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A B S T R A C T   

All dyes have different degrees of absorption. The present study delves into the intricate interplay between 
solvation and the photophysical behaviors of 2D p-expanded quinoidal terthiophene (2DQTT) dye compounds 
represented as A3, A4, and A5. In this study, a comprehensive investigation is presented, elucidating how sol
vation impacts excitation dynamics, ground and excited state geometry, photophysical characteristics. and 
photorelaxation dynamics of 2DQTTs. The energy gap data shows that the energies of the compounds increased 
in polar mediums and were greater for compound A3 which had ΔE values of 3.5227 eV in water, and 3.5225 eV 
in DMSO while compound A5 had the highest ΔE in all phases, with a ΔE value of 3.5453 eV in EtOH. Relaxation 
of the compounds leads to changes in the bonds and structural conformation of the 2D P-expanded quinoidal 
terthiophene (2DQTT) compounds as the compounds de-excite back to a lower energy level, and the photon 
causes a change in structural bonding (Stokes shift) in the heteroatoms which was taken into consideration. This 
manuscript not only advances our fundamental understanding of the interactions between solvation and mo
lecular structure but also provides valuable insights into optimizing the performance of 2DQTT in optoelectronic 
devices as the compounds display a high absorption band in all phases, especially in water medial with com
pound A3, A4 and A5 recording absorbances of 785.32 nm, 787.13 nm, and 786.78 nm respectively, a high light 
harvesting efficiency LHE, great electron exciton energy and an injecting capacity (ΔGinject) greater than 0.20 eV 
in all phases. This work contributes significantly to the design and application of novel materials for next- 
generation optoelectronic technologies hence we hope that experimental research tests the studied compound 
towards the mentioned application.   

1. Introduction 

Pi-Quinoidal terthiophene is an oligomer of the heterocycle thio
phene. Quinoidal terthiophene is a type of organic compound that be
longs to the family of terthiophenes. It is characterized by its unique 
extended quinoidal structure composed of three thiophene rings, which 
refers to the presence of alternating single and double bonds along the 

molecule’s backbone [1]. This structure provides quinoidal terthio
phene derivatives with unique electronic and optical properties. Qui
noidal terthiophene has gained significant attention in the field of 
organic electronics due to its potential applications in various devices, 
such as organic field-effect transistors (OFETs), organic solar cells, and 
organic light-emitting diodes (OLEDs) [2,3]. Its quinoidal structure al
lows for efficient charge transport and enhanced pi-conjugation, which 
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are desirable properties, including strong absorption in the visible re
gion of the electromagnetic spectrum. This makes it suitable for light- 
harvesting applications in solar cells and as an active material in 
OLEDs, where it can emit light when an electric current is applied. Its 
potential application makes it an exciting area of research in the field 
[4]. OLEDs and solar cells use organic compounds to construct electronic 
devices that emit light by converting sunlight into a source of power. 
These devices are portable, flexible and cost-efficient compared to their 
inorganic counterparts [5]. OLEDs use organic materials to produce 
light when electric current passes through them while organic solar cells 
have the ability of organic materials to convert sunlight to electricity. 
The ability to use these organic molecules for specified electronic at
tributes has given rise to higher levels of visual technology and renew
able sources of light [6].Fig 1. 

Photophysical and photorelaxation dynamics are two important as
pects of the field of photochemistry. Both of these methods involve the 
study of molecular processes involved in the absorption of light, but they 
differ in their specific focus and mechanisms [7]. Photophysical dy
namics primarily address immediate events that occur after a molecule 
absorbs light. This includes processes such as internal conversion, 
intersystem crossing, and fluorescence. Internal conversion involves the 
nonradiative relaxation of a molecule’s electronic excited state to a 
lower energy state within the same electronic state. The intersystem 
addresses the transition from one electronic state to another with a 
different spin multiplicity. Finally, fluorescence is the emission of light 
by a molecule as it returns to its ground state from an excited state [8,9]. 
In contrast, photo relaxation dynamics involve the longer-term pro
cesses that occur after the initial photophysical events. 

The manipulation of molecular properties through solvation is a 
fundamental phenomenon that plays a crucial role in various chemical 
and physical processes. In the realm of photoactive materials, under
standing the intricate interplay between molecular structure and solvent 

environment is of paramount importance for optimizing the perfor
mance of optoelectronic devices [10]. Prior research endeavors have 
explored the interplay between solvation and the optical properties of 
various organic semiconductors, shedding light on the mechanisms that 
govern their performance. 

