Current Chemistry Letters 15 (2026) ***_#***

Contents lists available at GrowingScience

Current Chemistry Letters

homepage: www.GrowingScience.com

Quantum chemical investigation of a new m-conjugated low-bandgap thieno[3,4-b]pyrazine
derivative with optoelectronic, photovoltaic and nonlinear optical properties

Mustapha El hadjaoui?, Mourad Chemek"<, Mohamed Ouabane?, Ahmed Azaid?, Mohamed Riad Fouad?,
Tahar Lakhlifi* and Mohammed Bouachrine®

“Molecular Chemistry and Natural Substances Laboratory, Faculty of Sciences, Moulay Ismail University of Meknes, Morocco

bResearch Laboratory: Asymmetric Synthesis and Molecular Engineering of Organic Materials for Organic Electronics (LRI8ES19), Faculty of
Sciences of Monastir, 5000 Monastir, Tunisia

“Higher Institute of Applied Sciences and Technology of Sousse, University of Sousse, Sousse, Tunisia

“Department of Pesticide Chemistry and Technology, Faculty of Agriculture, Alexandria University, Aflaton St.EI-Shatby, Alexandria, 21545,

Egypt

CHRONICLE

ABSTRACT

Article history:
Received January 1, 2026
Received in revised form

In this work, we theoretically design a new m-conjugated thieno[3,4-b]pyrazine derivative
intended for organic electronics, named 2,3-di([2,2":5',2":5",2"-quaterthiophen]-5-y1)-5,7-bis(5'-
(2,5-bis((2-ethylhexyl)oxy)-4-(thiophen-2-yl)-(2,2'-bithiophen)-5-yl)thieno[3,4-b]pyrazine. The
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geometric, electronic, optical, photovoltaic, and nonlinear optical (NLO) properties of the
studied molecule were investigated using calculations based on density functional theory (DFT)
and its time-dependent variant (TD-DFT) at the B3LYP/6-31G(d,p) level. The structural
modification of the reference molecule results in a small energy gap (Eg = 1.68 ¢V) and a
significant enhancement in optical absorption in the visible region, with maxima observed at Amax
= 877 nm (TD-B3LYP) and Amax = 668 nm (CAM-B3LYP). Furthermore, the derived
photovoltaic performance indicates a high energy conversion efficiency (PCE ~9.6%, Voc= 0.99

sDy;t;ms 4 TD-DFT V) and low excitonic binding energy (Eb = 0.27 eV), favorable for efficient exciton separation.
an ) . The density of states (DOS), frontier molecular orbitals (FMOs), and transition density matrix
Organic photovoltaics

(TDM) analyses reveal good charge delocalization and strong electronic transfer from the donor
to the acceptor. Finally, the high values of the nonlinear optical (NLO) parameters (Pt =
41.22x107° esu) confirm the strong potential of this molecule for advanced optoelectronic
applications.

Nonlinear optical properties

© 2026 by the authors; licensee Growing Science, Canada.

1. Introduction

Global energy demand is currently a major problem due to over-reliance on conventional energy sources, such as oil,
coal, or natural gas, which stimulate secondary deposits underground. This reliance has had severe effects on the human
species and deeply harms the state of the environment for future generations. Greenhouse gas emissions are also a
consequence® 2. In such circumstances, the renewable, sustainable, and low-cost energy sources that can phase down
emission fouling are a requirement of future energy demand® 3. Among the options studied, photovoltaic technology is a
prominent alternative. Nonetheless, the relatively high costs of c-silicon solar cell production remain as one of the major
limitations on its large-scale commercialization® ’. In response to this limitation, organic solar cells (OSCs) are attracting
increasing interest due to their numerous advantages, such as their low toxicity, lightweight, flexibility, ease of
implementation, and reduced production cost® '°. However, the energy conversion efficiency of OSCs is still lower than that
of traditional silicon solar cells'" '?; thus, further enhancing their power conversion performance has to be done so as to
make them a promising alternative candidate for competing with existing ones. Recent progress, such as the discovery of
small-molecule non-fullerene acceptors, has considerably enhanced the performance of OSCs up to a power conversion
efficiency (PCE) over 18%, which makes this technology closer to commercial application similar to that for silicon solar
cells in the first generation'®. Organic solar cells mainly come in two architectures: the planar heterojunction, in which the
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donor and acceptor materials are stacked in distinct layers, and the bulk heterojunction (BHJ), which relies on an intimate
mixture of the two materials'4. The performance of OSCs essentially depends on the properties of the active layer, which is
made of organic materials and represents the heart of the device.

