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1. INTRODUCTION

The primary objective of this research is to examine the Schiff bases produced from pyridine-
anchored molecules, with a specific focus on their potential utilization in dye-sensitized solar
cells (DSSCs). The electrical, spectroscopic, and photovoltaic properties of dyes incorporating a
pyridine anchor were calculated utilizing DFT and TD-DFT methodologies. The geometries,
electronic characteristics, and photovoltaic properties of the dyes under investigation were
evaluated using DFT-B3LYP/6-311++G(d,p) quantum chemical simulations. The excitation
energies and UV-Vis spectra of the dyes have been computed utilizing the TD-DFT-B3LYP/6-
311++G(d,p) methodology and the conductor-like polarizable continuum model (C-PCM). The
electron injection and dye regeneration processes are contingent upon the energy levels of the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
of these dyes. The investigation focused mainly on four fundamental components exhibiting
robust interconnections and equivalent significance: light-harvesting efficiency (LHE), electron
injection free energy (AGMe), and reorganization energy. The determined HOMO energy levels
are observed to be lower than the redox potential, indicating that the suggested dyes possess the
capability to acquire electrons from redox and successfully undergo dye regeneration.
Furthermore, the LUMO of the dyes exhibits a more significant negative energy level in
comparison to the conduction band of TiO2. Thus, it demonstrates that the transfer of electric
charge from the LUMO level to TiOz2 is thermodynamically favorable. The more considerable
negative AGMe value obtained by calculation suggests that Dye-1 may have a higher ability to
inject charge.

The increasing global energy demands have led to significant international interest in utilizing DSSCs to
address them in an environmentally sustainable manner [1]. These devices, which convert light into
electricity, possess distinctive characteristics such as affordability, simplicity in production, high efficacy,
flexibility, lightweightness, multicolor capability, and transparency. These attributes are achieved by
utilizing photosensitizers that adsorb onto the surfaces of mesoporous films composed of TiO, nanocrystals
[2]. In recent years, substantial gains in the power conversion efficiency (PCE) of DSSCs have been made
due to innovative material design and substantial device engineering efforts [3]. Including a sensitizer in a
solar cell is of utmost importance as it plays a pivotal role in dictating the photovoltaic properties of the
device, including charge separation, charge recombination, and light absorption [4—8]. The classification
of sensitizers can be broadly categorized into three groups: natural dyes, metal-containing complex dyes,

and organic dyes.
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Complex molecules containing metals exhibit substantial efficacy in solar energy applications. One of the
most important sensitizers used in DSSC applications is Ru(ll) metal complexes. The high photo conversion
efficiency of ruthenium (I1) metal-based dyes has resulted in their application as sensitizers in DSSCs.
Extensive research has been conducted on the ruthenium (11) polypyridyl compound. The remarkable
stability and unique redox characteristics of ruthenium (1) metal-based dyes are crucial factors that allow
their utilization in DSSCs. Despite being a favored option for sensitizing DSSCs, the use of ruthenium dye
presents notable disadvantages, including the adverse effects of heavy metal toxicity, high costs, challenges
associated with maintaining purity, and the requirement for intricate synthesis techniques. Employing
alternative metal-free replacements for ruthenium complex dyes as sensitizers may offer a feasible
resolution to these issues [9-12]. Ruthenium complexes represent exemplary instances of metal-containing
dyes. Consequently, researchers have directed their attention towards advancing organic sensitizers due to
their abundant accessibility, cost-efficiency, and remarkable light-capturing capabilities. Organic dyes
possess notable attributes, including a substantial molar extinction coefficient and the capacity to modify
their chemical structure [13]. The essential constituents of these sensitizers consist of donor (D), n-bridge
(m), and acceptor (A) moieties. The D-n-A configuration, distinguished by a push-pull structure, has been
known for its ability to enhance power conversion efficiency and facilitate efficient load transfer [14]. By
manipulating the D, , and A components of dyes, it becomes feasible to effectively alter their absorption
spectra, along with the energy levels, linked to the HOMO and LUMO. Recently, considerable
advancements have been achieved in augmenting the efficacy of DSSCs through the exploration and
implementation of diverse approaches that enable the effective utilization of organic dyes. The dyes
referenced in the passage demonstrate diverse photophysical, electrochemical, and other characteristics,
rendering them appropriate for utilization as sensitizers in DSSCs [15]. The primary focus lies in the robust
capacity of electron donors to transfer electrons [16]. The electron-donating ability of the donor
components, the electron-accepting ability of the acceptor components, and the pi bridge are the factors
that determine the photophysical, electrochemical, and ICT properties of D-n-A dyes [17]. Efficient
electron transfer is achieved through the directional movement of electrons from HOMO to LUMO.

