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Abstract

In this work, six molecules M1-M6, with the donor—x-spacer—acceptor structure,
based on triphenylamine have been purposely studied to be applied in n-type dye-
sensitized solar cells (DSSCs). We explore the effect of different electron-withdraw-
ing substituents on the optoelectronic, structural, and photovoltaic dye properties.
The key parameters of all the dyes affecting the power conversion efficiency (PCE)
were theoretically investigated in detail using density functional theory (DFT) and
TD-BHandHLYP calculations to reveal structure—property relationships. The calcu-
lated results show that the strong electron-withdrawing groups of thienothiadiazole
and furano-thiadiazole, reduce energy gaps and provide a red shift of absorption
spectra. The dye M1 and M3 have presented interesting optoelectronic properties
with interesting charge transfer properties. Meanwhile, the enhanced free energy of
charge injection (AG™°") and light-harvesting efficiency of the M5 dye revealed
that this dye can be used as a potential sensitizer for TiO,-based DSSCs. The DFT
method is also used to evaluate the bond interactions between the dye and iodine.
The results suggest that dyes containing thienothiadiazole and furano-thiadiazole
as m-spacers show more stable interactions with iodine species, thereby increasing
the concentration of the redox couple at the surface of the semiconductor. In addi-
tion, the process of charge transfer and dye adsorption on (TiO,), cluster was inves-
tigated. Calculations show that the M3 dye has lower adsorption energy than the
corresponding M1 dye. These results suggest that the adsorption of M3 on the TiO,
semiconductor would be more stable. The results indicate that the selected dyes pro-
vide promising results and motivate future investigations on these new systems.
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Introduction

Solar energy has the advantage of being inexhaustible and of emitting no green-
house gases when producing electricity. It then constitutes an ecological and eco-
nomical alternative to fossil fuels which are in limited quantity and whose use is
detrimental to the sustainability of organisms [1, 2]. However, the challenge of
photovoltaics is to significantly reduce the cost of the energy produced. Silicon
currently offers the best performance, but its purification and its treatment lead
to very high costs and to an expensive manufacturing process. On the other hand,
dye-sensitized solar cells (DSSCs) have attracted considerable attention since the
first nanocrystalline solar cell based on a Ruthenium dye developed by Gritzel &
al,in 1991 [3].

In this type of cell, the dye is responsible, after absorption of a photon, for
the generation and the separation of the electron—hole pair by injecting an elec-
tron directly into the conduction band of the semiconductor oxide on which it is
grafted. The original state of the dye molecule is regenerated by a redox couple
system, which itself is regenerated at the counter electrode by electrons passing
through the load.

The choice of the different constituents of such a cell is therefore crucial to
guarantee the good performance of the device. The dye must meet a certain num-
ber of criteria (energy levels, light absorption range, chemical stability, etc.)
Based on these requirements, a multitude of dyes, including porphyrins [4-9]
and phthalocyanines have been synthesized and tested as light-harvesting com-
ponents for DSSCs over the past two decades on account of their intense absorp-
tion in the visible region of the solar spectrum [10]. However, the dyes based
on ruthenium complexes were the first to achieve conversion efficiencies greater
than 10% [11-13]. Moreover, as chromophores associated with titanium dioxide
and the redox mediator I/I;7, they have long remained unequaled in terms of
performance. Currently, the development of metal-free organic dyes has been of
increasing interest over the years because of their low costs and more durable
alternatives to ruthenium polypyridyl complexes [14—16]. In addition, they offer
greater freedom in terms of molecular engineering [17—-19]. The first organic
dyes tested, such as perylene [20-22] and coumarin [23-28], had a relatively
symmetrical structure and provided only modest energy conversion efficiencies.
A breakthrough in the field was instead carried out with organic chromophores
"push—pull" of the donor-n-spacer-acceptor type (D-n-A), having a spacer with
extended n-delocalized structure. This architecture, which has been the subject
of several articles in recent years, has the absorption in the visible range and
ensures excellent charge separation at the excited state [29], thus promoting the
injection of electrons to the semiconductor while minimizing recombination. The
properties of dyes D-n-A can be adjusted by varying the electron donor groups,
n-conjugated systems or acceptor units. The D-n-A organic dyes of diverse struc-
tures containing electron-donating groups, such as triphenylamine derivatives
[30, 31], carbazole [32-34], indole [35, 36] and indoline [37-39] have been
developed and resulting in reports of DSSCs with remarkable efficiency. Among
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them, triphenylamine-based organic dyes showed higher efficiency compared
to those of different structures. The choice of the triphenylamine donor unit in
DSSCs is due to their prominent electron donation, greater structural stability
and hole-transport ability [40]. Cyanoacrylic acid is most commonly used as an
electron acceptor moiety due to the presence of the cyanide and carboxyl groups,
which have a strong electron-with drawing capability and strong binding ability
to the TiO, surface for electron injection [41].

The =-spacer is used to link the electron donor and acceptor, which helps to
spread the electron density and facilitate charge separation upon excitation. It plays
a significant role in broadening the maximum absorption peak, reducing the charge
recombination [42] and efficiently enhance the absorption ability, which is benefi-
cial to improve charge transfer characteristics of DSSCs and increase efficiency [43].
Therefore, choosing the suitable m-spacer is one of the strategies to improve the pho-
tovoltaic performances. Several molecules based on heteroaromatic molecules and
their derivatives, such as thiophene [44-48], phenyl [49], furan [44, 50-53] and oli-
gothiophene [54, 55], have been explored as n-conjugated systems.