Several notable articles have contributed to the elucidation of sol
vation effects on the photophysical behavior of organic materials. For 
instance, Rohman and coworkers [11] investigated the effect of a spe
cific solvent on the photophysical behaivoir of substituted chromones 
(AMC and CyC) via quantitative estimations using the Lippert-Mataga 
relation, uni-parametric ET(30) and multi-parametric Kamlet–Taft 
and/or Catalán relations, with notable solvatochromic shifts in the 
emission peak estimated for CyC (Δλ = 130 nm) in comparison with 
AMC (Δλ = 53 nm) and large bathochromic shifts in the fluorescence 
spectra of CyC (~130 nm) in comparison with AMC (~53 nm) which 
was rationalized on the basis of the large excited state dipole moment in 
CyC (~8.69 D) compared with AMC (~6.11 D).Additionally, the effects 
of solvent on the photophysical properties of synthesized ((E)-N-((E)-3- 
(4 (dimethylamino)phenyl) allylidene)-4-(trifluoromethyl) benzen
amine (DPATB) and the detailed photophysics of the intramolecular 
charge transfer process have been explored on the basis of steady state 
absorption, fluorescence and time resolved spectroscopy in combination 
with density functional theory calculations by Nath et al [12]. The 
findings in their work showed that large solvent dependent fluorescence 
spectral shift and large calculated excited- state dipole moment clearly 
indicate that efficient charge transfer occurrs from the donor group to 
the acceptor moiety in the excited state of the Schiff base. Furthermore, 
Anshuman Mangalum [13] conducted a comprehensive spectroscopic 
study on a series of conjugated polymers and inter-chromophore in
teractions, highlighting the photophysical characterization and excited- 
state dynamics for biological sensor applications. Building upon these 
insights, Fengjiao Zhang et Chong-an Di [14] explored 2DQTTs as a 

Figure 1. Structural presentation of the 2D p-expanded quinoidal terthiophene (2DQTT) compounds labelled A3, A4, and A5.  
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thermoelectric material with high charge carrier mobility, revealing an 
intriguing perspective for harnessing the 2DQTT material which they 
reported to have promising applications in flexible electricity generators 
and ultrathin solid cooling elements. Moreover, investigations by Zhang 
et al [15] focused on the design and characterization of novel small- 
molecule optoelectronic materials based on the thieno[3,4-b] 
thiophene core. This study explored the synthesis, structural proper
ties, and optoelectronic behavior of these materials. The thieno[3,4-b] 
thiophene framework is chosen for its promising electronic properties, 
and this research aims to establish its potential for applications in 
various optoelectronic devices such as organic solar cells, light-emitting 
diodes, and photodetectors. This investigation sheds light on the 
structure-property relationships and performance of these materials, 
contributing to the advancement of organic electronics. Computational 
chemistry methods such as DFT have also aided in the development of 
2D p-expanded quinoidal terthiophene. C. Zhang et al [16] reported the 
design and selective synthesis of 2D p-expanded quinoidal terthiophenes 
with proximal and distal regiochemistry for high performance n-channel 
organic thin-film transistors featuring high electron mobility, solution 
processability and ideal stability. They also stated in their paper that 
2DQTT is the first among the QOTs that exhibits an electron mobility 
surpassing 1.0 cm2V-1s-1 revealing the potential of its framework for 
constructing n-type organic semiconductors. Due to this high mobility, 
we have a high probability of 2DQTT undergoing solvation in different 
solvents to produce organic solar devices. 

In light of these existing research endeavors, the present manuscript 
aims to contribute to the growing body of knowledge by investigating in 
detail the effects of solvation on the photophysical and photorelaxation 
dynamics of 2D p-expanded quinoidal terthiophenes (2DQTTs). 
Through a combination of computational simulations, theoretical 
analysis, electronic and stability analysis, nonlinear optics, electron hole 
analysis and relaxation florescence pathway analysis, we aim to unravel 
the intricate interplay between solvent interactions with various polar
ities and electronic and excitation processes within these materials. The 
insights gained from this study not only deepen our fundamental un
derstanding of 2DQTTs but also offer valuable guidance for the design 
and optimization of next-generation organic electronic devices. 

2. Methods 

2.1. Experimental 

The experimental design and synthesis of 2D P-expanded quinoidal 
terthiophene (2DQTT) compounds were previously reported by Fan et al 
[17]. Herein, we obtained the structures to theoretically investigate the 
photophysical and photorelaxation properties of the compounds as well 
as the effect of the solvent on the processes. 