The structural composition of organic dyes plays a pivotal role in influencing the efficiency and
effectiveness of DSSCs. To achieve high power conversion efficiency (PCE), this structure must
demonstrate the following key characteristics: The objective is to attain a suitable arrangement of the
Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO)
energies, enabling effective electron injection and dye renewal. Furthermore, it is crucial to possess an
absorption band that includes a broad spectrum of visible and near-infrared light wavelengths to optimize
the efficacy of light capture. Additionally, it is imperative to have a robust conjugation among dye
molecules to facilitate efficient Intramolecular Charge Transfer (ICT) [18, 19].

Applying a theoretical framework in examining sensitizers has proven to be a highly effective method for
cost reduction, minimizing delays, and reducing errors in experimental investigations [20,21]. The
utilization of Density Functional Theory (DFT) and Time-Dependent Density Functional Theory (TD-DFT)
calculations was employed to carry out optimization and determine the photophysical properties. Our work
[22] involved examining the electronic properties and absorption spectra of the generated dyes. An
Acceptor-Donor-n-Acceptor (A-D-n-A) design was utilized to fabricate a unique organic DSSC. The
pyridine group was identified as the electron acceptor (A), while the phenyl and N-CH3 groups were
determined to serve as the electron donors (D). Examining these sensitizers includes the evaluation of
frontier molecular orbitals, absorption spectra, light harvesting efficiency, molar extinction coefficient,
electron injection, and regeneration.

2. COMPUTATIONAL DETAILS

Utilizing a theoretical framework for examining sensitizers has proven highly effective in managing
expenses, minimizing time constraints, and reducing inaccuracies in empirical investigations. The dye
compounds underwent quantum mechanical simulations using the Gaussian 09W (Revision B.01) program.
The force gradient approach, implemented with Berny's algorithm and conventional convergence criteria
for geometry optimization, was employed to fully optimize the molecular geometries. The calculations were
executed using default convergence criteria, without limitations on geometry [23]. This study delved into
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the spectroscopic, electrical, and photophysical characteristics of dye molecules. The DFT-B3LYP/6-
311G++(d,p) method was employed [24-26]. The absorption characteristics of the dye molecules within
the wavelength range of 0-700 nm were determined using the C-PCM method, employing TD-DFT
computations. Extensive research, both experimental and theoretical, has been conducted to explore the
computation of electrical characteristics, vertical excitation energy, and optical absorption spectra [27-29].
However, the precision of these computations is significantly influenced by the choice of functional
employed for charge transfer excitations. The researchers employed four distinct functionals to determine
the most suitable one for this investigation. The computations were conducted using the B3LYP/6-
311++G(d,p), MO06-2X/6-311++G(d,p), wB97XD/6-311++G(d,p), and CAM-B3LYP/6-311++G(d,p)
functionals [30-32].

The words “E®®” and “E%**” were identified by computational research employing the B3LYP functional.
The terms “E®®” and “E%**” represent the oxidation potential of the ground and excited states, respectively.
Furthermore, determining AG™**, LHE, and lifetime (t) involved the consideration of the oscillator strength
(f) of dye molecules at their maximum absorption. The computations were conducted in accordance with
other research investigations [33, 34]. The aforementioned equations have been utilized to calculate the
photovoltaic characteristics. The transport of electrons from the dye in an excited state to the semiconductor
layer depends on the transition of the first excited state to the ground state. A prolonged period in the excited
state enhances the facilitation of charge transfer from the dye to the semiconductor. The formula provided
was utilized to ascertain the anticipated duration of the dye's excited condition. The f relates to the electronic
state, whereas Eeyc indicates the excitation energy corresponding to each unique electronic state.