Due to the evolution of computing resources, the exploitation of theoretical meth-
ods in the context of computational modeling has experienced considerable growth
in the literature. Computational chemistry has been successful in complementing
and explaining synthetic results and providing rigorous information where this is
inaccessible by experiment [12]. This work takes place in this context. The objec-
tive is to develop organic dyes with interesting geometric and optoelectronic proper-
ties for photovoltaic applications. The most used method of structural modification,
for tuning the highest occupied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO) energy levels of sensitizer dyes, is by varying the
n-conjugated spacer, which is the main objective of this study. We report the char-
acterization of six novel triphenylamine-based push—pull dyes that have been pur-
posely identified to be applied in n-type dye-sensitized solar cells (DSSCs), by using
the same electron donor moiety (the triphenylamine group) and the cyanoacrylic
acid group as acceptor fragment.

This work aims to demonstrate how the variation of the bridges affects the opto-
electronic and electrochemical properties of these dyes. For this purpose, we used
different m-conjugated bridges based on the thiadiazole and pyrazine derivatives,
such as thienothiadiazole (TT), pyrrolo-thiadiazole (PT), furano-thiadiazole (FT),
thienopyrazine (TP), pyrrolo-pyrazine (PP), furano-pyrazine (FP) (Fig. 1).

Another important aspect of DSSCs is the interaction between the dye sensitizer
and the TiO,. The sensitizer molecules have usually a carboxyl group that interacts
with the solid electrode. It is of fundamental importance the determination of the
geometric structure of the adsorbed dye state and the electronic coupling with the
TiO, conduction band.

Moreover, other factor, which must be considered when designing organic mol-
ecules for DSSCs, is that the dye should be able to prevent charge recombination
processes. For most DSSCs, an iodide/triiodide (I7/173) redox couple is employed
as its electrolyte. Therefore, we need to understand the different mechanisms that
interplays between the dye and the electrolyte, especially when it is applied to dyes,
which have various heteroatoms at the w-conjugation bridge.
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Fig. 1 Molecular structures and abbreviated notations of all studied dyes

Computational methods
Theoretical background

The power conversion efficiency, denoted 1, is an important indicator for evaluat-
ing the photovoltaic performance of DSSCs. It is defined as the ratio between the
maximum power (P, ) delivered by the cell and the incident light power (P;,),
according to Eq. (1) [56]:

P Joo Vo FF
= PCE = max _ Neagole
" P. P. M

me e

where V¢ is the open-circuit potential, FF is the fill factor, and Jy. is the short-
circuit current density.

According to Eq. (1), in order to achieve higher PCE of DSSCs, Jg should be
as large as possible. The J4c is defined by the following Eq. (2) [57]:

Jsc = / LHE () @, dA )

where LHE is the light-harvesting efficiency, ¢;; is the electron injection efficiency
and n; is the charge collection efficiency. n; can be regarded as a constant. Based
on Eq. (2), it is obvious that the larger LHE () and ¢;,; is beneficial to improve Jgc
and PCE. The LHE can be obtained as followed [58]:

LHE = 1-107 (3)

where f is the oscillator strength of the absorbed dye at the maximum absorption.

¢y 1s associated with electronic injection driving force (AGiyjee), Which is very
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useful for studying the photovoltaic performance. It can be estimated as follows in
Eq. (4) [59]:

inject _ pdyex  pTiOp _ pdye _ Tio,
AG =Esx —Eg’ =Eqx —Eoo—Ecp 4)
where Eg};f* is the oxidation potential energy of the dye in the excited state, Eg};?

is the redox potential energy of ground state of the dye, E is vertical excitation
energy and EE‘E?Z is the conduction band energy of TiO, (—4.0 eV) [60]. The dye’s
ground state oxidation potential can be estimated as follows in Eq. (5) [61]:

d
Eoy; = —Eyomo (5)

Besides the Jg, the n of DSSCs is also determined by Ve, which can be
described by [62]:

c redox

6
q q Nes q ©

Ecg + AE KpT. n E
Voo = CB B Do 7oy

where Eg represents the conduction band of the semiconductor, q is the unit charge,
k,T is the thermal energy, n_ is the number of electrons in the conduction band,
Ncp is the accessible density of conduction band state, E, 4, is the electrolyte Fermi
level, and AEy is the shift of E-z when the dye is adsorbed on the semiconductor.
It can be calculated as the following Eq. (7) [63]:

_ qHnormal?

A = £qE
0

(N
here, W,oma 1S the dipole moment of the dye, y is the molecular surface concen-
tration, €, and € represent, respectively, the permittivity of the vacuum and the
dielectric.

The open-circuit potential (V) can be theoretically calculated as the energy dif-
ference between the LUMO level of the dye and the conduction band of the semi-
conductor (TiO,) [64].

TiO,
Voc =Erumo — ECIB : 8)

Computational details

All calculations were performed with Gaussian 09 program [65]. The ground state
geometries for all dyes were carried out by using density functional theory (DFT)
method in conjunction with hybrid Becke three-parameter and Lee—Yang—Parr func-
tional (B3LYP), which is selected for the best performance of geometry optimiza-
tion [66, 67] and 6-31G(d,p) basis set. Some parameters can be obtained from the
optimized configurations, including bond lengths, dihedral angles and energies of
frontier molecular orbitals. Moreover, the anionic and cationic states of dyes were
calculated to evaluate ionization potentials, electron affinities and reorganization
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energies with the same level of theory. The BHandHLYP functional in conjunction
with 6-31G +(d) basis set was used to calculate the absorption wavelengths (4,,..),
oscillator strength (f) and excitation energies (E, ) for all studied dyes. The sol-
vent effects were considered using the Conductor-like Polarizable Continuum Model
(C-PCM) for tetrahydrofuran (THF). The choice of BHandHLYP functional is due
to the effect of being regarded as the most stable and more reasonable method to
describe absorption spectra and is widely used in the theoretical research [67]. To
investigate dye-iodine and dye-TiO, intermolecular interactions, extra DFT calcu-
lations were performed by the B3LYP functional using the Los Alamos National
Laboratory double zeta (LANL2DZ) basis set for Ti and I atoms.