2.2. Computational methodology 

Herein, we comprehensively investigated the photophysical and 
photorelaxation dynamics of 2D p-expanded quinoidal terthiophene 
(2DQTT) under various solvent conditions. The insights gained from 
these analyses contribute to a deeper understanding of the behavior of 
this molecule and its potential applications in optoelectronic devices. 
The molecular structures of 2D p-expanded quinoidal terthiophene 
(2DQTT) in the gas phase and in various solvents were subdued to local 
minima were the structure of (2DQTT) was sketch with Guass View 
6.0.16 and optimized with Gaussian 16 software [18,19]. Solvent effects 

were accounted for using the polarizable continuum model (PCM) [20]. 
Long-range CAM-B3LYP/6-31+G(d,p). The DFT method was employed 
for this study in gas, water, DMSO, ethanol, and chloroform media. The 
Electronic excitation energies were determined using the CAM-B3LYP 
Coulomb attenuated functional because CAM-B3LYP provides the best 
overall performance [21,22].The resulting optimized geometry was 
used as the starting point for further investigations. The electronic 
properties of 2DQTTs were analysed by calculating their frontier mo
lecular orbitals (HOMO and LUMO) and energy gap (HOMO-LUMO gap) 
as well as quantum reactivity descriptors to understand their electronic 
structure and potential for charge transfer using the Molecular orbitals 
using equations 1-6. 

ΔE = EHOMO − ELUMO 1  

σ =
1
η =

1
IP − EA

=
1

ELUMO − EHOMO
2  

μ = − (IP+EA)/2 3  

η = (IP − EA)/2 4  

χ = − μ = 1/2IP+EA 5  

ω = μ2/2η 6  

The Chemcraft 1.6 software package [23] was used to visualize the 
HOMO-LUMO plots. NBO analysis was conducted to gain insight into the 
electronic structure and intra-molecular interactions within 2DQTTs as 
well as the compound stability and electron delocalization in different 
solvents facilitated by the NBO 7.0 module [24] embedded in the 
Gaussian 16 software program [25] using equation 7. 

E(2) = ΔEij = − qiF2(ij)/Ei − Ej 7  

where qi denotes the electron donor orbital occupancy, and Ei and Ej 
represent for the orbital energies of the donor and acceptor NBO orbitals 
respectively. 

Nonlinear optical properties, including first hyperpolarizability, and 
dipole moment were computed to provide insights into the molecular 
stability and polarizability of 2DQTTs for nonlinear optical applications 
[26] using equations 8-10. 

αtotal = 1/3(αxx+αyy+ αzz) 8  

βtotal = (βx+ βy+ βz)1/2 9  

where, 
βx= βxxx + βxyy +βxzz 
βy= βyyy+βyzz+ βyxx 
βz= βzzz+βzxx+ βzyy 
Hence the equation is written as 

Excited state properties were investigated in various solvents using time- 
dependent DFT (TD-DFT) calculations. UV/Vis excitation analyses were 
carried out to understand the electronic transitions responsible for the 
absorption spectra observed in different solvents. This involved 
computing the excitation energies, oscillator strengths, and transition 
dipole moments. Hole and electron distribution processes involved in 
photophysical and relaxation dynamics phenomena were analysed to 
understand charge carrier mobility and transport within the molecule as 
well as to comprehend the charge carrier recombination pathways and 

βtotal = [(βxxx+ βxyy+ βxzz)2+(βyyy+ βyzz+ βyxx)2+(βzzz+ βzxx+ βzyy)2]1/2 10   
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lifetimes utilizing the TD-DFT methods [27]. Geometry optimizations 
were further performed on the relaxation of the compounds to obtain 
ground-state structures in the absence of solvent effects using the TD- 
SCF and CAM-B3LYP/6-31+G(d,p) DFT method, providing insights 
into the inherent conformational preferences of 2DQTTs, which were 
compared with the experimental geometries. The potential photovoltaic 
performance of 2DQTTs was assessed through calculations of exciton 
binding energies and charge transfer rates, considering different solva
tion environments utilizing the multiwfn 3.7 dev software suite devel
oped by Lu and Chen [28]. 