DFT and TD-DFT calculations were utilized to conduct optimization and determine photophysical
properties. In this work, we have evaluated the electronic properties and absorption spectra of the designed
dyes. The D-n-A design was utilized to fabricate an organic DSSC. The pyridine group was responsible for
fulfilling the role of the electron acceptor, whereas the phenyl and N-CH3 groups were attributed to the
function of the electron donor. Examining these sensitizers includes the evaluation of frontier molecular
orbitals, absorption spectra, LHE, molar extinction coefficient, electron injection, and dye regeneration [35]

E%*=—Enomo @

Edye*zEdye_EexC (2)

AGinjectzEdye**ECB (3)

AGreg = ((Elg/r) — Enomo) 4)

=222 )
fE?

LHE =1-10"f (6)

Furthermore, the global hardness (#), ionization potential (IP), and electron affinity (EA) were computed
using the functional and basis sets mentioned in the previous statement [36] The features of compounds are
obtained by utilizing the corresponding formula, which takes into account the ground state IP and EA. The
capacity of a structure to accept electrons is denoted by its chemical potential («) and electrophilic index
(). A strong electrophilic nature is associated with elevated chemical potential and electrophilicity index
values [37]. The term electrophilicity power (®w) denotes the amount of energy required to restore
equilibrium in a system that has acquired excess electronic charge from its surroundings. To predict the
abilities of chemical species to donate or take electrons, Gazquez and colleagues [38] proposed the
introduction of two novel metrics, namely electron-donating power (") and electron-accepting power (o*).
The related equations of the parameters are given in the references [36, 37].

In this study, we also computed the molecular reorganization energies described in the following equations.
Our investigation is limited to the computation of molecular reorganization energy, characterized by the
terms outlined in reference [39]. The value of Awtal iS Obtained by adding together the reorganization energy
associated with the movement of electrons (Ae) and holes (An). The variables Ae, An, and Agta Were
computed utilizing the subsequent equations

Ae = (En — Eq) + (EQ — Ey) (13)
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Ap = (ETT - Ec) + (E(? - En) (14)

Atotar = Ae + Ap. (15)
The term "E," refers to the energy level that is most favorable for the neutral state, "E¢" indicates the energy
level that is optimized for the cationic state, and "E," designates the energy level that is optimized for the
anionic state. The variables E,; and E, denote the individual point energies of the cation and anion,
respectively, while preserving their neutral geometric configuration. Similarly, the symbols E2 andE2are
used to represent the single point energies of the neutral state, with the cationic and anionic geometries
remaining unaltered. In this study, the molecular rearrangement energies described in the subsequent
equations were also calculated. The scope of our inquiry is restricted to calculating molecular rearrangement
energy, as defined by the nomenclature outlined in reference [39].

3. RESULTS AND DISCUSSION
3.1. Molecular Structure and Dipole Moment

The atomic numbering and molecular geometry of the dyes under investigation are depicted in Figure 1.
Table 1 summarizes the molecular structural features of the dyes under investigation. There exists a positive
correlation between the molecular planarity of a dye and the degree of photoinduced electron injection into
the CB of a semiconducting surface. The charge species within planar dye molecules exhibit delocalization,
elongating the dye's charge separation lifespan. Table 1 presents the dihedral angles that exhibit planarity.
Research findings have provided evidence to support the notion that the planarity of all dyes is highly
similar. The excited state dipole moment (ue) and ground state dipole moment (pg) of the dyes under
investigation were determined and are presented in Table 1. The comparative analysis of the dipole
moments of various dyes, as presented in Table 1, reveals that Dye-1 exhibits a greater dipole moment than
the other dyes. High dipole moment data suggests that the dye molecule has polarity. The dipole moment
values in the excited state demonstrate an increase in magnitude compared to those observed in the ground
state. Upon analysis of the above data, it is evident that the excited states manifest a greater level of polarity
when contrasted with the ground state.

Table 1. The dihedral angles and dipole moments of the dyes

91(A) 92(A) ug (Debye)* e (Debye)**
Dye-1 26.13 9.18 6.337 25.92
Dye-2 27.55 12.31 4.432 24.72
Dye-3 24.63 12.25 2.440 21.80

*Ground state
**Excited state
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Dye-1 Dye-2 Dye-3

Figure 1. The molecular structure of the dyes, together with the corresponding atomic numbering

