8,[36]

KM10-KM11,[37] LC-6-LC-8,[38] and D1-D3[39] photosensitizers have also been synthesized. (See Figure 1 for representation).

It is observed that 2,1,3-benzothiadiazole corresponds to the auxiliary electron acceptor group (A) most employed in D-A-π-A type dyes.[40]

However, quinoxaline and benzo[a]pyrazine are also used as acceptor groups in IQ-4[41] and YA422[21] dyes, respectively. These present a notable

improvement in the overall efficiency of the cell, achieving values of 9.83% and 10.10%, respectively. Therefore, in recent years, the development

of novel photosensitizers has been guided by chemical modifications to the acceptor group (A).[42] Prominent examples include, the PB1-2, DP1-2

dyes[43] with thieno[3,4-b]thiophene (TTh), and NL2-NL8 sensitizers[44] and FNE32-FNE34 dyes[45] with thieno[3,4-b]pyrazine derivatives (TPy)

as auxiliary electron acceptor groups (A). Both groups, TTh and TPy, have a quinoidal resonance structure, which is stable when the dye is in an

excited state (see Figure 2). This resonance structure in PB1-2 and DP1-2 dyes has been associated with a pro-aromatic behavior,[46] which is a

consequence of the increasing aromaticity of the molecule when acquiring a diradical or zwitterion form. Moreover, these aromatic properties are

related to wavelength shifts toward the near-infrared (NIR) and a decrease in the optical band gap and the back-electron transfer in the solar cell.

Therefore, highly stable and pro-aromatic photosensitizers are a current challenge in the molecular engineering of metal-free D-A-π-A type dyes.

Consequently, one of the objectives of this study is to investigate the pro-aromatic characteristics of thieno[3,4-b]pyrazine (A) into NL2-NL8

sensitizers.

On the other hand, it is important to highlight that computational studies allow the prediction and explanation of dyes´ outstanding

properties.[47–49] Specifically, electronic spectra and gap energies are calculated to understand the photoexcitation step.[50–53] These are conducted

through time-dependent density functional theory (TD-DFT), which identifies the orbital contributions of electronic states that participate in the

electronic transition when absorbing UV-Vis light dye. The most employed functionals tested in these systems are hybrid and meta-hybrid-GGA,

such as B3LYP,[54,55] CAM-B3LYP,[56] and M06.[16] Moreover, computational studies analyze the electron injection step in the solar cell, modeling

the dye@TiO2 interaction. This has been widely explored in recent years using the anatase (101) or rutile (110) TiO2 surface. The most outstand-

ing works study the adsorption of perylene[57] and other organic dyes.[58–60] Recent results demonstrate that a precise analysis of the chemical

properties of dye@TiO2 should be carried out using the PBE + D + U functional in periodic DFT calculations.[61–64] Therefore, an overall under-

standing of the two most important steps in the solar cell, the photoexcitation and electron injection, involving a set of novel D-A-π-A type dyes,

will enable rational design of novel photosensitizers and their performance in DSSC.

F IGURE 1 Some
representative dyes with D-π-A
and D-A-π-A rearrangements. In
D-A-π-A type dyes,
2,1,3-benzothiadiazole is the
acceptor group (A)
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Finally, this work aims to extend the study of pro-aromatic organic compounds with thieno[3,4-b]pyrazine (NL2-NL8) as the electron acceptor

group (A) toward other similar metal-free sensitizers, in order to novel potential dyes. For this purpose, a computational study was carried out on

a set of dyes called NL1-NL17. Moreover, the goal of this study is to also gain insight into the role of the acceptor groups, thiophene (Th),

benzothiadiazole (BTD), thieno[3,4-b]thiophene (TTh) and thieno[3,4-b]pyrazine (Tpy) on the L1, SGT-130, PB1, and NL dyes, respectively, to

determine the relationship between the chemical properties and the performance of the solar cell. We expect to provide new knowledge in the

DSSC field.

2 | MODELS AND COMPUTATIONAL DETAILS

2.1 | MODELS

The NL1-NL17 dye structures are described in Figure 3 and Table 1. Herein, NL2-NL8 dyes correspond to the photosensitizer previously

reported,[44] while NL1, NL9-NL17 are in silico designed dye structures. Specifically, modifications are made inside the four blocks of the D-A-π-A

rearrangement: donor (D), acceptor (A), π-bridge (π) and anchoring group (A). In general, the (D) groups evaluated are the indolizine group (Ind) and

the triphenylamine derivatives (TPA). The (A) groups studied are thieno[3,4-b]pyrazine (TPz) in NL1, and 2,3-di-substitued-thieno[3,4-b]pyrazine

(2,3-di-TPz) in the others. The π-bridges (π) used are the thiophene (Thio), phenyl (Ph), pyridine (Py), and pyrazine (Pz) groups. Last, the anchoring

groups (A) involved in this work are, the carboxylic acid, RCOOH, and the cyanoacrylic acid, RCH2CCNCOOH.

2.2 | COMPUTATIONAL DETAILS

The calculations for the NL1-NL17 dyes were performed within the framework of DFT[65] using the GAUSSIAN 09[66] program. Optimization

geometries and vibrational analysis were done using the B3LYP + D3[67,68] exchange-correlation functional, which incorporated Grimme's disper-

sion correction. Also, the 6-31 + G(d,p) basis set[69] was used to describe the carbon, hydrogen, nitrogen, oxygen, and sulfur atoms. Dic-

hloromethane solvent was included in the optimization geometries of NL1-NL17 dyes through the continuum solvation model (SMD).[70] Thermal

contributions (1 atm and 298 K) to enthalpy and Gibbs energy were evaluated using the harmonic oscillator and rigid rotor model as it was

implemented in the Gaussian 09 program. The atomic charges were obtained with the natural population analysis (NPA) of Weinhold et al.[71]

To calculate the UV-Vis absorption spectra of the NL1-NL17 dyes, the lowest 40 excitation energies were computed using TD-DFT.[72] These

were performed with the exchange-correlation functionals, B3LYP-D3,[73] CAM-B3LYP,[74,75] and M06,[76] already widely tested in the prediction

of electronic spectra, using dichloromethane (DCM) as a solvent through the continuum solvation model (SMD).