Recently, the combination of electron-rich compounds (donors, D) and electron-poor compounds (acceptors, A) has
enabled the design of high-performance m-conjugated semiconductor systems, notably the D-A-D!” and D-m-A'
architectures. Among the most studied electron acceptor units is thieno[3,4-b]pyrazine, known for its particularly attractive
electronic properties. It has found many applications in the areas of organic optoelectronics, such as organic solar cells
(OSC)", organic light-emitting diodes (OLED)?, and organic field-effect transistors (OFET)?!, which demand controlled
electronic and optical properties. The reference molecule based on thieno[3,4-b]pyrazine, recently synthesized by Nathalie
Cheminet et al.??, served as the starting point for this study. In this context, we became interested in the incorporation of
electron-donating motifs in order to design a new organic material, named 2,3-di([2,2":5",2":5",2"-quaterthiophen] -5-yl) -
5,7-bis(5'-(2,5-bis((2-ethylhexyl)oxy) -4-(thiophen-2-yl)phenyl) -[2,2'-bithiophen] -5-yl)thieno[3,4-b]pyrazine (TQTP-
TPz-TQTP), as illustrated in Fig. 1. Using quantum chemistry calculations based on density functional theory (DFT) and
its time-dependent version (TD-DFT), we studied its geometric, electronic, optical, photovoltaic, and nonlinear optical
properties. The main objective of this work is to improve the optical and photovoltaic performance of the studied molecule
for its potential integration into organic photovoltaic devices (OPVs).

Fig. 1. 2D structure of the studied molecule: 2,3-di([2,2":5',2":5",2"-quaterthiophen]-5-y1)-5,7-bis(5'-(2,5-
bis((2-ethylhexyl)oxy)-4-(thiophen-2-yl)phenyl)-[2,2'-bithiophen]-5-yl)thieno[3,4-b]pyrazine, denoted as TQTP-TPz-
TQTP
2. Synthesis Procedure

Thienopyrazines are heteroaromatic systems incorporating nitrogen and sulfur atoms. These heteroatoms play a crucial
role in governing the electronic properties of the molecule. Thienopyrazines act as electron-accepting units in D-A-D
(Donor—Acceptor—Donor) architectures, facilitating electron migration from the donor moieties toward the acceptor core, a
process that is essential for efficient light absorption and charge transport in organic materials.

To exploit these properties within an extended m-conjugated framework, several synthetic strategies were initially
explored. A first approach based on the direct dibromination of thiophene units proved unsuccessful, leading to
decomposition of the starting material and preventing the isolation of dibrominated intermediates, even after extensive
variation of experimental conditions such as temperature and solvent.

Consequently, the synthetic route was redesigned following a more robust stepwise strategy. The synthesis begins with
the dibromination of dinitroterthiophene 1 in DMF using two equivalents of N-bromosuccinimide, affording compound 2
in good yield (66%). The use of a highly polar solvent at this stage is essential to overcome the low intrinsic reactivity of
the terthiophene derivative. Compound 2 was then subjected to a double Stille cross-coupling reaction with the
monostannylated donor 3, leading to the formation of an extended n-dinitro system 4. Subsequently, both nitro groups were
quantitatively reduced (95%) using iron in acetic acid, yielding the corresponding diamino compound 5 in a highly selective
manner. Finally, compound 5 was condensed with the appropriate disubstituted 1,2-diketone 6 to generate the final
thienopyrazine derivative 7, fully integrated into a m-conjugated D—A—D architecture. The overall synthetic pathway is
illustrated in Fig. 2.2
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Fig. 2. Synthetic strategy for compound 7 and its derivatives®?
3. Electronic and optical properties of compound 7

The UV-Visible maximum absorption of compounds 7 (b, d, and f) exhibits a significant red shift as a result of the
extension of the m-conjugation. Among these derivatives, compound 7f displays an even more extended conjugation, arising
from the rigidification of the m-conjugated system into a planar conformation, which is promoted by the presence of a
phenanthrene subunit within the molecular backbone. Its experimental UV—Visible spectrum reveals a maximum absorption
at 742 nm and a broad absorption spanning the entire visible region (approximately 400-900 nm), indicating a promising
potential for organic solar cell applications. In contrast, the absorption properties of compounds 7c and 7d are not
significantly affected by the nature of the para-substituent on the phenyl ring (methoxy or fluoro). In the solid state, as drop-
cast films prepared from chloroform solutions, compounds 7b—d exhibit a bathochromic shift of 30-50 nm relative to their
solution-phase spectra, whereas compound 7f shows only a modest shift (=15 nm). This behavior suggests that compound
7f already adopts a highly planar conformation in solution.