Results and discussions
Molecular design and geometrical structures

All the molecular geometries of the studied molecules have been obtained with the
B3LYP/6-31G(d, p) level of theory. The optimized geometry parameters of the stud-
ied dyes in the ground state are listed in Table 1 and illustrated in Fig. 2. In the
D-n-A molecules, the n-spacer is used as the bridge of intramolecular charge trans-
fer (ICT), so, the bridge bonds between donor (A) and n-spacer (L,), and acceptor
(D) and m-spacer (L,) are calculated and discussed.

In order to indicate the molecular planarity clearly, two parameters were intro-
duced: @, ®,. Here, @, is the dihedral angle between Donor and n-spacer, while @,
is the dihedral angle between Acceptor and n-spacer.

Table 1 shows that @, vary in the range of 0.218 to 8.998°, while the values of @,
vary between 7.261° and 23.958°. The dyes M1, M2, M4 and M5 have almost same
values of ®@,. However, M3 and M6 present, respectively, the values of 7.261° and
13.634° for ®@,, which is may be due to the furan unit present in the n-bridge. Thus,
the linked furan unit in FT and FP is favorable to the charge transfer from donor
to acceptor unit, leading to an effective injection into the conduction band of TiO,
through the cyanoacrylic acid group [68].

On the other hand, the dihedral angle @, has very low values for all dyes. How-
ever, the dyes with the thiadiazole motif show a slight effect of conjugation for the

Table 1 Selected dihedral
angles @ (°) and bond lengths

L (A) of studied molecules at Mi 0.755 18.351 1.440 1.415
B3LYP/6-31G(d,p) level ’ ' ' '

Dyes D, D, L, L,

M2 0.319 17.313 1.442 1.412
M3 0.218 7.261 1.428 1.406
M4 6.111 23.958 1.451 1.426
M5 8.998 19.298 1.450 1.417
M6 1.433 13.634 1.436 1.408
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Fig.2 Optimized geometries of studied molecules at B3LYP/6-31G(d,p) level

M1, M2 and M3 dyes, which favors a planar structure. This may be due to the charge
transfer between triphenylamine and the thiadiazole fragments.

We report in Table 1 the values of bond length (L; and L,) from all optimized
molecules. The bonds are in the range of 1.406-1.451 A. These results show that
the bond lengths are almost the same for all dyes. However, the low values of d,
show that the connection between donor moieties (D) and acceptor moieties (A)
via m-bridge is crucial as it enhances the (ICT) character. These inter-ring distances
undergo a slight increase in the case of M4 at 1.451 A for L, and 1.426 A for L,, and
in the case of M5 at 1.450 A for L, and 1.417 A for L,. The small increase is due to
the low charge transfer between the nitrogen of the pyrazine unit and the neighboring
carbons. On the other hand, the bond lengths in M3 and M6 dyes are significantly
decreased in comparison with other dyes. This short bond distances calculated indi-
cate intramolecular interactions, which gives rise to molecules in a quasi-planar
structure (©,=0.218° / ®,=7.261° for M3 and ®,=1.433 / ®,=13.634° for M6)
and facilitates the electron delocalization over the whole molecular system under
optical excitation.

Frontier molecular orbitals and energy levels

To discover the effect of the n-bridge on the electronic properties of the studied dyes
for use in DSSCs, we presented in Fig. 3 the highest occupied molecular orbital
(HOMO), the lowest unoccupied molecular orbital (LUMO) and gap energy (Egap)
values of all the studied dyes.

As shown in Fig. 3, the HOMO energies of all studied dyes are in the range
of (—5.04)-(—4.87) eV, while the LUMO level, which is more affected by
the different electron m-conjugation linkers, increases in the following order:
M3 <M1l <M4<M6<M2<MS5. Thus, it is clear that the LUMO levels of
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Fig.3 Schematic diagram of calculated energy HOMO and LUMO levels for the studied dyes, along
with CB of TiO, and redox potential of I"/I;~

thiadiazole, thiophene and furan n-conjugated system based dyes are much lower
than that of dyes based on pyrazine and pyrrol units, suggesting that the charge-
transport ability of the n-conjugated system based on heterocycles with sulfur or
oxygen atoms was much stronger than that of nitrogen based heterocycles. More-
over, the Eg,d1p of these dyes increase in the order M1 < M3 < M4 < M6 < M2 < M5.
The results indicate that the dyes M1, M3 and M4 exhibit the best electronic
properties due to their narrow gap energies when compared with other molecules;
in particular, M1 has the stronger electron m-conjugated system, which leads to
narrow HOMO-LUMO gap energies.

Moreover, the substitution of the pyrazine unit by the thiadiazole unit leads to
a decrease from 2.06 to 1.80 eV for M4/M1, from 2.40 to 2.17 eV for M5/M2,
and from 2.15 to 1.83 eV for M6/M3. The addition of thiadiazole unit in dyes
M1, M2 and M3 effectively lowered their LUMOs compared with that of M4, M5
and M6. Due to the significant decrease in the LUMO level, the gap energies of
thiadiazole-based dyes are smaller than that of pyrazine-based dyes. Therefore,
the thiadiazole unit is expected to be a stronger electron-deficient group, which
may be due to the Coulombic interaction between sulfur and oxygen atoms [69].