Nucleus-independent chemical shifts (NICS)[77] were obtained in the Amsterdam Density Functional (ADF)[78–80] code for calculating NMR

shielding values with the gauge-independent atomic orbital (GIAO) method.[81] In addition, the generalized gradient approximation BP86

functional[82–84] and the Slater-type-orbital[85] (STO) basis set with triple-ζ quality double plus polarization functions (TZ2P) were used for all

atoms. Specifically, the shielding tensor isotropic value σiso and the z-axis components σzz were scanned over distances r ranging from −3.0 to

3.0 Å along the line, perpendicular to the plane of rings 1-2 of the thieno[3,4-b]pyrazine, and of ring 3 in the π-bridge group, on the NL1-NL17

F IGURE 2 A, PB1-DP1
and B, NL2-NL4 dyes in ground
and excited states. The excited
states present a resonance
structure with quinoidal and
zwitterionic forms. In B, NL2-NL4
dyes are 2,3- substituents on the
pyrazine ring, so: R = CH2CH3 for
NL2, R = Ph for NL3, and R = p-
methoxy-phenyl for NL4
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metal-free organic dyes (Figure 4). These NICS scans were able to provide a measurement of the aromatic, non-aromatic, or antiaromatic behavior

on the rings of these molecules, through the shapes curves analysis and the isotropic value at distance r. Negative values isotropic are associated

to aromaticity, while positive values to antiaromaticity.[86] In this context, the NICS analysis might identify the pro-aromatic behavior of the

NL1-NL17 metal-free organic dyes and the relationship between structure, aromaticity, and sensitizer function. It is essential to highlight that the

NICS analysis for NL1-NL17 dyes has only been realized in a ground state because regrettably, the TD-DFT magnetic shielding tensor is not avail-

able for the excited state.

F IGURE 3 The structures of NL1-NL17 dyes with 2,3-di-susbtituted-thieno[3,4-b]pyrazine (2,3-di-TPz) as the auxiliary electron acceptor
group (A)

TABLE 1 Donor (D), acceptor (A),
π-bridge (π) and anchoring groups (A) in
the NL1-NL17 dyes with D-A-π-A
rearrangement

Dyes Donor (D) Acceptor 2,3-di-substitued-TPy (A) π-bridge (π) Anchoring (A)

NL1 TPA R1 = R2 = H Thiophene –CH2CNCOOH

NL2 TPA R1 = R2 = CH2CH3 Thiophene –CH2CNCOOH

NL3 TPA R1 = R2 = Ph Thiophene –CH2CNCOOH

NL4 TPA R1 = R2 = p-OCH3Ph Thiophene –CH2CNCOOH

NL5 Ind R1 = R2 = Ph Thiophene –CH2CNCOOH

NL6 TPA R1 = R2 = Ph Phenyl –CH2CNCOOH

NL7 TPA R1 = R2 = Ph Pyridine –CH2CNCOOH

NL8 TPA R1 = R2 = Ph Pyrazine –CH2CNCOOH

NL9 TPA R1 = R2 = Ph Phenyl –COOH

NL10 TPA R1 = R2 = Ph Pyridine –COOH

NL11 TPA R1 = R2 = Ph Pyrazine –COOH

NL12 TPA R1 = R2 = H Phenyl –CH2CNCOOH

NL13 TPA R1 = R2 = H Pyridine –CH2CNCOOH

NL14 TPA R1 = R2 = H Pyrazine –CH2CNCOOH

NL15 TPA R1 = R2 = H Phenyl –COOH

NL16 TPA R1 = R2 = H Pyridine –COOH

NL17 TPA R1 = R2 = H Pyrazine –COOH
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Furthermore, all the calculations for dye@TiO2 were performed using the periodic density functional theory approach implemented in the

Vienna Ab-initio Simulation Package, VASP 5.2.[87–89] The PBE[90] GGA exchange-correlation functional was chosen due to the cost-efficiency

ratio reported for many extended systems.[91] Grimme[68] and Hubbard[92] empirical terms were also included for the dispersion and the wrong

insulator behavior (PBE + D + U) correction, respectively. The Hubbard term incorporated the effective U potential described by Anisimov and

co-workers,[93] where U = 5.8 eV for the Ti(3d) and O (2p) bands. This reproduced the semiconductor behavior,[94] and agreed with other U values

that predicted a correct behavior experimentally. Additionally, the valence electrons were expanded in a plane wave basis set with the

F IGURE 4 Molecular orbitals (HOMO-LUMO) associated with the most intense electronic transitions for NL1-NL17 dyes in the solvent
phase of the GAUSSIAN program
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Monkhorst-Pack grid centered at Γpoint (1 1 1)[95] and a cutoff of 500 eV for the kinetic energy. The core electrons were described through the

projector augmented wave (PAW) pseudopotentials.[96,97]

The 3 × 2 3 layer (TiO2)72 slab model for the TiO2 anatase (101) surface was built with cell parameters of 11.424 x 20.866 x 35.0 Å. These

parameters were chosen based on the size of the dyes and empty space of 10 Å in c, added to avoid any interaction among the fictitious replica

when the slabs were periodically replicated. The dye@(TiO2)72 studied corresponds to: (a) Bid_CN_COOH, the stablest coordination mode

reported,[58,98,99] and the most commonly analyzed in the literature, (b) Bid_COO_H, and (c) Mono_COOH monodentate and bidentate coordina-

tion modes, respectively.[100,101] Therefore, the slab model (TiO2)72, and the (NL1,NL6,NL7,NL8,NL15)@(TiO2)72 models were fully optimized

using ISIF = 3, while the isolate L1, SGT-130, PB1, and NL dyes using ISIF = 2. Also, the relaxation of geometry was considered converged when

the energy difference with respect to the previous optimization step was less than 1 x 10−5 eV, and the SCF tolerance was 1 x 10−6 eV.

Moreover, the vibrational frequencies were computed by numerical differentiation of the analytical first derivatives using the central differ-

ence formula, which involved two displacements for each atom in each direction. In this Hessian matrix, only the dyes and the first layer of the

surface were considered. This methodology confirmed that the optimized structures were minimal, and enabled the calculation of the free energy

G at T = 298.15 K. For this purpose, a script was used,[102] which calculated the quasi-harmonic thermochemical corrections. Specifically, the

entropy S was computed in terms of the vibrational (harmonic oscillator approximation) and rotational (quasi-RRHO approach) entropies, in addi-

tion to a damping function, as it has been described by Grimme,[103] while the enthalpy H was obtained through H = U + PV, where P was given

by the total energy change in function of the volume cell optimized.