Table. 1. Optoelectronic properties of the parent molecule, compound 72

Compound Energy levels (eV) Electrochemical band gap
z 7 Amax(nm) Amax(m) HOMO HOMO LUMO LUMO E; (eV) E; (eV)
(Exp) (DFT) (Exp) (DFT) (Exp) (DFT) (Exp) (DFT)
Ph b 648 797 -4.49 -4.46 -2.67 -2.61 1.82 1.84
—@—F d 660 783 -4.57 -4.51 -2.64 -2.69 1.93 1.92

f 742 914 -4.54 -4.37 -2.99 -2.71 1.55 1.60




Table 1 summarizes the frontier molecular orbital (HOMO and LUMO) energy levels, which were determined
experimentally by cyclic voltammetry in dichloromethane containing 0.1 M TBAPFs and theoretically through DFT
calculations. The orbital diagrams indicate that the HOMO is primarily delocalized over the central thiophene units, while
the LUMO is predominantly localized on the thienopyrazine subunit, thereby confirming the donor—acceptor character of
the system. A good agreement between experimental and calculated values is observed, validating the reliability of the DFT
approach for predicting and evaluating the electronic properties of this class of compounds?2.

4. Materials and methods

The use of computational chemistry methods is essential in the design and description of the optical-electronic
properties for new organic molecules [23, 24]. The 2D structure of the considered molecule was drawn by ChemDraw?®
and then visualized in GaussView 6.0. The quantum chemical calculations of all were carried out using the Gaussian 9.0
software package®® based on density functional theory (DFT). The geometric optimization was performed in the gas phase
using the hybrid functional B3LYP associated with the 6-31G(d,p) basis set, due to its good balance between accuracy and
computational cost, as well as its recognized efficiency in describing the structural and electronic properties of m-conjugated
organic systems?’-3°. The optical properties (absorption and emission), the density of electronic states (DOS), the transition
density matrix (TDM), and the nonlinear optical (NLO) properties were calculated using the TD-B3LYP and CAM-B3LYP
methods®!. The absorption, emission, DOS curves, and Scharber diagram were plotted using Origin 7.0 software [32], while

the visualization of TDM maps and NLO properties was done using the multiwfn program?,

5. Results and discussion
5.1. Geometric properties

Electronic charge delocalization is promoted by both the extension of the m-conjugated backbone and the increased
planarity of the molecular framework!”**. In order to verify this deduction, it is necessary to calculate the bond lengths
(d; (i = 1 — 8)) and dihedral angles (0; (i = 1 — 8) of the studied molecule. To do this, the geometric optimization of the
molecule was carried out in the gas phase using the hybrid functional B3LYP with the 6-31G(d,p) basis set, as shown in
Fig. 3, Table 2, and Table 3. From these results, we observe that the dihedral angles range between 147.32° and 176.89°,
which indicates that the molecule adopts an overall quasi-planar structure, with slight conformational distortions. This quasi-
planarity is particularly favorable for an efficient m conjugation between the different constituent units of the molecule.
Regarding the bond lengths, they are very homogeneous, ranging between 1.43 A and 1.46 A, which indicates an
intermediate character between single (C-C) and double (C=C) bonds. These values confirm that there is a good conjugation
along the molecule and an efficient delocalization of m bonds, which would in turn provide structural stability and
optoelectronic properties to the molecule.

Table 2. Dihedral angles 6; of the studied molecule
Molecule 0, 6, 0, 6, 6: [ 6 Og
TQTP-TPz-TQTP 147.32 -174.31 165.93 -163.72 176.89 165.63 166.09 -152.32

Table 3. Bond lengths d; of the studied molecule

Molecule d] d2 d3 d4 d5 d@ d7 dg
TQTP-TPz-TQTP 1.46 1.44 1.44 1.44 143 1.44 1.46 1.46
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Fig. 3. Optimized structure of the TQTP-TPz-TQTP molecule
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5.2 The frontier molecular orbitals (FMOs) and the density of electronic states (DOS)