3. Results and discussion 

3.1 Molecular structure analysis 
Solvent molecules can induce conformational changes in molecules, 

hence, influencing excited-state geometries and behavior. Geometry 
optimization was carried out to elucidate the structural characteristics of 
the 2D P-expanded quinoidal terthiophene (2DQTT) compounds 
labelled A3, A4 and A5 in the gas phase and the results were compared 
with experimental analysis to gain insights into the photochemical po
tentials of the compounds. The optimization analysis and the structural 
parameters including the bond labels and bond lengths of the studied 
structures were theoretically calculated by employing the CAM-B3LYP/ 
6-31+G(d,p) level of theory while considering specific atom bonds made 
by the heteroatoms (N,O, and S) present in the molecules and the results 
are tabulated in Table 1. Additionally, the structural analysis of the 
compounds of interest (A3, A4 and A5) is of paramount importance for 
revealing the intricate relationships between molecular structure and 
optical behavior. It enables the rational design of materials with tailored 
photophysical properties and contributes to advancements in various 
technological and scientific fields as revealed by optoelectronic prop
erties, such as absorption and emission wavelengths, quantum yields, 
and excited-state lifetimes [29]. Moreover, photorelaxation involves the 
relaxation of a molecule from an excited state back to the ground state 
[30]. Structural analysis can provide insights into the various relaxation 
pathways available to the molecule, including internal conversion, 
intersystem crossing, and radiative or non-radiative decay [31]. Hence, 
we focused on elucidating the structural composition of the compounds 
because computational methods often rely on accurate structural data to 
predict photophysical behavior. The length of a chemical bond within a 
compound is highly important for establishing diverse characteristics 
such as energy levels, reactivity patterns, and stability [32]. Moreover, it 
exerts a direct influence on the resilience and attributes of the chemical 
linkages between atoms. The bond length delineates the spatial sepa
ration between the nuclei of two atoms that are bound together within a 
molecule [33]. A diminished bond length signifies heightened strength 
in the connection between the atoms involved in the interaction. Herein, 
the analysis of the theoretical bond lengths, revealed that compound A3 
exhibited an increase in bond length for all bonding interactions except 
for a slight decrease in N20 - C25 which had a theoretical bond length of 
1.390 Å compared with the experimental value of 1.391 Å. In compound 

A5, the same trend was observed as the number of bonds increased in the 
theoretical investigations for all interactions except at N80 - C138 bond 
label, where a theoretical bond length of 1.389 Å was observed 
compared with the 1.397 Å recorded in the experimental data. Consid
ering compound A4, we observed an alternating increase and decrease 
in the number of bonds. Notable increases were observed for S27 - C53, 
S25 - C41, N34 - C49, and O31 - C40 with experimental and theoretical 
values of 1.748 Å and 1.782 Å, 1.758 Å and 1.782 Å, 1.135 Å and 1.158 
Å, 1.179 Å and 1.208 Å respectively corresponding to the above bond 
labels. Moreover, a decrease in the bond length was observed for the S29 
- C54, N32 - C37, and O30 - C37 bond labels. Analysing the structural pa
rameters of the compounds herein provides insights into how the 
arrangement of atoms and bonds affects the electronic transitions and 
energy levels that drive these photophysical processes. 

3.1. Electronic property investigation 

3.1.1. Quantum parameters 
In simple terms, the analysis of frontier molecular orbitals (FMOs) 

relies on comparing the energy difference between the highest occupied 
molecular orbital (HOMO), which serves as the electron donor orbital, 
and the lowest unoccupied molecular orbital (LUMO), which serves as 
the electron acceptor orbital [34]. These orbitals work together 
complementarily. The use of global quantum reactivity descriptors is 
crucial for understanding the electronic characteristics of a chemical 
entity. The idea behind assessing chemical reactivity through FMO 
analysis is that reactive species exhibit a smaller energy gap, indicating 
lower stability, compared to those with a larger energy gap, which im
plies greater stability [35]. According to Tjalling Koopman’s mathe
matical approximations, the electron affinity (EA) and ionization energy 
(IP) of a given chemical species are related to the negative values of 
ELUMO and EHOMO, respectively. Moreover, global reactivity descriptors 
such as the electrophilicity index (ω), chemical softness (σ), electro
negativity (χ), chemical potential (μ), and chemical hardness (η), ob
tained using the Koopmans theorem, serve as indicators of stability and 
reactivity. Generally, softer molecules exhibit greater reactivity than 
harder molecules because they readily donate electrons to acceptors 
[36]. The concepts describe the tendency of atoms or atom groups to 
donate and receive electrons, respectively. Additionally, hard molecules 
are characterized by a large energy gap, while soft molecules have a 
smaller energy gap. In this study, the stability and reactivity of the 
investigated compounds were assessed using the CAM-B3LYP/6-31+G 
(d,p) level of theory in the presence of four different solvents and the gas 
phase to a gain proper understanding of the 2D P-expanded quinoidal 
terthiophene (2DQTT) subsets (A3, A4, A5). Mathematically, the band 
gap and quantum reactivity parameters are presented in the methodol
ogy section, and the results displayed in Table 2. As observed from the 
computed results, the gas phase had a high HOMO which ranged from 
-7.0817 eV (A4) to -7.0834 eV (A3), and the LUMO values were highest 
when compared to those of the solvent media, which ranged from 
-3.5780 eV (A3) to -3.5791 eV (A5). The energy gaps for the compounds 