The adsorption energies with correction for the lateral interactions[104] (ΔEads + ΔEL), the adsorption free energies (ΔGads), and the free elec-

tron injection energies (ΔGinject) were studied. Specifically, the adsorption energies[105,106] (ΔEads) and the free energies (ΔGads) of dye@TiO2 were

calculated from the ground state total energy of the fully optimized species as:

ΔE Gð Þads = E Gð Þ dye@TiO2ð Þ− E Gð ÞðTiO2½ Þ+ E Gð Þ dyeð Þ� ð1Þ

where E(G)(dye@TiO2) is the energy (free energy) of the dye in the TiO2 surface, E(G)(TiO2) is the energy (free energy) of the isolated surface, and

E(G)(dye) is the energy (free energy) of the isolated dye. The correction for the lateral interactions is defined as:

ΔEL = Edye at 30×30×30−Edye at 11×20×35 ð2Þ

where Edye at 30 × 30 × 30 is the energy of the dye is a cell of dimension 30 × 30 × 30 Å and Edye at 11 × 20 × 35 is the energy of the dye in the same

a, b, c cell of the dye@(TiO2)72 system.

The free electron injection energies (ΔGinject) was based on the definition given by Matthews et al.[107] which proposed that the electron injec-

tion is a charge transfer reaction. It was defined by Katoh[108,109] as the energy difference resulting from the energy of the LUMO of the dye and

the injection of an electron into the conduction band of the TiO2, so:

ΔGinject = E
dye
LUMO−E

TiO2
CB ð3Þ

In that sense, the electron injection step was considered within two stages, a redox (Dye* à Dye+ + e−) and an adsorption reaction (Dye+ +

TiO2 [+e−] à Dye@TiO2). Therefore, the redox free energy (ΔGredox) contribution was obtained from the adsorption free energy (ΔGads) and the

free electron injection energies (ΔGinject).

Finally, the projected density of states (PDOS) was obtained to understand the contributions of the different orbitals in a band, as it was

implemented in VASP.

3 | RESULTS AND DISCUSSION

The results are divided into the following sections: (a) The electronic characterization and UV-Vis absorption spectra of the metal-free organic

sensitizers, NL1-NL17, to gain insight into their behavior as light harvesters. (b) The aromaticity analysis of NL1-NL17, using the NICS concept.

(c) The electron injection step of the most critical dyes of this family, through structural, energetic, and electronic analysis of the dye@(TiO2)72 sys-

tems. (d) The modeling of the L1@(TiO2)72, SGT-130@(TiO2)72, and PB1@(TiO2)72 systems, in order to comprehend the role of different acceptor

groups inside the D-A-π-A rearrangement. Based on all of the above, this study aimed at understanding the chemical behavior of the NL2-NL8

dyes in the solar cell, to predict the performance of the new dyes proposed in DSSC, and to contribute to the rational design of novel dyes with

high overall power conversion efficiency (η).
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3.1 | NL1-NL17 metal-free sensitizers: Electronic characteristics of the ground and excited states

The NL1-NL17 metal-free sensitizers are generally planar structures with two branches coming from the bulky donor group (D). Some geometrical

parameters are depicted in Figure S1 of the Supporting Information (SI) and show that these molecules are similar in planarity to a great variety of

dyes.[110] This structural characteristic is fundamental for designing dye because it quickly promotes the movement of electrons toward the

anchoring group. Noticeably, the structural and electronic features of the metal-free organic dyes could be related to their efficiency when sensi-

tized. Hence, the natural atomic charge of the main fragments of the NL1-NL17 dyes (QDonor, QAcceptor, Qπ-bridge and QAnchoring) is analyzed to

study the intramolecular charge transfer effects, which, along with the electronic transitions, are responsible for the photoexcitation step. The

results are described in Table 2.

These results show that the donor D and the anchoring A groups are solely electron donors and electron acceptors, respectively, while the

acceptor A and π-bridge groups do not have a predominant character. Specifically, the dyes with the most accepting anchoring groups A are

NL1-NL5, which have thiophene as the π-bridge, while NL7, NL8, NL9, NL13, NL14, and NL15 are the least electron deficient ones.

Moreover, the 2,3-di-substitued-thieno[3,4-b]pyrazine (A = 2,3-di-TPz) are electron deficient (NL1, NL6-NL9, NL12-NL16) when the π-bridge

has a donor or slightly acceptor nature. These results are significant because they shed light on the structure-performance relationship. In this

way, NL6, which has the highest power conversion efficiency (PCE = 7.08%), has an electron deficient 2,3-di-TPz, an electron rich π-bridge, and a

high electron accepting anchoring group. Meanwhile, NL7 and NL8, with have the lowest PCE (0.83% and 0.89%, respectively), have an anchoring

group with weak acceptor character. Therefore, the electron deficiency of the 2,3-di-TPz (A) and acceptor nature of the anchoring group (A) could

be related to the performance of the solar cell.

To understand the chemical nature of the NL1-NL17 photosensitizer, the change in the natural atomic charges of the anchoring groups

(ΔQA = QA_CNCOOH − QA_COOH) are analyzed when the π-bridge and the acceptor group are substituted (NL6 vs NL9; NL7 vs NL10; NL8 vs NL11;

NL12 vs NL15; NL13 vs NL16; NL14 vs NL17). Also, this study examines the ΔQπ-bridge (ΔQπ-bridge = Qπ-bridge_thio − Qπ-bridge_Ph/Py/Pz) defined as

the change in the atomic charges when the π-bridge varies from thiophene to phenyl, pyridine and pyrazine. (NL1 vs NL12; NL1 vs NL13; NL1 vs

NL14; NL3 vs NL6; NL3 vs NL7; NL3 vs NL8). Finally, the ΔQbulky-A (ΔQbulky-A = Qbulky-A_Ph − Qbulky-A_H) is obtained to analyze the bulky substitu-

ent effect on the acceptor group 2,3-di-TPz (A) when R1 = R2 = Ph is replaced by R1 = R2 = H (NL6 vs NL12; NL7 vs NL13; NL8 vs NL14; NL9 vs

NL15; NL10 vs NL16; NL11 vs NL17). The results are described in Table 3 and show that if the anchoring group cyanoacrylic is replaced by car-

boxylic acid (ΔQA), a less donor character is obtained. This is higher when the π-bridge is a phenyl group and is lower when the π-bridge donor

type is employed. This is the ideal behavior, because a potential electron deficient anchoring group will allows an easy electron injection to the

TiO2 surface.