The band gap is one of the most important parameters to describe optoelectronic properties because it represents the
energy difference between the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital
(HOMO), according to Eq. (1) 33, These energy levels were calculated using quantum chemistry and density functional
theory (DFT) with the hybrid functional B3LYP/6-31G(d,p). The final data obtained are ELumo= - 2.71 eV, Exomo= - 4.39
eV, and E;~1.68 eV (see Table 4). Note that these electronic features are indicative of the effective © conjugation and
suitable alignment of frontier orbitals, which provides insightful physical pictures for the studied molecule as an ideal
candidate for OSCs. Indeed, such an energy gap promotes an efficient separation of charges and induces a bathochromic
shift of optical absorption toward longer wavelengths, thus leading to a higher value of Amax. Frontier molecular orbitals
(HOMO/LUMO) constitute essential parameters for understanding the optical and electronic properties of m-conjugated
molecular systems. They allow for the analysis of the distribution, separation, and delocalization of electronic charges along
the molecular chain. According to the literature, the electronic transition from the ground state (HOMO) to the excited state
(LUMO) must occur in organic polymeric materials intended for optoelectronic applications. The spatial distribution of
these orbitals and the associated charge distribution are illustrated in Fig. 4. In this work, the electron density associated
with the HOMO orbital is mainly distributed on the donor units of the molecule, while the electron density of the LUMO
orbital is localized on the pyrazine core (acceptor). This separation of electron densities highlights a better charge separation
as well as an efficient intramolecular charge transfer (ICT) between the donor and acceptor units. In order to confirm the
previous results, a theoretical study based on DFT, using the hybrid functional B3LYP/6-31G(d,p), was conducted to
generate the curves of the electronic density of states (DOS), as illustrated in Fig. 5. The calculations demonstrate a
considerable charge separation, where HOMO orbitals are well localized on the donor moieties, while the LUMO orbitals
are centered on the acceptor units, indicating efficient intramolecular delocalization of charges between donor/acceptor
segments. The combined analysis of frontier molecular orbitals (FMOs) and density of electronic states (DOS) reveals a
pronounced donor—acceptor—type separation, validating the strong potential of this system for high-performance
optoelectronic applications in organic devices.

Eg =ELymo-Enomo Q)

Table. 4. Enomo, Erumo, and E, values (eV) of the studied molecule

Molecule Enomo ELumo E,
TQTP-TPz-TQTP -4.39 -2.71 1.68
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5.3 Reactivity indices

Some global chemical descriptors, calculated according to Koopman’s theorem?’, were determined in order to assess the
chemical reactivity of the studied molecule. These include the energies of the frontier orbitals, the HOMO (Enomo) and
LUMO (ErLumo), as well as the energy gap, E,, which are important descriptors of the electronic properties of molecular
systems. These values also allow for the calculation of other key chemical parameters, including the chemical potential (W),
electronegativity ()), chemical hardness (1), chemical softness (S), and electrophilicity index (@)’ *°.

In addition, electron affinity (EA) and ionization potential (IP) were also considered, as they are used for the study of
charge transfer mechanisms and electronic stability*’. The calculation of all these parameters was carried out using
equations (2-8)*!, and the obtained values provide a deep understanding of the reactivity, electronic stability, and overall
chemical properties of the studied molecule*>. Table 5 shows that the value of IP = 4.39 eV suggests that the studied
molecule can easily lose electrons, thus indicating an appreciable donor character. In parallel, the high value of the electron
affinity (EA = 2.71 eV) indicates an effective ability of the molecule to accept electrons, which highlights its acceptor
character. According to the above results, as a D-A—D-type molecule suitable for effective charge separation and transport,
the studied molecule seems to be promising for application of OSCs.

The calculated values of the chemical descriptors are p=-3.55eV,n=0.84 eV, x=3.55¢eV,S=0.59 eV, and o=7.51
eV. All these global reactivity parameters reveal that TQTP-TPz-TQTP exhibits an optimal balance between electronic
stability and chemical reactivity, characterized by high chemical flexibility and a significant electrophilicity index. These
characteristics are particularly favorable for charge transfer processes, electronic polarization, and intermolecular
interactions, thus confirming the high potential of the molecule as an active material for advanced optoelectronic
applications, notably organic solar cells and devices with efficient charge transport*.