On the other hand, as shown in Fig. 4, for the HOMO level, the electron den-
sity is located over the molecule and mainly located on the triphenylamine and
m-spacer units, the bonding orbitals are located on the bridging C=C atoms,
while the anti-bonding orbitals are located on the bridging CC atoms. For the
LUMO level, the electron density is located on the acceptor units and part of
the n-bridge, which form the zm-rich part. The distributions of the electron den-
sity of the HOMO and LUMO indicate that an excited electron moves from the
TPA donor to the cyanoacrylic acid acceptor via the m-bridge group, ensuring
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Fig.4 Distribution of molecular orbital (HOMO and LUMO) of the studied dyes, obtained at B3LYP
6-31G(d,p) level of theory

efficient charge separation and electron injection. This transition can be classified
as a n—n* ICT [70].

Understanding the energy levels of the dyes is most important to explain the elec-
tron injection and charge regeneration process in DSSCs. For this reason, the energy
level diagram of the HOMOs and LUMOs are presented in Fig. 3. We note that all
dyes have sufficiently high E; ;,;o and are energetically favorable for electron injec-
tion into the conduction band of TiO, (—4 eV) [71]. On the other hand, the HOMO
level of the dyes M1-M6 occurs in the range (—5.04 eV) at (—4.87 eV) which was
more positive to that of I"/I;~ redox electrolyte (—4.80 eV) [72]. This is a sufficient
thermodynamic condition for efficient dye regeneration by I"/I;~ redox couple.
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The electrochemical data confirm the existence of driving force for electron
injection into the conduction band of TiO, and regeneration of dyes by I” in the
electrolyte.

Natural bond orbital (NBO) analysis

In order to analyze charge populations on D-n-A dyes, the Natural Bound Orbital
(NBO) analysis provides a practical basis for charge distribution and electron trans-
fer in D-n-A systems. This analysis was performed at B3LYP/6-31G(d, p) level, and
the values are listed in Table 2. The positive NBO charge of donor and m-spacer
units for all dyes reveals that they are effective electron-pushing units. Contrarily,
the negative NBO values of acceptor units indicate that they will efficiently receive
the electrons transferred from the electron donor part. During the photo-excitation,
the NBO charges on the donor for all dyes are in following order; M1 (0.176) > M3
(0.173) >M2 (0.165)>M4 (0.139) > M6 (0.131) > M5 (0.072), indicating that dyes
with thiadiazole-based bridges have strong electron-donating capability than that of
dyes with pyrazine unit. For the acceptor, the NBO charges show that the introduc-
tion of thiadiazole derivatives as units in m-spacer can increase the density of elec-
trons in the acceptor. Moreover, the charge in the acceptor group of M3 dye indicate
that furano-thiadiazole (FT) as a m-spacer could greatly favor charge transfer as it
shows an effective electron-withdrawing unit.

Electronic absorption spectra

As we know, light absorption ability inevitably influence on Jg., thus, dye with a
great capability to absorb solar radiation is beneficial to improve efficiency of
devices. The optical properties of dyes with different n-spacers were carried out by
TD-BHandHLYP-/6-31G + (d) level in THF solution. The vertical transition ener-
gies (Eq), oscillator strengths (f), maximum absorption wavelengths (4,,,,) and
main transition transitions are listed in Table 3.

The maximum absorption wavelengths (A, are in following order: MI
(738 nm)>M3 (639 nm) >M2 (537 nm) > M4 (528) > M6 (525 nm) > M5 (473 nm).
The introduction of thiadiazole moiety reveals strong effects on the maximum
absorption wavelengths and leads to remarkably red-shifted adsorption bands for
M1, M2 and M3 when compared to M4, M5 and M6 pyrazine-based dyes; this may

max.

Table 2 Natural Bond Orbital

N X i Dyes Donor T-spacer Acceptor

analysis (atomic charge in a.u)

of the studied dyes Mi 0.176 0.029 0208
M2 0.165 0.129 -0.214
M3 0.173 0.059 -0.227
M4 0.139 0.016 —0.156
M5 0.072 0.138 -0.210
M6 0.131 0.076 —-0.203
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Table 3 Calculated excitation

energies (Ey y/eV), maximum Dyes Ey€V) Ag @m) f LHE  Main transitions
absorption wavelengths A/ njp 1678 738 0.664 0783 HL (69%)
nm), oscillator strengths (f), H—1L (12%)
Light-harvesting efficiencies
(LHE) and electronic transition M2 2.307 537 0868 0865 HL (69%)
configurations for all studied H-1L (13%)
dyes in tetrahydrofuran M3 1.940 639 0.702  0.801 HL (69%)
(THF) solvent, at the H-1L (12%)
TD-BHandHLYP/6-31G + (d) M4 2.344 528 0.952 0.888 HL (67%)
level (H stands for HOMO and H-1L (18%)
L for LUMO) M5 2620 473 1027 0906 HL(67%)
H-1L (18%)
M6 2.360 525 0956 0.889 HL (68%)
H-1L (17%)

be due to the thiadiazole unit, which is much stronger n-electron deficient unit. In
the case of M1, the incorporation of the thiadiazole with thiophene units displays
a remarkable nearly 100 nm red-shifting absorption than M3. The dye M1 has
presented a low E,,,, which results to a red-shifted adsorption. This is ascribed to
the transition absorption of intramolecular charge transfer (ICT) from the triphe-
nylamine donor to cyanoacrylic acid acceptor through the thienothiadiazole n-spacer
[73].