Moreover, ΔQπ-bridge shows that if the thiophene is substituted by Ph, Py, or Pz, a donor effect will be achieved. Therefore, in the experimen-

tally reported NL2-NL8 dyes, it is observed that the lowest donor character in the π-bridge is associated with the higher PCE (ΔQπ-bridge = 0.037

for NL3 vs NL6). When NL1 is compared to NL12, a low donor character is found, so that the proposed NL12 dye becomes a potential

TABLE 2 Natural atomic charges (Q)
associated with the main fragments of
the NL1-NL17 metal-free sensitizers

Dyes QDonor QAcceptor Qπ-bridge QAnchoring

NL1 0.157 −0.006 0.089 −0.234

NL2 0.131 0.036 0.084 −0.252

NL3 0.146 0.011 0.087 −0.245

NL4 0.137 0.033 0.083 −0.254

NL5 0.102 0.034 0.091 −0.227

NL6 0.120 −0.001 0.050 −0.168

NL7 0.107 −0.023 −0.073 −0.011

NL8 0.118 −0.001 −0.114 −0.003

NL9 0.087 −0.029 −0.041 −0.016

NL10 0.138 0.009 −0.004 −0.144

NL11 0.161 0.031 −0.058 −0.134

NL12 0.119 −0.016 0.055 −0.158

NL13 0.111 −0.032 −0.070 −0.010

NL14 0.122 −0.016 −0.106 −0.002

NL15 0.091 −0.039 −0.037 −0.015

NL16 0.140 −0.009 0.002 −0.134

NL17 0.156 0.009 −0.044 −0.121
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photosensitizer. Additionally, ΔQbulky-A shows that there are no essential changes when the 2,3-diphenyl-Tpz or the TPz are used as the acceptor

group. Therefore, in the dye design of the NL family, the bulky substituent effect is not important. This is also observed when QAcceptor is com-

pared in NL1-NL4, demonstrating that the donor-acceptor substitution in the 2,3-di-TPz does not cause significant changes to the chemical reac-

tivity of these molecules.

Following the electronic characterization of the dyes, the band gap is calculated based on the HOMO(H) and LUMO(L) energy levels. The

results for the reported dyes NL2-NL8 are depicted in Figure S2, while the band gap for the other metal-free organic dyes, NL1, and NL9-NL17

are described in Figure S3 of the SI. In the former, the gap energies obtained agree with the values reported experimentally for the dye optical

band gaps. For the new dyes proposed, the band gap is between 1.8 and 2.1 eV. The high gap energies correspond to NL13, NL14 and NL9,

NL15. These have pyridine, pyrazine and phenyl as the bridge, respectively, and carboxylic acid as the anchoring group, while the narrow gap is

obtained in NL1, NL10-NL12, NL16, and NL17, which have cyanoacrylic acid as the common anchoring group. Therefore, the results show that

the LUMO energies for dyes with carboxylic acid, as the anchoring group, are lower than the LUMO energies for dyes with cyanoacrylic acid.

These results are significant, because together with the stronger acceptor character of the cyanoacrylic acid, they explain the best behavior of

these anchoring groups in the electron injection step inside solar cells.

Conversely, the electronic characterization of the excited state of the metal-free sensitizers NL1-NL17 is performed through the TD-DFT

framework using the B3LYP-D3, M06 and CAM-B3LYP functional and the 6-31G(d,p) basis set for all atoms. Tables S1, and S2 of the SI, and

Table 4, respectively, describe the wavelength (λ), oscillator strength (f) and assignments of the most important electronic transitions calculated in

the solvent phase. The results obtained show that in NL2-NL8 dyes, the maximum wavelengths calculated are overestimated when the B3LYP-

D3 and M06 functional are used. Nevertheless, they have reproduced accurately when CAM-B3LYP is employed. Table 5 compares these maxi-

mum wavelengths, the experimental values, and the levels reported to B3LYP/6-311G(d,p).[44] As can be observed, the maximum wavelengths

decrease in the order B3LYP-D3 > M06 > CAM-B3LYP functional.

In addition, considering the results in Table 4, two wavelengths types can be observed in all the NL1-NL17 sensitizers. The first bands extend

to the infrared region (≈600 nm), and the second corresponds to the visible light region (300-400 nm). The red-shift wavelengths are the most

intense transitions and involve the frontier orbitals HOMO(H)-LUMO(L). In general, these HOMOs are π orbitals localized in the phenyl groups of

the donor group (D) and the thiophene of the acceptor (A), while the LUMOs present electronic density over the anchoring groups (A). (See

Figure 4) This charge transfer is essential for the successful behavior of the molecules as dyes, since they have always been obtained in many mol-

ecules synthesized as sensitizers. Furthermore, these dyes are novel because they can absorb a photon and generate thermal energy as conse-

quence of changes in their vibrational states. This energy could also be transformed into electrical energy, increasing the solar cell performance. In

this manner, NL1, NL10, and NL12 have longer wavelengths and broader bands, while NL7, NL8, NL13, and NL14 have shorter wavelengths.

Therefore, the dyes with high donor character in the π-bridge show a decrease in the red-shift wavelengths.

The bands between 300 and 400 nm correspond in general to electronic transitions from H − 1 to L and H to L + 1 orbitals. However, in some

dyes such as NL7 and NL8, the inner orbitals H-8, and H-6, participate in the electronic transitions, making the withdrawal of the excited electron

more difficult. This also explains the low overall efficiency of these sensitizers. Other dyes with inner orbitals participating in electronic transitions

in the visible region are NL9 and NL13. Therefore, the results of this study also predict that these two sensitizers could present a low overall

efficiency.