IP = —FEpomo (2)
EA= —Eymo 3)
u = (Egomo + Erumo) /2 4)
N = (Erumo — Enomo) /2 (%)
X=-1=—(Egomo + Erumo) /2 (6)
S =1/2Zn) = 1/(Erumo — Enomo) @)
0=t ®)
7

Table 5. Chemical reactivity indices of the studied molecule
molecule IP (eV) EA (eV) (eV)u n (eV) ¥ (eV) S (eV)) (eV)w
TQTP-TPz-TQTP 4.39 2.71 -3.55 0.84 3.55 0.59 7.51

5.4. Molecular electrostatic potential (MEP)

The molecular reactivity is further analyzed by molecular electrostatic potential surface (MEP) maps based on the
electron density. The 3-D cartoon map provides a three-dimensional representation of the spatial distribution of electrical

charges over the entire molecule, arising from interactions between atoms***3, The MEP has been widely applied to identify
46, 47

nucleophilic and electrophilic sites, as well as to predict hydrogen bonding locations

Fig. 6. Three-dimensional map of the molecular electrostatic potential (MEP)
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The MEP map (Fig. 6) is characterized by different colors corresponding to the electrostatic potential: red regions are
electron-rich and favorable for nucleophilic attacks, blue areas are electron-poor, suitable for electrophilic interactions, and
green regions are neutral. The magnitude of the electrostatic potential is ordered as follows:
red>orange>yellow>green>blue*®. On the MEP map of the studied molecule, the red (negative potential) regions are located
on the oxygen atoms, while yellow areas are observed around sulfur atoms. These regions contain an abundance of electrons,
as reflected by their nucleophilic character. Positive potential (blue) is observed around the hydrogen atoms, which can
interact with nucleophilic species; this charge distribution appears to be favorable for the optoelectronic properties of the
system.

5.5. Optical properties

The theoretical optical properties of the molecule under investigation were also analyzed through quantum chemistry
computations based on time-dependent density functional theory (TD-DFT) method using B3LYP/6-31G(d,p) and CAM-
B3LYP hybrid functionals. These methods provide detailed dynamical information on electronic excitations. The plot of the
absorption curves obtained by these two approaches is shown in Fig. 7.

The main photophysical parameters, namely the maximum absorption wavelength (Amax), the oscillator strength (f), the
vertical excitation energies (Ecx), the nature of the major transitions (MO), the percentage contribution, as well as the light-
harvesting efficiency (LHE), are summarized in Table 6. Fig. 7 presents two absorption spectra: one obtained using the TD-
B3LYP functional and the other using the CAM-B3LYP functional. In the case of the B3LYP functional, the molecule
absorbs in the visible region between Amax = 651 nm and Amax = 877 nm, showing a strong redshift, with excitation energies
ranging between Ecx = 1.90 eV to Eex = 1.41 eV. On the other hand, the CAM-B3LYP functional shows that the studied
molecule absorbs in the visible range and presents three main absorption bands at Amax= 439 nm, Amax= 488 nm, and Amax=
668 nm, corresponding respectively to excitation energies of Ecx =2.82 eV, Ecx=2.53 eV, and E= 1.85 eV. The value of the
oscillator strength (f) provides important information about the efficiency of light capture (LHE). In order to calculate the
light-harvesting efficiency, Eq. (9) is used®.

LHE= 1-107 9)

High LHE can lead to enhanced photocurrent generation and behavior that is advantageous to the overall performance
of PV devices®. For the CAM-B3LYP functional, the highest-intensity transition occurs at f = 0.90 with an LHE = 0.87.
This band can be mainly ascribed to the HOMO — LUMO transition (91%), which suggests that this excitation has a strong
n—7* character with pronounced ICT. On the other hand, the TD-B3LYP functional shows a HOMO — LUMO transition
(99%) with a more moderate oscillator strength (f = 0.57) and a light-harvesting efficiency (LHE) = 0.73. The strong
bathochromic shift observed with the B3LYP functional is attributed to the overestimation of the intramolecular charge-
transfer character, while the CAM-B3LYP functional, thanks to its long-range correction, provides a more realistic
description of electronic excitations involving n—n* and ICT transitions. In addition, the investigated molecule possesses
excellent optoelectronic performance, which suggests that it is a potential candidate for organic solar cells.