3.2. UV-Vis Spectra

The absorption characteristics of the dyes were acquired to assess their photophysical properties. Table 2
presents the pertinent features. Figures 2, 3, and 4 depict the absorption of the dye in the chloroform solvent
within the visible area. Upon examination of the UV spectra presented in Figure 2-4, it can be inferred that
the dyes possess the capacity to serve as photosensitizers for DSSCs. he wavelengths at which Dye-1, Dye-
2, and Dye-3 exhibit their highest absorption peaks (Amax) are 443.52 nm, 433.84 nm, and 429.01 nm,
respectively. Akdogan et al. [11] observed the experimental UV-Vis spectra at a wavelength of 388 nm for
the synthesized dye. Theoretical UV-Vis spectrum analysis revealed that Dye-1, Dye-2, and Dye-3 had
higher wavelength peak values compared to the synthesized dye. The transition from the HOMO to the
LUMO in electronic systems, specifically with a 70% configuration, results in the formation of an excited
state denoted as the transition from the ground state (So) to the first excited state (S1). The order of increasing
f values for the dyes is as follows: Dye-2 (0.6666) < Dye-1 (0.7164) < Dye-3 (0.75590).

The estimated peak absorption wavelengths for Dye-1 were found to be 430.4 nm (B3LYP), 423.3 nm
(CAM-B3LYP), 427.4 nm (MO06-2X), and 422.1 nm (wB97XD). When there is an increase in the
percentage contribution of the change in functional HF quantity, it is anticipated that the maximum
absorption will shift towards the blue region. Here, a decrease in ultraviolet-visible (UV-Vis) spectrum
absorption is observed. The B3LYP functional exhibited the highest absorption value due to its minimal
contribution to the overall percentage change in the HF component within the functional. The B3LYP
functional gives more reasonable band gap energy than the long-range corrected density functional theory
(LC-DFT) functional, while the LC-DFT functional for the absorbance of photoexcitations is more precise
than that of the B3LYP functional [40-43].
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Figure 2. The theoretical UV-Vis spectra of the Dye-1
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Figure 3. The theoretical UV-Vis spectra of the Dye-2
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Figure 4. The theoretical UV-Vis spectra of the Dye-3

Table 2. The UV-Vis spectral data of the dyes

Dye-1 Dye-2 Dye-3
Wavelength A(nm) 443.52 433.84 429.01
Excitation energies (eV) 2.7954 2.8579 2.8900
Oscillator strengths (f) 0.7164 0.6666 0.7559
Excited state HOMO LUMO(70%) HOMO LUMO(70%) HOMO LUMO(70%)
¢ (x10* Mtcm™) 2.9 2.7 3.06

3.3. The Energy Levels and Gaps

The outputs for HOMO, LUMO, and their energy gap (Egap) are presented in Table 3. These values were
obtained using the B3LYP/6-311++G(d,p) computational method. The HOMO energy levels were
determined to be -5.418 eV (for Dye -1), -5.312 eV (for Dye-2), and -5.261 eV (for Dye-3). The observed
energy levels are ascertained to be below the potential of I~ /15 (-4.8 eV), recommending that the proposed
dyes possess the ability to receive electrons from I~ /15 and potentially undergo effective reduction and
regeneration, as demonstrated in Figure 5. The LUMO of dyes has a greater negative energy level in
comparison to the conduction band of TiO,, specifically measuring -4.0 electron volts (eV). The
aforementioned suggests that the transport of charge from the LUMO level to TiO; is highly effective and
exhibits thermodynamic favorability, as demonstrated in Figure 5.

Table 3. The energies of HOMO and LUMO for corresponding compounds

Enomo(eV) Erumo(eV) Ey_1(eV)
Dye-1 -5.418 -2.104 3.315
Dye-2 -5.312 -1.948 3.365
Dye-3 -5.261 -1.878 3.383

To enhance the LHE and facilitate the absorption of red-shifted light within the visible spectrum, it is
imperative to cut the Egap of the dyes. This reduction in Eg,p indicates the transition energy associated with
1 — 7* electronic transitions. The ELumo 0f the dye molecules was determined and is presented in Table 3.
The computed values were found to be -2.104eV (for Dye-1), -1.948eV (for Dye-2), and -1.878eV (for
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Dye-3). The Enomo Vvalue is frequently employed as a metric to assess the electron-donating capacity of a
molecule, while the ELumo value is utilized to quantify its electron-accepting capability. The kinetic stability
and chemical reactivity of dye molecules are determined by the frontier orbital gaps. Molecules that possess
frontier orbital gaps of relatively small magnitudes are frequently associated with diminished kinetic
stability and heightened chemical reactivity. The analysis reveals that Dye-1 exhibits the lowest level of
softness, while Dye-3 demonstrates the highest degree of hardness. Dye-1 has a significantly elevated level
of chemical reactivity in comparison to the remaining dyes.