3.2 | The aromaticity analysis of the NL1-NL17 photosensitizers

In order to gain further insight into the aromaticity of the NL1-NL17 photosensitizers, NICS scans are performed on the acceptor group (A),

thieno[3,4-b]pyrazine (ring 1 and 2), and on the π-bridge groups (ring 3) (See Figure 5). The results for the NL1, NL6, NL9, and NL12 dyes are pres-

ented in Figure 6, and the results for the others ones are shown in Figures S4-S6. Moreover, Table 6 tabulates single isotropic σiso and z-axis com-

ponents σzz NICS values, which are taken in the inflection points of the curve to complement the aromaticity discussion. In all the sensitizers

studied, the curve shape is found to correspond to aromatic systems. Minimum values for σzz are obtained near to the center of the rings

(between r = −1 and 1), indicating that, in this position, the aromatic character is at its maximum, while long distances decrease as a consequence

TABLE 3 Electronic effect of the anchoring, π-bridge, and 2,3-di-substitued-TPz groups in the NL1-NL17 metal-free sensitizers

π-bridge/bulky-A or A
Anchoring effect ΔQA

(R1 = R2 = Ph)/(R1 = R2 = H)a
π-bridge effect ΔQπ-bridge

(R1 = R2 = H)/(R1 = R2 = Ph)a
Bulky TPz effect ΔQ bulky-A

(R3 = –CNCCOOH)/(R3 = COOH)b

Phenyl −0.152/−0.144 0.034/0.037 0.014/0.010

Pyridine −0.133/−0.124 0.087/0.091 0.018/0.008

Pyrazine −0.131/−0.119 0.134/0.145 0.022/0.015

aIf bulky-A is fixed.
bIf A is fixed.
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TABLE 4 Calculated wavelength (nm), oscillator strength (f), and origin of the electronic transitions for the NL1-NL17 dyes using TD-DFT in
the solvent phase (CAMB3LYP functional) in the GAUSSIAN program

Dyes λ (calc.) f Origin Assignments

NL1 622 1.441 H L D-A(TPz) A(TPz)-π-A

409 0.288 H − 1 L D-A-π-A A(TPz)-π-A

396 0.123 H − 1 L D-A-π-A A(TPz)-π-A

NL2 589 1.580 H L D-A(TPz) A(TPz)-π-A

398 0.238 H − 1 L D-A-π-A A(TPz)-π-A

376 0.059 H L + 1 D-A(TPz) A(TPz)-π

NL3 631 1.303 H L D-A(TPz) A(TPz)-π-A

423 0.493 H L + 1 D-A(TPz) A(Ph)-π

402 0.180 H − 1 L D-A-π-A A(TPz)-π-A

NL4 628 1.314 H L D-A(TPz) A(TPz)-π-A

432 0.625 H − 1 L D-A-π-A A(TPz)-π-A

401 0.247 H L + 1 D-A(TPz) A(TPz)-π-A

NL5 568 0.119 H L D-A(TPz) A(TPz)-π-A

464 0.211 H − 2 L D A(TPz)-π-A

394 0.272 H L + 1 D-A(TPz) A(Ph)-π-A

NL6 574 1.161 H L D-A(TPz) A(TPz)-π-A

392 0.646 H L + 1 D-A(TPz) A(Ph)-π-A

383 0.179 H − 1 L D-A-π-A A(TPz)-π-A

NL7 544 0.808 H L D-A(TPz) A(TPz)-π-A

369 0.248 H − 1 L D-A-π-A A(TPz)-π-A

354 0.064 H − 8 L A(Ph) A(TPz)-π-A

NL8 533 0.886 H L D-A(TPz) A(TPz)-π-A

573 0.127 H − 1 L D-A-π-A A(TPz)-π-A

359 0.266 H − 6 L A(Ph)-π A(TPz)-π-A

NL9 537 0.744 H L D-A(TPz). A(TPz)-π-A

373 0.222 H − 1 L D-A-π-A A(TPz)-π-A

353 0.101 H − 7 L A(Ph)-π A(TPz)-π-A

NL10 583 1.190 H L D-A(TPz) A(TPz)-π-A

399 0.643 H L + 1 D-A(TPz) A(Ph)-π-A

387 0.105 H − 1 L D-A-π-A A(TPz)-π-A

NL11 585 1.330 H L D-A(TPz) A(TPz)-π-A

402 0.596 H L + 1 D-A(TPz) A(Ph)-π-A

390 0.039 H − 1 L D-A-π-A A(TPz)-π-A

NL12 560 1.267 H L D-A(TPz) A(TPz)-π-A

377 0.492 H L + 1 D-A(TPz) A(Ph)-π-A

374 0.048 H − 1 L D-A-π-A A(TPz)-π-A

NL13 525 0.902 H L D-A(TPz) A(TPz)-π-A

357 0.072 H − 1 L D-A-π-A A(TPz)-π-A

356 0.015 H − 6 L A(Ph)-π A(TPz)-π-A

NL14 521 0.985 H L D-A(TPz) A(TPz)-π-A

366 0.003 H − 4 L π A(TPz)-π-A

354 0.044 H − 1 L D-A-π-A A(TPz)-π-A

NL15 522 0.857 H L D-A(TPz) A(TPz)-π-A

360 0.052 H − 1 L D-A-π-A A(TPz)-π-A

355 0.030 H − 6 L π A(TPz)-π-A

(Continues)
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TABLE 4 (Continued)

Dyes λ (calc.) f Origin Assignments

NL16 565 1.304 H L D-A(TPz) A(TPz)-π-A

384 0.369 H L + 1 D-A(TPz) A(Ph)-π-A

375 0.081 H − 1 L D-A-π-A A(TPz)-π-A

NL17 569 1.392 H L D-A(TPz) A(TPz)-π-A

386 0.303 H L + 1 D-A(TPz) A(Ph)-π-A

378 0.036 H − 1 L D-A-π-A A(TPz)-π-A

TABLE 5 Experimental (exp),
reported (A), and calculated (b-d)
maximum wavelengths (λmax) for the
NL2-NL8 metal-free sensitizers

Dyes λmax (exp) λmax (a) λmax (b) λmax (c) λmax (d)

NL2 621 688 753 699 589

NL3 651 722 818 759 631

NL4 657 713 807 750 628

NL5 672 744 689 645 568

NL6 605 708 776 712 574

NL7 589 682 726 671 544

NL8 628 674 727 667 533

Notes: Values are in nm. (a) B3LYP/6-311G(d,p) (b) B3LYP+D3/6-31G(d,p); (c) M06/6-31G(d,p); (d)

CAM-B3LYP/6-31G(d,p).