——B3LYP/6-31G(d,p)
1.0+ —— Cam-B3lyp/6-31G(d,p)
0.8
=
&
g 0.6
=
=
2
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Fig. 7. UV—Visible spectrum of the studied molecule (TD-B3LYP and CAM-B3LYP)
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Table. 6. Maximum absorption wavelengths (Amax), €xcitation energies (Ecx), oscillator strengths (f), and light-harvesting
efficiency (LHE) of the studied molecule obtained using TD-B3LYP and CAM-B3LYP

M¢éthode max (NM)A Ee (V) f LHE MO/caracter
CAM-B3LYP 668 1.85 0.90 0.87 HOMO-LUMO (91%)
488 2.53 1.26 H-1-LUMO (58%)
439 2.82 2.73 H-3-LUMO (26%)
TD-B3LYP 877 1.41 0.57 0.73 HOMO-LUMO (99%)
668 1.85 0.22 H-1-LUMO (84%)
651 1.90 0.50 HOMO-L+1 (83%)

The emission properties of the studied molecule were extracted by re-optimization of the optimized chemical structure
in the first excited state using the TD-DFT/B3LYP/6-31G(d,p) and TD-DFT/CAM-B3LYP/6-31G(d,p) level of theory. The
simulated photoluminescence (PL) spectra were first generated using Gaussview then using GaussSum software, and are
presented in Fig. 8. Emission in the red—near-infrared region is obtained, with two maximum emission peaks at around 733
and 1110 nm (TD-DFT/B3LYP/6-31G(d,p), and at around 500 and 830 nm (TD-DFT/CAM-B3LYP/6-31G(d,p).

1.0

— TDDFT/B3LYP/6-31G(d,p)
— TDDFT/Cam-B3LYP/6-31G(d,p)

& e ot
- =) =]
1 1 1

PL intensity (a.u)

=
(]
1

0.0 -

— 1 T - T T * T T * T * T * 1
400 600 800 1000 1200 1400 1600 1800 2000
wavelength (nm)

Fig. 8. Simulated PL spectra of the studied molecule using the TD-DFT/B3LYP/6-31G(d,p) and the TD-
DFT/CAM-B3LYP/6-31G(d,p) level of theory

5.6. Photovoltaic properties

The energies of the frontier molecular orbitals, HOMO and LUMO, are key parameters for evaluating the photovoltaic
performance of organic solar cells (OPVs), particularly through the open-circuit voltage (Voc) and the energy shift of the
LUMO level (a). The V. corresponds to the maximum voltage delivered in the absence of current®! and can be theoretically
calculated as the difference between the energy of the HOMO orbital of the donor and that of the LUMO orbital of the
acceptor, according to Eq. (10)°> %3,

Voc = 3 (| Enomo (Donor)| - | ELumo (Acceptor) [) — 0.3 (10)

where e is the elementary charge and 0.3 eV is an empirical factor related to the binding energy of excitons®*.

The LUMO offset (a), defined as the difference between the LUMO level of the donor and the acceptor, plays a crucial
role in the efficient dissociation of excitons and the generation of free charges in organic solar cells>> %7, according to Eq.

(11).
a = Erumo (Donor) — ELumo (Acceptor) (1D

In this work, the parameters V. and o were calculated for the studied molecule in combination with different fullerene-
based acceptors (PCBM, BisPCBM, PC7BM, and ICBA), with the results illustrated in Table 7. The values of V. vary



M. El hadjaoui et al. / Current Chemistry Letters 15 (2026) 9
depending on the acceptor used and can be ranked in ascending order as follows: Vo (PC70BM) =0.39 V <V, (PCBM) =
0.49 V < V4 (BisPCBM) = 0.89 V < V. (ICBA) = 0.99 V. Regarding the LUMO energy shift (o), all donor/acceptor
combinations show values above the minimum threshold of 0.3 eV. These values increase in the following order: o (ICBA)
=0.38 eV < a (BisPCBM) = 0.48 ¢V < o (PCBM) = 0.88 eV < a (PC70BM) = 0.98 eV. These results show that the TQTP-
TPz-TQTP molecule exhibits high V. values as well as an adequate a shift, confirming efficient charge dissociation and
potentially optimal photovoltaic performance. Thus, this molecule appears to be a potential candidate for organic solar cell
applications.

Table. 7. Calculated values of Exomo, Erumo, Voe, and a for the studied molecules with different acceptors (ICBA,
PC7BM, BisPCBM, and PCBM)

Molecule/ EHOMO ELUMO PCBM BisPCBM PC7()BM ICBA
accepteurs Voo (V) a Voo (V) a Vee (V) a Voo (V) a
TQTP-TPz-TQTP  -4.39 -2.71 0.49 0.88 0.89 0.48 0.39 0.98 0.99 0.38
PCBM -5.66 -3.60 - - - - - - - -
BisPCBM -5.65 -3.20 - - - - = = - -
PC7BM -5.55 -3.70 - - - - - - R .
ICBA -5.64 -3.10 - - - - = o - -

5.7 Scharber Model

The Scharber model is widely used as a computational approach for predicting the energy conversion efficiency of
organic photovoltaic materials’® !> 62, According to this model, the estimation of the power conversion efficiency (PCE)
mainly depends on the energy gap (Eg) of the studied molecule as well as the energy shift of the LUMO level ()%, the
corresponding results are presented in Fig. 8 and Table 8.