Akdogan et al. estimated the energy levels of the produced dye to be -6.188 eV for HOMO and -2.611 eV
for the LUMO [11]. The synthesized dye demonstrates a HOMO energy that is roughly 0.7-0.9 eV lower
than Dye-1, Dye-2, and Dye-3. The synthesized dye has a LUMO energy of approximately 0.5-0.7 eV lower
than that of Dye-1, Dye-2, and Dye-3. The experimentally measured PCE value of the synthesized dye is
0.47.

15—
S8 . siopey TuwelS46eV Elmo=-1.877 eV
=&,V - Lumo 4+ €
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Figure 5. The energy levels of the HOMO and LUMO for both the dyes and TiO,
3.4. Frontier Molecular Orbitals

The molecular orbitals of the dyes are depicted in contour maps presented in Figure 6. In the HOMO,
electron dispersions are uniform across the molecule, with significant concentrations observed in the
phenyl, N-CH3, and n-linkers. Similarly, the LUMO distributes its electrons throughout the molecule, with
most found in the pyridine group and the zn-linkers.
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Figure 6. The plots of the HOMO and LUMO for the dyes

Using the Multiwfn software [44], various maps were generated, including charge density difference maps
(CDDM) depicting the disparity between excited and ground states, maps illustrating the distribution of
holes and electrons, and Chole/Cele function maps. Additionally, significant parameters such as the hole and
electronic degree of overlap index (S;) and the center of mass distance index (D) were calculated and are
presented in Table 4.

The density of the excited state in the CDDM shows a rise in the blue region and a decline in the green
region, corresponding to the density of the ground state. This illustrates the process of transferring charge
from the electron-donating group to the electron-attracting group using n-linkers. The Choie/Cele function
maps employ blue to represent the hole distribution and green to represent the electron distribution. As the
Sr index decreases, the degree of hole and electron separation becomes more pronounced. The Sr index
values for Dye-1, Dye-2, and Dye-3 were determined to be 0.584, 0.580, and 0.595 respectively. Despite
Dye-2 being comparatively smaller, its Sr index values were found to be close together. The hole and
electron separations of Dye-2 are more sufficient than those of the other two dyes, as evidenced by its
smaller Sr index in Table 4.
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Table 4. The distribution maps of ®CDDM, holes, and electrons, as well as the maps of Cpeie/Cele function,
°D and °Sr
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3.5. Photovoltaic Parameters

The outcomes, obtained through the utilization of relevant equations, are succinctly presented in Table 5.
It is anticipated that to enhance the Power Conversion Efficiency (PCE) of a solar cell or improve the
performance of a dye sensitizer, a negative AG™®! value and a positive AGreg Value will be present. All the
sensitizers in Table 5 have negative AG™ and positive AGreq Values. Dye regeneration occurs by reducing
the oxidized dye molecule through the removal of an electron from a redox pair [45]. The AGreg WaS
predicted as 0.618 eV > 0.512 eV > 0.461 eV for the dyes Dye-1, Dye-2, and Dye-3 respectively. For
DSSCs to operate at high efficiency, a low regenerative driving force is required because high driving forces
are linked to photovoltage loss [46].

In the present work, it is demonstrated that the dye molecules exhibit a negative AG™e value in the order
of -1.377 eV (Dye-1) > -1.545 eV (Dye-2) > -1.629 eV (Dye-3). This observation suggests that the energy
levels associated with the excited state are situated at a higher energy level compared to the Conduction
Band (CB) of the semiconductor. As a result, it symbolizes an influx of electrons from the stimulated dye
into the CB of TiO,. The elevated Jsc can be ascribed to the processes of dye renewal and fast electron
injection. Due to their greater LUMO levels and more negative computed AG™e values compared to Dye-
2 and Dye-3, we surmised that they would have a significant capacity for charge injection because of a
stronger driving force. Therefore, we hypothesized they might still exhibit considerable charge injection
capability due to a stronger driving force.
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Table 5. The AG"*“'and AGq of the dyes