F IGURE 5 Rings and dummy
atoms for NICS analysis on the
NL6 dye. Two different positions
of the molecule, A and B, are
depict for clarity. For the other
dyes, the NICS analysis was

realized in the same way
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of the π-cloud. Also, σiso is, in general, a soft curve representative of the average of the chemical shielding tensor. However, in some dyes, a maxi-

mum value is found at r = 0, indicating the lowest aromaticity level is reached in the center of the ring. Specifically, ring 1, a thiophene fused

group, has to r = −1 and 1 σzz average values between −23.12 and −16.82 for NL5 and NL11, respectively. These near values showed similar aro-

matic behavior, indicating that the current of the neighboring rings does not have a significant influence on the local aromaticity. However, slight

differences are found in the σiso values for NL1-NL5 and NL6-NL17 dyes, at r = 0. The first one shows aromaticity close to −9 ppm, while the last

one between −5.91 and −1.36 ppm, which shows that in the center of the ring the aromaticity increases when the neighboring π-bridge is also

thiophene. Ring 2, a pyrazine fused group, is highlighted by presenting an increase of aromaticity compared to ring 1 in the NL5-NL17 dyes, giving

the highest σzz average values of −33.35, −36.14, and −32.12 ppm in the NL12, NL14, and NL17 dyes, respectively. These results are also

F IGURE 6 NICS values (ppm) as a function of distance (angstrom) in rings 1, 2, and 3 of four outstanding metal-free sensitized dyes: A,

NL1; B, NL6; C, NL9; and D, NL12
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obtained with σiso, indicating that the aromaticity decreases in ring 2 of the NL1-NL4 dyes. σiso gives the same values and tendency for both ring

1 and ring 3.

Nevertheless, σzz NICS values shed some light on the aromaticity response of the π-bridge groups. In this sense, NL1-NL5 dyes with thiophene

as the π-bridge present the highest local aromaticity in ring 3, next followed by NL6, NL9, NL12 and NL15 dyes, which have phenyl as the

π-bridge, and NL8, NL11, NL14, and NL17 dyes with pyrazine, and finally, the NL7, NL10, NL13 and NL16 dyes with pyridine. These results show

that the aromatic response of thiophene and pyrazine as the π-bridge is strengthened as a consequence of their similarity to thieno[3,4-b]

pyrazine.

Summarizing these results, the single isotropic σiso and z-axis components σzz NICS values of rings 1-3 revealed two different behaviors, the

first one shows that, in the NL1-NL4 dyes, rings 1 and 3 are more aromatic than rings 2, while in the, NL5-NL17 dyes, the aromaticity is stronger

in ring 2. These results suggest that the pro-aromatic behavior of these dyes can be understood as the increase from ring 1 to ring 2 on the thieno

[3,4-b]pyrazine. Consequently, the NL1-NL4 dyes are weakly pro-aromatic, while the NL5-NL17 dyes are strongly pro-aromatic. In this context,

the highest gain in aromaticity is manifested in the NL12 dye. This highly pro-aromatic behavior can stabilize the LUMO orbital and cause the low

energy gap and the redshift of the wavelength, as shown in the previous sections. Consequently, this study proposes that the NL12 dye could also

present high overall efficiency in a solar cell (η).

3.3 | Structural, energetic, and electronic analysis in the adsorption of NL1, NL6-NL8, and NL15 on (TiO2)72:
studying the electron injection step from the chemical viewpoint

Taking into account the results of the above section, most representatives pro-aromatic organic dyes are chosen to study the electron injection

step. In this context, NL6 is the best sensitizer reported (PCE = 7.08%), and NL7-NL8 are the worst ones (PCE = 0.83% and 0.89%, respectively).

NL1 and NL15 are potential sensitizers presenting novel chemical characteristics similar to NL6, such as an electron deficient acceptor group

(A) and donor and highly aromatic π-bridge groups (thiophene and phenyl, respectively). Therefore, this study calculates the NL1@(TiO2)72, NL6@

(TiO2)72, NL7@(TiO2)72, NL8@(TiO2)72, and NL15@(TiO2)72 systems, involving three adsorption modes. The first mode that coordinates the dye to

the surface through N and O atoms, labeled as Bid_CN_COOH. The next one coordinates two, or just one, O atoms in a bidentate and mono-

dentate adsorption mode, Bid_COO_H, and Mono_COOH, respectively. It is essential to highlight that, recently, Bid_CN_COOH has been found

to be the stablest adsorption mode,[58,98] contrary to previous works which reported it to be the bidentate mode.[101] Figure 7 shows the geomet-

rical parameters associated with NL1@(TiO2)72, NL6@(TiO2)72, NL7@(TiO2)72 and NL8@(TiO2)72 when the Bid_CN_COOH mode is studied.

Figure S7 (SI) shows the parameters of these dyes when Bid_COO_H, and Mono_COOH are studied. The results show that the Ti-N and Ti-O

bonds are longer in the NL7@(TiO2)72 and NL8@(TiO2)72 systems than in the NL1@(TiO2)72, and NL6@(TiO2)72 systems. This result demonstrates

TABLE 6 Isotropic chemical shifts
(σiso) and z-axis components (σzz) in the
inflection points of the NICS scans on
ring 1, 2, and 3 of NL1-NL17 dyes

Ring 1 Ring 2 Ring 3

Dyes σiso σzz σiso σzz σiso σzz

NL1 −9.87 −19.72 −1.40 −16.34 −8.19 −20.00

NL2 −9.73 −18.77 −1.45 −14.00 −8.20 −20.38

NL3 −8.67 −18.49 −0.74 −12.98 −8.13 −20.32

NL4 −8.47 −18.72 −0.53 −12.11 −8.13 −20.43

NL5 −9.95 −23.12 −11.74 −27.61 −4.48 −22.44

NL6 −4.54 −17.95 −9.10 −21.39 −4.12 −19.75

NL7 −4.35 −21.55 −9.25 −19.93 −0.80 −12.65

NL8 −2.39 −18.73 −9.25 −23.14 −1.13 −16.37

NL9 −2.42 −17.47 −8.61 −21.98 −0.87 −15.23

NL10 −4.04 −17.88 −9.07 −21.37 −4.19 −19.96

NL11 −2.91 −16.82 −8.59 −20.47 −4.49 −20.76

NL12 −3.91 −19.89 −9.96 −33.35 −1.51 −21.22

NL13 −4.42 −20.93 −10.72 −22.14 −1.28 −16.42

NL14 −2.67 −19.87 −10.77 −36.14 −1.77 −24.01

NL15 −7.20 −17.35 −8.66 −22.34 −0.95 −15.87

NL16 −5.93 −17.93 −10.12 −20.66 −1.58 −16.83

NL17 −1.36 −16.85 −9.95 −32.12 −2.14 −22.99

Notes: NICS values are given in ppm.
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the low efficiency of the latter, because a long bond distance between the atoms of the anchoring group and the TiO2 surface does not allow an

adequate electron transfer because of the low overlap between the electron density of the atoms.