E, ymo(Ponor)-E, ;,\o(Acceptor)

30 28 26 24 22 20 138 16 14 12 1,0

E; ymo(Donor)- Eyvq(Donor)

Fig. 8. Contour plots showing the power conversion efficiency of the studied compound

We notice that the PCE dramatically changes depending on the acceptor employed. The best photovoltaic performances
are obtained with the ICBA and BisPCBM acceptors, both showing low a values, yielding PCEs of 9.6% and 8.7%,
respectively. These results indicate good energy level alignment between the donor and acceptor, leading to a high open-
circuit voltage (Voc). In contrast, the PCBM and PC70BM acceptors show higher o values and lower PCEs (~ 5% and ~
4%). This reduction in efficiency is due to the occurrence of higher energy losses during exciton splitting. Accordingly, the
ICBA and BisPCBM acceptors are expected to lead to high-efficiency organic solar cells (OSCs).

Table. 8. Power conversion efficiencies (PCE, %) estimated using the Scharber model

Acceptor TQTP-TPz-TQTP (Ei=1.68 eV)
a PCE (%)
PCBM 0.88 ~5%
BisPCBM 0.48 ~8.7%
PC70BM 098 ~ 4%

ICBA 0.38 ~9.6%
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5.8 Nonlinear optical properties (NLO)

The nonlinear optical (NLO) responses of organic materials originate from their response to high-field electromagnetic
waves®. Understanding these NLO parameters is fundamentally important because of their broad applicability in modern
technologies such as optical communication, data storage, telecommunications, and information processing®> .
Investigation of NLO parameters is crucial for enhancing the optoelectronic properties of organic materials and, in
particular, for activating intramolecular charge delocalization. n- Conjugated systems have been appealing for such
applications due to their synthetic accessibility and typically exibit high hyperpolarizability®’.

The polarizability (o) and total hyperpolarizability (Biw:) were evaluated within the framework of quantum- chemistry
calculations using TD-DFT approach with the hybrid functional B3LYP/6-31G(d,p). The polarizability o and the total
hyperpolarizability (Biw:) are obtained using Eqs. (12-14), and the results are listed in Table 9. The investigated molecule
has an average polarizability a = 355.19x1072* esu, which indicates a high linear response to electric fields. This property
is common for long n-conjugated systems and is advantageous for optoelectronic applications. On the other hand, the high
value of the total hyperpolarizability Bt = 41.22x107%° esu, compared to that of urea®® (B = 0.3728 x 1072 esu), confirms
the strong nonlinear character of the TQTP-TPz-TQTP molecule. This NLO performance can be attributed to the extended
7 conjugation, the presence of donor-acceptor units rich in heteroatoms, and an electronic distribution that favors
intramolecular charge delocalization. These results indicate that TQTP-TPz-TQTP is a high-performance NLO material and
may have potential applications in modern optoelectronics.

1
a=3 (A + ayy + ay;) (12)

13
Buoc = B2+ By + B, (13)

where xx, yy, and zz represent the tensor components of polarizability, and i (1 =X, y, z) correspond to the hyperpolarizability
components given by:

1
Bi =(§)Zi=x,y,z (Bijj + Bjij + Bjji) (14)
Table. 9. Polarizability (o) and first hyperpolarizability (Biwt) of the studied molecule
Studied molecule TQTP-TPz-TQTP
Aoy 4089.64
QAyy -27.52
@y, 2282.73
@y, 58.00
@y, 72.51
a, 817.42
a(au) 2396.59
a (102 esu) 355.19
B 194.30
Buxy -10230.30
Beyy 724.51
Byyy 14458.60
Borr 227.75
By 2604.04
By 1591.95
Brrs 42533
Byzz 25820
Bors 189.30
Bro (a01) 4773.43
Bror (10°° esu) 41.22

5.9 Transition density matrix (TDM)

The Transition density matrix (TDM) is a model parameter for the charge-transfer mechanism in molecular systems®.
It is commonly represented graphically by heat maps showing the distribution and extent carrier localization in electronic
transitions’. This analysis therefore allows identification of donor—acceptor interactions, while the contribution of hydrogen
atoms can be neglected as they are less involved in these transitions. The TDM for the studied molecule was calculated
using TD-DFT at the B3LYP/6-31G(d,p) level with the Multiwfn program (Fig. 9). The TDM map of the studied molecule
shows intense signals along the diagonal, which provides evidence that the electronic transition is basically localized. This
transition is of the n—n* type, with spatially well-overlapping frontier orbitals. This situation is beneficial for the efficient
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light absorption (optical absorption enhancement); furthermore, the electronic localization can help establish strong
interfacial charge transfer to the acceptor, contributing to improved OPV performance.