Dye-1 Dye-2 Dye-3
EYe(eV) 5.418 5.312 5.261
EWe*(eV) 2.623 2.455 2.371
AG™Iect(pV) -1.377 -1.545 -1.629
AGT¢9(eV) 0.618 0.512 0.461
t(ns) 4.12 4.23 3.65
LHE 80.8 78.5 82.5

The Light Harvesting Efficiency (LHE) associated with each dye molecule's absorption at the maximum
wavelength can be determined using a formula that incorporates the efficiency factor (f) of the dye.
According to the LHE values, which exhibit high and similar values ranging from 80.8 to 82.5, it can be
observed that all dyes possess the ability to optimize the photocurrent response. To achieve a high Jsc, the
LHE of the dye must be maximized to the greatest extent possible. Table 5 presents a comprehensive
compilation of the computed durations of the excited states for the various dyes. In the case of Dye-2, the
greatest duration observed for charge transfer is 4.23 nanoseconds, which confers a notable advantage.

3.6. lonization Potential, Electron Affinity and Electrophilicity

Table 6. IP, EA and values of the dyes examined in this study

Dye-1 Dye-2 Dye-3
IP(eV) 6.710 6.604 6.548
EA(eV) 0.935 0.774 0,737
nev) 2.887 2.915 2.906
o(eV) 2.530 2.335 2.283
o’ (eV) 0.980 0.854 0.825
w'(eV) 4.802 4.544 4.468
Ep 0.519 0.507 0.493

To assess the effectiveness of electron transport and dye injection, IP and EA may be efficient. How firmly
an electron is connected to the system's nuclear attractive field can be seen by looking at its ionization
potential. The dye is more likely to give electrons when the IP is lower; for electron injection, a higher EA
is beneficial. The parameter of global hardness (1) quantifies the degree of resistance exhibited by
molecules towards intramolecular charge transfer. The parameter has been employed as an indicator of the
overall stability of the system.

For a more thorough explanation of the molecular characteristics of dyes, the electron accepting power
(o+), which represents a chemical system's capacity to accept a minute fraction of charge, and the electron
donating power (o—), which represents a chemical system's capacity to release a minute fraction of charge,
have been studied [47]. Table 6 includes a list of these parameters. The value represents the stabilization
energy of the dyes. These dyes' levels declined in the following order: 2.530 (Dye-1), 2.335 (Dye-2), and
2.283 (Dye-3). Because it attracted electrons from the environment, the ® of Dye-1 value was larger than
that of the other dyes, suggesting higher energy stability. The symbolized as o+, measures an object's ability
to accept an electron from a donor. To attain a high Jsc, it is preferable to have a greater value of ®+. The
o+ values of the dyes increased in the range of 0.825 (Dye-3), 0.854 (Dye-2) to 0.980 (Dye-1), showing
that Dye-1 had the largest electron-withdrawing ability and, consequently, a stronger ability to attract
electrons from the dye's acceptor moiety.

According to the calculations, the binding energy (Es) values for the molecules decrease in the following
order: 0.519 eV (Dye-1) > 0.507 eV (Dye-2) > 0.493 eV (Dye-3). Dye-3 has the lowest E, of all the
molecules. Since lower Eb aids exciton dissociation by rupturing the coulombic forces between the hole
and electron, the higher the charge transfer rate, the lower the binding energy. Because of this, among the
compounds suggested for use in solar cells, Dye-3 is the molecule that can serve as the best acceptor
molecule.
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3.7. Reorganization Energy

Furthermore, the total reorganization energy (A;o:q:), COMprising the reorganization energy associated with
holes (An) and the reorganization energy associated with electrons (Ag), can provide insights into the
balance between electron and hole transport.

Table 7. The reorganization energy of holes Ay, the reorganization energy of electrons A., and the total
reorganization energies A;,¢q; Of the dyes

Ae (eV) Ah (EV) Atotal(ev)
Dye-1 0.619 0.514 1.133
Dye-2 0.583 0.427 1.011
Dye-3 0.641 0.455 1.096

The An and the A were used to assess the charge injection and transfer capabilities of the hole transport
materials. Total reorganization energy is used to calculate the total charge transfer between the donor and
acceptor regions of a molecule. Reorganization energy is the term for the change in system energy that
results from structural relaxation following an electron gain or loss. Charge transport benefits from a low
reorganization energy. In Table 7, the value of At iS in the following order: 1.133 (Dye-1) > 1.096 (Dye-
3) > 1.011 (Dye-2), which indicates that Dye-2 is advantageous for transporting charges in the design.