Furthermore, the adsorption energies with correction for the lateral interactions (ΔEads + ΔEL) of the NL1@(TiO2)72, NL6@(TiO2)72, NL7@

(TiO2)72, NL8@(TiO2)72, and NL15@(TiO2)72 systems are studied using the Equation 1 and 2. The results are tabulated in Table 7 and show that in

the NL1@(TiO2)72, NL6@(TiO2)72, NL7@(TiO2)72, and NL8@(TiO2)72 systems, the Bid_CN_COOH coordination mode is the most stable, with

values between −1.54 and −1.63 eV, while in the NL15@(TiO2)72 with RCOOH as anchoring group, the Bid_COO_H coordination mode is the

most stable. These results are similar to those reported for other metal-free organic dyes.[58] It is essential to observe that the energy difference

between the Bid_CN_COOH mode and the next stablest modes (Bid_COO_H or Mono_COOH) is 0.22 to 0.50 eV, while the energy difference

between Bid_COO_H and Mono_COOH is 0.00 to 0.22 eV. These slight differences could suggest the presence of more than one coordination

mode in the solar cell surface, as proposed recently.[111] Moreover, it is important to mention that the adsorption energies of Bid_CN_COOH are

very close. These present only a difference energy of 0.08 eV between the most stable, the NL6@(TiO2)72 system and, the lowest one, the NL1@

(TiO2)72. Therefore, these results cannot explain the highest efficiency of the NL6 neither lowest to NL7 and NL8. In this sense, the adsorption

energies of pro-aromatic organic dyes to the TiO2 surface does not depend only on the electronic characteristics of the anchoring-TiO2 bonds.

To continue scrutinizing the adsorption of pro-aromatic organic dyes onto TiO2, the electronic density of states (DOS) is examined. The results

are described in Figure 8 and Figure S8 of the SI. In a sense, the band gaps of NL1@(TiO2)72, NL6@(TiO2)72, NL7@(TiO2)72, NL8@(TiO2)72 and

NL15@(TiO2)72 were obtained between 3.2 and 3.3 eV, which shows that the gap energies are not determinant in the electron injection step.

These similar results are due to the comparable density of states obtained. Specifically, the valence band edge is generally dominated by O (2 sec-

onds, 2p), followed by Ti (2p), and in low contribution, the elements C, H, N and S of the dyes, while the conduction band edge is completely

formed by Ti (3d). This behavior ensures the electron movement and leads to the hole-electron formation in the valence band in the dye@TiO2

interaction. Nevertheless, the main differences are found when the frontier orbitals HOMO and LUMO are inspected (See Figure 8). In the NL1@

F IGURE 7 Most stable adsorption mode, Bid_CN_COOH, and geometrical parameters of NL1, NL6, NL7, and NL8 into the TiO2 surface
calculated using the PBED + U functional. All the distances are given in Angstrom (Å)

TABLE 7 Adsorption energies
(ΔEads + ΔEL) of NL1, NL6-NL8, and
NL15 into (TiO2)72 using the PBE + D
+ U functional

dye@TiO2 Bid_CN_COOH Bid_COO_H Mono_COOH

NL1@(TiO2)72 −1.54 −1.32 −1.11

NL6@(TiO2)72 −1.63 −1.22 −1.17

NL7@(TiO2)72 −1.62 −1.18 −1.18

NL8@(TiO2)72 −1.59 −1.19 −1.09

NL15@(TiO2)72 — −1.35 −1.37

Notes: Values are in eV.
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(TiO2)72, NL6@(TiO2)72, and NL15@(TiO2)72 systems, the electron densities of the HOMOs are in all the dye structures and the electron densities

of the LUMOs are located on the Ti atoms. In the NL7@(TiO2)72 and NL8@(TiO2)72 systems, the HOMOs and LUMOs present electron densities

wholly located on the dyes (Figure S8). These results confirm that the low overall power conversion efficiency (η) in the pro-aromatic organic dyes

NL7 and NL8 is also generated because the electron densities of the LUMOs are not located on the Ti atoms of the TiO2 surface, preventing that

the electron from moving quickly to the conduction band and avoiding the next step in the solar cell, which is the redox reaction. Conversely, NL1

and NL15 are confirmed as potential dyes, because similar to NL6, (the pro-aromatic organic dye with the highest efficiency), the LUMOs present

electronic densities over the Ti atoms of the surface, allowing fast electron injection to the conduction band of the TiO2 surface.

We have complemented the above results with the adsorption free energies (ΔGads) in the Bid_CN_COOH coordination modes of the

dyes@TiO2 systems using the Equation (1). The values are tabulated in Table 8, where the adsorption free energies are also very close. Neverthe-

less, an opposite effect to that expected is obtained: NL6, the most efficient sensitizer, is not very spontaneous in the adsorption TiO2. Conse-

quently, the free energies change for the electron injection (ΔGinject) was analyzed using the Equation (3), and the redox free energy (ΔGredox) is

found as an energetic contribution. For the former, close values between −2.32 and 2.41 eV are found, which suggests as in ΔGads that the global

energies of the process do not describe the experimental results. However, the redox free energies (ΔGredox) reproduce the experimental tenden-

cies: NL6@(TiO2)72 system present the highest contribution, while NL7@(TiO2)72 and NL8@(TiO2)72, the lowest one. These outstanding results

indicate that if pro-aromatic organic dyes are employed in DSSC, the electron injection step will present a more significant contribution to the

redox reaction (dye* à dye+ + e−) than to the adsorption stage (dye+ + TiO2 à dye@TiO2).

F IGURE 8 DOS graphics and plot of the first HOMO and LUMO orbitals to NL1@(TiO2)72, NL6@(TiO2)72, and NL15@(TiO2)72 systems. DOS
graphics show the total density in black, while the partial DOS for the Ti(p,d) and O(p) are in red and green, respectively. DOS, density of states

TABLE 8 Free energies change for
the electron injection (ΔGinject) and its
contributions (ΔGredox) and (ΔGads)

dye@TiO2 ΔGinject ΔGredox ΔGads

NL1@(TiO2)72 −2.32 −1.96 −0.36

NL6@(TiO2)72 −2.38 −1.98 −0.40

NL7@(TiO2)72 −2.36 −1.93 −0.43

NL8@(TiO2)72 −2.41 −1.94 −0.47

NL15@(TiO2)72 −1.72 −0.77 −0.95

Notes: Values are in eV.
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Therefore, the specific aromatic behavior of these dyes affects the electron injection in a manner that has not been explained for other tradi-

tional D-A-π-A dyes, because in these dyes type the redox reaction is the key process into this step.