Dyes M1 and M4 with thiophene-based spacers, displays a red-shifted absorption
band when compared to dyes with pyrrole and furan units. This contributes to the
better conjugation leading to more efficient intramolecular charge transfer. There-
fore, M1 and M4 show the red-shifted ICT absorption and absorb more photons
from the visible region, indicating their superior light-harvesting ability in compari-
son with M2, M3, M5 and M6 dyes based on pyrrole and furan bridges. This may
be attributed to the smaller resonance energy of the furan than thiophene, which
ensures a more effective conjugation in the n-bridge of M1 or it may be caused by
the lower electronegativity of the sulfur atom present in thiophene.

We can conclude from Table 3 that the main absorption band of all studied dyes
mainly corresponds to the HOMO to LUMO transition. Moreover, from Fig. 5,
we note that the studied dyes exhibit two main absorption bands. The first band of
lower intensity between 300 and 400 nm which could be attributed to the electronic
transfer 1 — n*[74]. The second band of highest intensity between 400 and 800 nm,
which could be attributed to the intramolecular charges transfer [74].

From the results above, we can conclude that n-bridge has a considerable influ-
ence on the light-harvesting ability of these triphenylamine-based dyes.

The oscillator strength (f) is another parameter that communicates the probability
of electromagnetic radiation absorption by transitions between the energy levels of
an atom or molecule. The oscillator strength values of these dyes at the maximum
absorption are presented in Table 3, revealing values in the range of 0.664-1.027
and show the same trend as the 4., peaks.

According to Eq. (2), the light-harvesting efficiency (LHE) is an important factor
affecting the Jg. Generally, a high LHE is needed to get a maximum photocurrent.
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Fig.5 Simulated absorption spectra of the Mi (i=1-6) molecules, calculated at TD-BH and HLYP/6-
31G+(d) level of theory in THF solution

Among all dyes, M5 displays largest LHE (0.906), followed by M6 (0.889) and M4
(0.888). These results indicate that the substitution with pyrazine groups is a useful
way to enhance the photo current response.

Injection and transport of the charge carriers

The design of DSSCs requires an efficient and balanced injection and transport of holes
and electrons. Within this framework, ionization potentials (IP), electron affinities
(AE), electron extraction potentials (EEP) and hole extraction potentials (PET) were
calculated as described in our previous study Lazrak et al., 2020 [70]. We note that a
low IP and a high EA are beneficial to facilitate hole and electron injection in photosen-
sitive dye materials [75]. Table 4 presents the ionization potentials (IPa / IPv), electron

Table 4 Calculated vertical and adiabatic values of IP and EA, hole and electron extraction potentials
(HEP and EEP) and reorganization energies of studied dyes (in eV)

Dyes IPa IPv EAa EAv HEP EEP Ay A Motal

Ml 5.942 6.039 2.157 1.945 5.849 2.381 0.189 0.437 0.626
M2 5.873 5.975 1.695 1.455 5.772 1.992 0.203 0.537 0.741
M3 5.897 6.093 2.145 1.922 5.848 2.381 0.245 0.459 0.704
M4 5.902 6.009 1.872 1.633 5.801 2.118 0.207 0.486 0.693
M5 5.832 5.946 1.451 1.203 5.724 1.725 0.222 0.522 0.744
M6 5.917 6.022 1.785 1.545 5.818 2.035 0.203 0.490 0.694
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affinities (EAa/ EAv), hole and electron extraction potentials (HEP / EEP) calculated at
B3LYP/6-31G(d, p) level of theory.

As shown in Table 4, M5 and M2 exhibit the lower IPa/IPv (5.832/5.946 eV) and
(5.873/5.975 eV), respectively. This may be attributed to the introduction of pyrrole in
the first m-spacer part, especially in M5 having the lowest IP, which is clearly explained
by the introduction of the pyrrole and the pyrazine units in n-spacer, thereby improving
the carrier injection ability. As a result, dyes with nitrogen based spacers have superior
hole injection capability compared to other dyes.

For EA, the results show that M1 and M3 dyes require high energy (EAa/EAv),
which suggest that thiadiazole-based dyes are more favorable for injecting an electron
directly to the TiO, semiconductor.

The hole and electron extraction potentials HEP and EEP of the studied dyes exhibit
the same trend as described for IP and EA, respectively.

Furthermore, the reorganization energy () in an important parameter, which
affects the performance of DSSC device. It can be expressed as:

’llotal = )’e + Ah (9)

We note that the smaller total reorganization energy will accelerate electron transfer.
Awtal 15 consisted of electron and hole reorganization energies (A, / A,) which are evalu-
ated from the following formulas [31]:

= [E7 M) — M| —[E (M) — E(M*)] 10

A = [E(M7) = EZ(M7)]-[EM) — E"(M)] (11)

with, E(M), E¥(M™*) and E"(M") are, respectively, the energies of the neutral, cat-
ion and anion species in their ground state geometries. E*(M) and E~(M) represent,
respectively, the energies of the cation and anion species with the geometries of the
neutral species. E(M*) and E(M ") represent the energies of the neutral species with
the geometries of the cation and anion species, respectively.

According to the values of the hole and electron reorganization energies listed in
Table 4, the values of A, are less than those of A, for all dyes; it indicates that these
organic molecules are more appropriate for hole-transport materials.

The more balanced is the reorganization energy between hole and electron, the
greater luminous efficiency will be found for the studied dyes [76]; M1 has the low-
est total reorganization energy, which reflects its most favorable charge-transport
properties.