I 29.3623
26.4261

18

108 | 23.4899
92 L 205536
79 - 17.6174
66 - 14.6812
63 - 117449
40 8.8087
27 5.8726
14 29362

1 0.0000

1 14 27 40 b3 66 79 92 106 18

Fig. 9. Transition density matrix (TDM) maps of the four studied molecule calculated at the B3LYP/6-31G(d,p)
level and computed in the Multiwfn program arbitrary units (A.U.)

5.10 Exciton Binding Energy (Ep)

The binding energy Ey is a fundamental electronic parameter. It enables the study of exciton dissociation and Coulomb
correlations, two effects that fundamentally control the efficiency of organic photovoltaic devices’'. A small binding energy
Ey separates photoinduced charges and generates as much current as possible. For this reason, a decrease in Ey is generally
associated with an increase in PCE, and this parameter represents an important handle for solar cell optimization’. The
binding energy of excitons is calculated according to Eq. (15)”*. Table 10 presents the results obtained. The studied molecule
has a small E;, value of 0.27 eV, implying that little energy is necessary for exciton separation. This value (less than 0.3 eV)
also confirms the ease of producing free charges. These results imply high PCE for the studied molecule, making it attractive
for applications in organic photovoltaic devices.

Ey = (Erumo — Enomo) - Eex (15)

Table 10. Exciton binding energy (Ey), first excitation energy (Ecx), and energy gap

molecule E; (eV) Eex (eV) Ep (eV)
TQTP-TPz-TQTP 1.68 1.41 0.27

6. Conclusion

In this study, a first-principles quantum-chemical analysis of the m-conjugated thieno[3,4-b]pyrazine-based system
TQTP-TPz-TQTP was performed in order to disclose its electronic structure, optical properties, and thermal stabilities for
applications in organic optoelectronic devices. Ground- and excited-state properties were systematically investigated by
using Density Functional Theory (DFT) and Time-Dependent (DFT) (TD-DFT) at the B3LYP/6-31G(d,p) level, also
employing the range-separated CAM-B3LYP functional to achieve a sound description of charge-transfer excitations.

The geometry optimization indicates that TQTP-TPz-TQTP has a quasi-planar molecular structure, which could lead to
efficient m-electron delocalization as well as intramolecular charge transfer (ICT). The frontier molecular orbital energy gap
(E¢z = ELumo — Enomo) was calculated to be E; = 1.68 eV, indicative of increased electronic coupling between donor and
acceptor moieties. The computed UV—Vis spectra predict intense low-energy transitions in the red and near-infrared region
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at Amax = 877 nm (TD-B3LYP) / Anax = 668 nm (CAM-B3LYP), where the addition of electron-withdrawing substituents
enhances ICT and induces a strong bathochromic shift, whereas donor groups stabilize the HOMO level.

Charge transfer properties were also investigated by frontier molecular orbital (FMO), density of states (DOS), and
transition density matrix (TDM) analyses, which altogether suggest significant electronic delocalization and desirable
excited-state charge separation. Efficient exciton splitting, charge transport, and photovoltaic performances are expected
from the calculated E, of 0.27 eV.

According to the Scharber model, the estimated Vo= 0.99 V and PCE (= 9.6%) further indicate the advantageous
potential of this compound as a donor material in OPVs from a theoretical simulation perspective. Moreover, the
substantially improved static polarizability and first-order hyperpolarizability, as compared to those of urea, testify that the
system possesses remarkable nonlinear optical (NLO) response due to the elongated n-conjugation effect and strong donor—
acceptor interactions.

In summary, the present computational study shows that rational molecular design of thieno[3,4-b]pyrazine derivatives
based on electronic-structure calculations is an efficient way to fine-tune their optoelectronic and NLO properties. Each
piece of data demonstrates that the current work provides a solid reference point for asymmetric functionalization, -
conjugation extension and benchmarking with higher-level methodologies as well as against experimental values.
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