3.8. Intramolecular Charge Transfer (ICT)

Typically, the optimal scenario involves the transfer of one electron from the donor unit to the acceptor unit
upon activation. The state of effective charge separation can be expedited due to the favorable photoinduced
ICT. To assess the amount of ICT, several important metrics are computed, including the transferred charge
(ger), the charge transferred distance (dcr), H, and t [48]. A gquantitative assessment of the charge transfer
length can be made using the definition of dcr, which specifies the spatial separation between the two
barycenters of the density exhaustion p_(r) = Ap(r),if Ap < 0and density improvement p,(r) =
Ap(r),if Ap > 0 distributions following excitation.

Table 8. Computed ICT parameters of the investigated dyes

Dyes et bdcr °t aH

Dye-1 0.702 4.150 0.587 3.563
Dye-2 0.731 4.203 0,627 3.576
Dye-3 0.696 4.085 0.548 3.537

4gcr(ine”): The quantity of electrons transferred.

®der(ind): The duration of charge transfer.

“t(inA): The degree to which electric charges are separated.

YH(inA):The quantity being referred to is the average of the lengths of the centroid axis along the D-A

direction.
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To conduct further research, we examined the ICT features. With the varying binding of the pyridine and
the imine groups, as illustrated in Table 8, the H index (the half-sum of the centroid axis length along the
D—A direction) changes only slightly. On the one hand, varying binding of the pyridine and imine groups
can enhance Dye-2's H index, strengthening the hole and electron transfer. The highest H index value was
achieved from Dye-2, although there is not much difference in the H index values. The connections of the
pyridine group with the imine group in Dye-3 result in shortening of the dye's charge transfer dcr, as seen
in Table 8. The reduction of the Egp is expected to result in a drop in det. Compared to Dye-1, Dye-3's gap
value rose by 0.068 eV, but its dcr value reduced by 0.07 A. A positive value for t (during the transfer of
excitation charges from D to A) denotes a large charge separation and is a reasonable diagnostic indicator.
All the t-values found were positive, as we expected. A lower molar extinction coefficient brought on by a
fall in gcr can affect device performance.

4. CONCLUSION

In brief, a comparative analysis has been conducted to investigate the impact of pyridine unit binding at
various locations on the properties of DSSCs.

» At 443.52 nm, Dye-1 exhibited its strongest absorption peak, which was the highest among all the dyes.
This absorption peak signifies the transition from the So to S; excited state, created by electron transfer
from HOMO to LUMO electronic transitions (70% configuration).

* Dye molecules with relatively modest frontier orbital gaps are frequently associated with low kinetic
stability and high chemical reactivity. In comparison to the other dyes, Dye-1 is found to be the softest dye
and exhibits strong chemical reactivity.

» The stabilization energy of Dye-1 was predicted at 2.530, indicating higher energy stability. Additionally,
the @ value of Dye-1 was obtained at 0.980, showing that the largest electron-withdrawing ability among
the dyes, thus having a stronger ability to attract electrons from the dye's acceptor moiety.

* The Light Harvesting Efficiency (LHE) values, ranging from 80.8 to 82.5, suggest that all dyes possess
the capability to enhance the photocurrent response linked to the f of each dye molecule at the wavelength
of maximum absorption.

* The calculated Acreg Values for Dye-1, Dye-2, and Dye-3 were 0.618 eV, 0.512 eV, and 0.461 eV,
respectively. For DSSCs to achieve high efficiency, it is necessary to have a low regenerative driving force,
as high propulsions can result in photovoltaic loss. According to this data, Dye-3 exhibits more suitable
AGyeq Values.

* We predicted Dye-1 would have a significant capacity for charge injection due to a stronger driving force,
as Dye-1 has more negative computed AG™*! values. Therefore, we hypothesized that it would still
demonstrate a significant load injection capacity. However, there is no assurance that the PCE of Dye-1
will rise

* We have conducted extensive research on the structure of the dyes and the functionality of the device,
including the process of ICT of the dyes and the lifetime of the excited electrons. Our investigations serve
as crucial references for subsequent experimental studies aiming to molecularly engineer pyridine-linked
Schiff base molecules into highly effective DSSCs.
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