These results indicate that the introduction of thiophene and thiadiazole as units in
n-bridge is appropriate for generating and transporting free holes and electrons as the
p-type materials in organic solar cell devices, which is due to their electron-rich proper-
ties and small volume.
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Important factors related to the photovoltaic performance of DSSCs

In order to seek out the influence of different n-spacers on the efficiency, vari-
ous key parameters including the free energy of charge injection (AG™Mect),
free energy of charge injection of dye regeneration (AG™#) and dipole moment
(Mporma) are used to evaluate short-circuit current density (Jg-) and open-circuit
voltage (V5c), and the corresponding data are tabulated in Table 5. According to
Eq. (2), free energy of charge injection (AG™®%) is important factor affecting the
Jsc. The negative AG™*' value means that electrons can be injected into TiO,
semiconductor. The lower AG™* is beneficial to increase Jg. The results show
that dyes with pyrazine unit are more negative than thiadiazole-based dyes, which
means that they will have larger Js.. Moreover, the AG™! value calculated for
all the studied molecules increases in the order M5 < M6 <M4 <M2 <M3 <M.

On the other hand, the free energy of charge injection of dye regeneration
(AG'™®) is another factor which affects the efficiency of DSSCs, it can be esti-
mated by the following Eq. (12) [31]:

— pdye _ I/
AG™ = EOX - Ered(;x (12)
/L. . e 1 reg
where E_ ° is the redox potential energy level of the couple I”/I7. High AG™® is

required to achieve the fast electron transfer [77]. As shown in Table 6, the AG™®
value of M5 dye is higher than that of the others dyes.

The results above reveal that dye M5 with pyrrolo-pyrazine as =-bridge
exhibits a high power conversion efficiency compared with other molecules
(AGMt= — 1,74 ¢V and AG™¢ = —0.08 eV)[77]. This indicate that the injection
and regeneration processes are easier for the molecules possessing a nitrogen het-
eroatom than for those possessing a sulfur and oxygen heteroatoms.

On the other hand, the dipole moment (n) decreases in the following order M3
(17.28 D)>M1 (15.20 D)>M2 (14.08 D) >M4 (12.84 D) > M6 (12.70 D) > M5
(12.17 D). According to Egs. (6) and (7), this variation can explain the higher
estimated V- value observed for M1 and M3 dyes compared to the other studied
molecules. On the other hand, the high value of V- measured for the dye M3 is
due to the low energy of the HOMO orbital, which increases the value of IAG™# |.

Table 5 Free energies of charge
injection AG™! and dye

regeneration AG™®, estimated M1 —068 ~0.20 15.203 720
open-circuit voltage Vc and

Dyes  AG™'(eV)  AG™(eV)  p(Debye) Vo (eV)

dipole moment p of the studied M2 -1.39 —0.11 14.076 6.74
molecules M3 —-0.89 —-0.24 17.284 7.21
M4 -1.39 -0.15 12.843 6.89
M5 -1.74 —-0.08 12.170 6.48
M6 -1.39 -0.16 12.704 6.81
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Table 6 Calculated interactions Energies (kcal/mol), distances (A) and angles (°) for the Various Dye-I,
Adducts

Mi (i=1-6)-1, Adduct Distance (A) Angle (°) AE (kcal/mol)
Ml S-1, 1-S/5.165 S-1-1/126.2 —3.78
1-1/2.882
CN-I, I-N /3.076 CN-1-1/179.2
1-1/2.873
M2 S-1, 1-S /3.981 S-I-1/165.5 -3.23
1-1/3.019
CN-1, I-N /2.637 CN-I-1/177.5
1-1/2.974
M3 S-1, 1-S /3.423 S-I-1/167.1 -3.26
1-1/3.005
CN-I, I-N /2.635 CN-I-1/177.1
I-1/2.964
M4 S-1, 1-S /3.544 S-I-1/151.8 —-3.27
I-1/3.113
CN-I, I-N/2.733 CN-1-1/179.5
I-1/2911
M5 N-I, I-N /3.963 N-I-1/179.1 -2.72
1-1/2.993
CN-I, I-N /2.708 CN-I-1/176.8
1-1/2.928
M6 O-1, 1-0/4.111 O-I-1/136.9 -2.75
1-1/2.918
CN-I, I-N /3.503 CN-1-1/42.7
1-1/2.902

Dye-I, ground state structures

Recently a number of experimental and computational studies have been focused on
the interactions between the oxidized dyes and electrolyte and their implications in
the dye regeneration mechanism. For most DSSCs, an iodide/triiodide (I7 /1) redox
couple is employed as an electrolyte [78, 79]. However, we need to understand the
different mechanisms that interplays between the dye and the electrolyte, especially
when it is applied to dyes having various heteroatoms at the m-conjugation bridge.
Otherwise, the regeneration reaction proceeds via the formation of I;[78]:

Dye* +2I" — Dye + I
[ then dismutates to yield iodide and triiodide:
2L -1+ 13

We studied the dye-iodine interactions sites of the dyes M1-M6:

@ Springer



1870 M. Lazrak et al.

— The cyano group of cyanoacrylic acid (CN-I, interaction) in Mi dyes (i=1-6);
— The sulfur atom of thiadiazole (S-I, interaction) in M1, M2 and M3;

— The sulfur atom of thiophene (S-I, interaction) in M4;

— The pyrrole nitrogen atom (N-I, interaction) in M5;

— The furan oxygen atom (O-I, interaction) in M6.