3.4 | The electron injection step into the L1@(TiO2)72, SGT-130@(TiO2)72 and PB1@(TiO2)72 systems: a
comparative analysis of the role of the acceptor group A, in D-A-π-A type dyes

Aiming to analyze the role of the acceptor group A in D-A-π-A type dyes, the sensitizers L1, SGT-130 and PB1 were studied in the electron injec-

tion step of the solar cell. In these dyes, a small donor group D is used to reduce the steric effect of the dye@(TiO2)72. The geometrical parameters

of the L1@(TiO2)72, SGT-130@(TiO2)72, and PB1@(TiO2)72 systems are described in Figure 9 and Figure S9 (SI). The first shows the

Bid_CN_COOH adsorption mode, and the second, the Bid_COO_H, and Mono_COOH modes. The results show structures analogous to

NL1-NL17@(TiO2)72, as previously found. The Ti-N and Ti-O bond lengths are about 2.280 and 2.000 Å, respectively. Furthermore, the adsorp-

tion energies calculated using the Equation (1) and tabulated in Table 9 show that Bid_CN_COOH is the stablest coordination mode. The lowest

adsorption energy is obtained in SGT-130@(TiO2)72, which is contrary to the high efficiency reported for this metal-free organic dye. Moreover,

when the density of states (DOS) is explored and the electronic density is analyzed in the frontier HOMO and LUMO orbitals of the dye@(TiO2)72

systems (Figure 10), the electron injection is possible because of the Ti(3d) atoms that contribute to the conduction bands. However, it is only effi-

cient in SGT-130@(TiO2)72. This behavior is attributed to the differences in electronic density over the LUMO found in L1@(TiO2)72, SGT-130@

(TiO2)72, and PB1@(TiO2)72. Specifically, L1@(TiO2)72 and PB1@(TiO2)72 present the electronic density of the LUMO over the entire dye structure,

while this is located over the Ti atoms of the SGT-130@(TiO2)72 system, which facilitate electron movement.

The overall process is studied using the free energies change for the electron injection (ΔGinject) (Equation 3.) Also, the redox (ΔGredox) and

adsorption (ΔGads) free energies are obtained. The values are tabulated in Table 10 and show that the highest electron injection and redox contri-

bution was obtained for the SGT-130@(TiO2)72 system, which agrees with the experimental results of the overall power conversion efficiency

(η = 10.1%). Therefore, the highest electron injection of the SGT-130 dye results from the most spontaneous process (dye* à dye+ + e−). Finally,

a comparison is made between the redox free energies of NL1@(TiO2)72, PB1@(TiO2)72, and SGT-130@(TiO2)72, which have thieno[3,4-b]pyrazine

F IGURE 9 Stablest adsorption mode, Bid_CN_COOH, and geometrical parameters of L1, SGT-130, PB1 into the TiO2 surface calculated
using the PBED + U + D functional. All the distances are given in Ångström (Å)

TABLE 9 Adsorption energies
(ΔEads + ΔEL) of some important dyes
into (TiO2)72 using the PBE + D + U
functional

dye@TiO2 Bid_CN_COOH Bid_COO_H Mono_COOH

L1@(TiO2)72 −1.62 −1.28 −1.28

SGT-130@(TiO2)72 −1.55 −1.30 −1.22

PB1@(TiO2)72 −1.73 −1.22 −1.14

Notes: Values are in eV.
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(Tpy), thieno[3,4-b]thiophene (TTh), and benzothiadiazole (BTD), as acceptor groups, A, respectively. L1@(TiO2)72, had the simplest D-π-A. The

results show that the addition of thieno[3,4-b]thiophene does not produce significant changes. Nevertheless, if the benzothiadiazole or thieno

[3,4-b]pyrazine (Tpy) are used, more spontaneous processes are obtained. Therefore, the structural design of novel sensitizers can be focused on

dyes like NL1, NL6, and SGT-130.

4 | CONCLUSIONS

The most efficient and the most potential sensitizers, NL6 and NL12, respectively, present a D-A-π-A rearrangement in which, the 2,3-di-TPz

(A) is a weak acceptor, the π-bridge is electron rich, and the anchoring group (A) is highly electron accepting. Therefore, the chemical nature of the

D-A-π-A dye favors the highest behavior as photosensitizer.

Some sensitizers such as NL1, NL6, NL10, and NL12 show bands extended to the infrared region (>550 nm), which could be the reason for

the highest performance in the photoexcitation step. Moreover, dyes with donors π-bridge, such as, NL7 and NL8, are the most inefficient,

because the inner orbitals (H-8, H-6) control the electronic transitions in the visible region.

The pro-aromatic behavior of these dyes can be understood as gaining aromaticity from the thiophene group to the pyrazine ring on thieno

[3,4-b]pyrazine. This demonstrates that in the metal-free sensitized type D-A-π-A the acceptor group determines many of the properties of the

molecule.

In the sensitizers of the NLX family, the electron injection stage does not depend solely on the electronic characteristics of the anchoring-

TiO2 bonds. This stage is strongly driven by the redox energy contribution and the pro-aromatic behavior of the dye.

F IGURE 10 DOS graphics and plot of the first HOMO and LUMO orbitals for L1@(TiO2)72, SGT-130@(TiO2)72, and PB1@(TiO2)72. DOS
graphics show the total density in black, while the partial DOS for the Ti(p,d) and O(p) are in red and green, respectively. DOS, density of states

TABLE 10 Free energies change for
the electron injection (ΔGinject) and its
contributions (ΔGredox) and (ΔGads)

dye@TiO2 ΔGinject ΔGredox ΔGads

L1@(TiO2)72 −1.82 −1.39 −0.43

SGT-130@(TiO2)72 −2.14 −1.77 −0.37

PB1@(TiO2)72 −2.03 −1.41 −0.62

Notes: Values are in eV.
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Benzothiadiazole (BTD) and thieno[3,4-b]pyrazine (Tpy) are outstanding acceptor groups A. These are ideal substituents in the structural

design of novel D-A-π-A sensitizers due to their high electron injection performance.
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