The optimized molecular structures of different interactions of the Mi (i=1-6)
dyes with I, and the corresponding total energies are shown in Fig. 6. The I-X
distances (with X=0, S and N), the I-I distances and the X-I-I angles (with
X=0, S, CN and N) are listed in Table 6. As shown in Fig. 6, I, interactions
to sulfur, oxygen and nitrogen atoms with different geometric arrangements is
coplanar with the molecule in the case of the N-I, with CN-I-I and N-I-I, except
for the molecule M6.

Whereas iodine molecular is perpendicular to the dye in case of sulfur and oxy-
gen atoms. Furthermore, it can be noted that the total energies of the dye-I, sys-
tems of all studied dyes are negatives, revealing a favorable interaction with I,. The
obtained total energies (in eV) are in the intervals of [(—606.88)—(—619.26)] and
[(—606.88)-(—619.31)] for the S-I, adduct (sulfur of thiadiazole) and CN-I,, respec-
tively, and in the order of (—619.15), (—619.27) and (- 619.32) for the adducts S-I,
(sulfur of thiophene), N-I, (nitrogen of pyrrole) and O-I, (oxygen of furan), respec-
tively. Analysis of these results shows that the total energies of the dyes with CN-I,
adduct are more negative than those of the other adducts, which suggests that the
interactions of iodine species with the nitrogen of the cyano moiety are more favora-
ble compared to other interactions. This result may be due to non-covalent I-N bond,
which are much stronger than I-S and I-O interactions, thereby suggesting nitrogen
as a better electron donor.

On the other hand, interactions energies (AE) was determined by the energy dif-
ference between the dye-I, complex and the sum of the isolated monomers [80].
Moreover, a smaller (more negative or less positive) AE value indicates a stronger
intermolecular interaction.

For the studied complexes, we can note that the absolute value of the inter-
actions energies of the dye-I, interactions increases in the following order:
M5 <M6<M2<M3<M4<MI1. Therefore, we can conclude that the concentration
of iodine nearby the M1 dye, where electronic recombination occurs in the electro-
lyte, is lower than that of other dyes.

The data reported in Table 6 show a comparable difference between CN-I,, S-I,
and O-I, adducts. the lower values of the I-X bond distance (with X=0, S and
N) are attributed to CN-I, interactions with I-N distances that vary from 2.635 to
3.503 A, confirming that the CN group is the most appropriate site for the formation
of the dye—iodine complex by interaction [81].

Indeed, the distances from the CN interaction site (CN-I,) are smaller than the
Van der Waals radii (3.78 A) [82]. These shorter distances prove strong halogen
interaction. Compared to the isolated I, bond (2.833 10\) [82], the intramolecular I-I
bonds in the dye-iodine systems are larger, indicating that I-I bonds weaken upon
interaction with the dye. The intramolecular I-I bond lengths for all interactions of
the studied complexes are longer than the covalent radii (2.03 10\) [83]. These results
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Fig. 6 Optimized molecular structures of the studied dyes-I, adducts. Iodine atoms are in purple, carbon
in gray, sulfur in yellow, nitrogen in blue, oxygen in red, and hydrogen in white

reveal that all the studied dyes form an intermolecular charge transfer complexes
with I,.

Furthermore, we can note that the distances of M1 molecule are in the order
of 5.165 and 3.076 A for I-S and I-N bonds, respectively. For M2 dye based on
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pyrrolo-thiadiazole spacer, we observe a slight increase in the bond lengths, which
are in order of 3.981 and 2.637 10\, respectively, for the I-S and I-N bonds. A similar
trend is observed for the dye M3, where the CN-I, and S-I, interactions become
stronger compared to those of the other dyes, as the distances of the I-S and I-N
bonds become shorter. These results indicate that the intermolecular interactions of
I, with M3 are stronger than those with the other dyes studied, which is due to the
effect of the furano-thiadiazole group as a m-spacer.

Therefore, the M1 and M3 dyes might have a potential to delay the charge recom-
bination process. These results are confirmed by the improved values of p,....;, and
Vo observed for M1 and M3 (Table 5), showing the strong interaction between the
dyes and iodine, which disadvantages the phenomenon of recombination.

Adsorption of M1 and M3 dyes on (TiO,), cluster

The overall efficiency and stability of dye-sensitized solar cells is significantly
dependent on adsorption of the dye onto the semiconductor surface [84]. In this
part, we are interested in dyes M1 and M3 since they present the best optoelectronic
properties with an efficient generation and transfer of free holes and electrons and a
higher estimated open-circuit voltage Voo We have adopted the (TiO,), cluster to
represent the surface of the TiO, semiconductor due to its balanced electronic prop-
erties [85]. The carboxylates of the dyes bond with the Ti atoms on the TiO, surface.
There are generally three binding modes, including monodentate, bidentate chelate,
and bidentate bridged binding [86]. For an organic dye with a carboxylic acid as an
electron acceptor, a bidentate chelate bond should be energetically favorable [87].
Therefore, the bidentate chelate bonding mode was adopted in the study of dye@
(TiO,)q complexes.

The methodology adopted to study the complexe dye@(TiO,),, is based on the
B3LYP functional using the 6-31G(d, p) base for non-metals (C, H, O, S, N) and
(LANL2DZ) for titanium atoms. The optimized structures of the dyes adsorbed on
the surface (TiO,), are presented in Fig. 7. The main geometrical parameters of the
systems M1, M1@(TiO,)y, M3 and M3 @(Ti0,), in particular the bonds lengths and
the angles, are given in Table 7.

From Fig. 7, we can notice that after adsorption on the (TiO,), cluster, the sen-
sitizers dyes almost keep their structures, except for the cyanoacrylic group, which
acts as a ligand with TiO,. Furthermore, it can be seen from Table 7, that the struc-
tural parameters change from isolated M to M@TiO, system. The S-C, and C,-O;
distances for adsorbed systems adopt a more relaxed geometry than when M1 and
M3 are isolated. While, the distances O-C; and C,-C,, for adsorbed systems, are
shorter than when M1 and M3 are isolated.

Thus, a slight variation is observed for the lengths of the other bonds. The Ti;-O,
bonds are 2.020 and 2.033 A for M1@TiO, and M3@TiO,, respectively, depend-
ing on the n-bridge used. The second distance, Ti;-O3, is slightly longer (2.080 and
2.087 A for M1 @TiO, and M3@TiO,, respectively). These values indicate that the
studied dyes exhibit a strong chemisorption at the TiO, surface.
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Fig.7 Optimized structures of the M1@TiO, and M3@TiO, systems, calculated by B3LYP using the
6-31G(d, p) basis for non-metals and the LANL2DZ basis for Ti atoms

Table 7 Main geometric

: . e Distance/Angle Ml M1@TiO, M3 M3@TiO,

parameters (Distances in (A)

and angles in (°)) of the Ml.’ s-C, 1760 1768 _ _

M3, M1@TiO, and M3@TiO,

systems, calculated by B3LYP 0,-C, - - 1.402 1.343

using the 6-31G(d, p) basis for C-G, 1.415 1.401 1.406 1.424

non-metals and the LANL2DZ ~ ¢,.0, 1214 1292 1214 1292

basis for Ti atoms C,-0, 1356 1.284 1355 1284
Ti;-O, - 2.020 - 2.033
Ti,-O; - 2.080 - 2.087
S-C,C,C5° 161.6 179.3 - -
0,C,C,Cy° - - 172.7 179.6
0,C,0,° 1225 1147 1229 1151
Ti,0,C,° - 91.90 - 91.69

The adsorption energy is used to evaluate the stability and the interaction between
sensitizer dye and semiconductor surface [86]. The adsorption energy is calculated
according to the following expression:

E.4s = Epye-tio, — (EDye + ETiOZ) (13)

where, Ep,._rio, represents the total energy of dye@TiO, complexe, Ep, . is the total
energy of the isolated dye and Ery, represents the total energy of (TiO,)y cluster.
The total energy of (TiO,), cluster was found to be — 1878.4956 a.u. The calculated
adsorption energies (E,,,) are listed in Table 8.

The adsorption energy is in the order of —5.10 eV and —22.17 eV for M1 and
M3, respectively. These negative values indicate a stable adsorption and are impor-
tant to confirm that the adsorption on the surface of TiO, is favorable for M1 and
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Table 8 The calculated

Mi@TiO, E 0,0 & Epye, a. E eV
adsorption energies of M1@ M Dye-Tioy &1 Dye> &1 ads> ©
(Tl?z)g and M;@(TiO,), Ml —4273.9329 —2395.2498 -5.10
systems

Y M3 —3951.5812 —2072.2705 —22.17

M3 dyes. Furthermore, the M3 dye exhibits a higher adsorption energy compared
to its M1 counterpart. Thereby, the furano-thiadiazole m-spacer contributes to an
increase in binding energy at the surface of (TiO,)y cluster. These results indicate
that the adsorption of M3 onto the TiO, semiconductor would be more stable.

Conclusions

In summary, six triphenylamine-based organic dyes (M1-M6) with different
n-conjugated spacers based on thiadiazole and pyrazine units were designed. The
strucrural, electronic, absorption spectra, and factors related to the photovoltaic
performance of DSSCs of studied dyes were investigated via DFT and TD-BH and
HLYP calculations, with the aim of identifying sensitizers with high performance
for use in DSSCs.

The results reveal that the M1 and M3 dyes exhibit a lower level of LUMO
energy, which consequently decreases the E,,, by revealing remarkable effects on
the maximum absorption wavelengths. In addition, the charge transfer characteris-
tics of these dyes are significantly improved. The M1 and M3 dyes exhibit higher
Voc values compared to the other dyes, which contributes to a significant increase in
photoelectric conversion efficiency.

On the other hand, the improved free energies of charge injection (AG™*") and
light-harvesting efficiency values of dye M5 based on pyrrolo-pyrazine unit revealed
that this dye could achieve distinctly higher Jg.

For the dye-iodine interactions, the binding energies were in good correlation
with the open-circuit voltage of the dyes. This suggesting the increase in the con-
centration of iodine near the vicinity of the surface of the semiconductor, which dis-
advantages the phenomenon of recombination that affects the solar cell efficiencies.
Moreover, the results suggest the dyes M1 and M3 based, respectively, on thieno-
thiadiazole and furano-thiadiazole groups show more stable interactions with iodine
species, which increase the concentration of the redox couple at the surface of the
semiconductor.

In addition, from the geometrical and electronic parameters obtained from the
dye@TiO, systems, we can conclude that the adsorption of M3 dye exhibits a lower
energy compared to its M1 counterpart. Thereby, we deduce a strong intramolecu-
lar charge transfer (ICT) property and more stable adsorption for dyes with furano-
thiadiazole as a w-spacer.

We can conclude that M1 and M3 molecules with, respectively, thienothiadiazole
and furano-thiadiazole as m-spacers can be promising sensitizers for dye solar cell
applications. This is due to their excellent balance in various key properties and their
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remarkable performance in adsorption and regeneration processes. Therefore, the
choice of the appropriate n-bridge in dye molecule is very important for the design
of new sensitizers with improved performance.
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