Table 1 
Theoretical and experimental bond length analysis of 2D P-expanded quinoidal terthiophene (2DQTT) dye compounds upon excitation, studied at the CAM-B3LYP/6- 
31+G(d,p) level of theory.  

COMPOUNDS  
A3  A4  A5  
BOND DISTANCES (Å)  BOND DISTANCES (Å)  BOND DISTANCES (Å) 

Bond label Experimental Theoretical BOND LABEL Experimental Theoretical BOND LABEL Experimental Theoretical 

S13 - C29 1.766 1.782 S27 - C53 1.748 1.782 S75 - C142 1.706 1.724 
S16 - C41 1.771 1.782 S29 - C54 1.747 1.724 S74 - C140 1.774 1.782 
N20 - C25 1.391 1.390 S25 - C41 1.758 1.782 S73 - C149 1.770 1.782 
S17 - C43 1.708 1.724 N32 - C37 1.396 1.389 N80 - C138 1.397 1.389 
S15 - C32 1.713 1.724 O30 - C37 1.211 1.208 O78 - C135 1.207 1.208 
O18 - C25 1.203 1.208 N34 - C49 1.135 1.158 N81 - C145 1.137 1.158 
S14 - C30 1.779 1.782 O31 - C40 1.179 1.208 O79 - C138 1.208 1.208  
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in the gas phase were 3.5053 eV for A3, 3.5034 eV for A4, and 3.5034 eV 
for A5. This result shows that the activity of the compounds is in close 
range, as the softness and hardness values were also in close range with 
energy differences of -0.0002 eV and 0.0009 eV, respectively. Consid
ering the polar solvents (water, ethanol and DMSO), keen observation 
revealed substantial changes in the HOMO and LUMO energies which 
decreased from -6.8910 eV (A4) to -6.8926 eV (A5) and from -3.3725 eV 
(A4) to -3.3687 eV (A3) for the water medium, from -6.8951 eV (A4) to 
-6.8967 eV (A5) and from -3.3728 eV (A3) to -3.3777 eV (A5) for the 
DMSO medium and from -6.9010 eV (A5) to -6.9038 eV (A3) and from 
-3.3818 eV (A3) to -3.3557 eV (A5) for EtOH medium. The energy gap 
data shows that the energies of the compounds increased in polar media 
and were greater for compound A3, which had ΔE values of 3.5227 eV in 
water, and 3.5225 eV in DMSO, while compound A5 had the highest ΔE 
in all phases, with a ΔE value of 3.5453 eV in EtOH. 

On investigation of the compounds in a non-polar solvent, there was 
also an increase in the HOMO, LUMO, energy gap and other computed 
quantum descriptors. The HOMO and LUMO energies ranged from 
-6.9560 eV (A4) to -6.9582 eV (A5) and from -3.4191 eV (A4) to 

-3.4389eV (A5), while the highest band gap of 3.5369 eV was observed 
for compound A4. On observation, the quantum reactivity descriptors 
showed close differences confirming that the differences in the activities 
of the compounds are not very conspicuous. In polar solvents, electric 
charge separation occurs within molecules, leading to the development 
of an electric dipole moment. On the other hand, non-polar solvents are 
those in which the charge distribution is evenly spread out in all di
rections, resembling a spherical symmetry [37]. This principle was 
applied to assess how different solvents impact a compound’s reactivity. 
Examining the energy gap of the compound across various solvents such 
as water, DMSO, ethanol, and chloroform (as presented in Table 2), our 
findings reveal noteworthy insights. Notably, the compounds exhibited 
heightened reactivity in the gas phase, while compound A3 was more 
stable in water, with an energy gap of 3.5227 eV, compound A4 was 
more stable in chloroform, with an energy gap of 3.5369 eV, while 
compound A5 was more stable in EtOH with energy of 3.5453 eV. The 
energy difference was calculated to be 0.04 eV suggesting that there is a 
slight or no effect of the solvent on the reactivity and stability of the 
studied compounds. Figure 2 depicts. 

Table 2 
HOMO – LUMO, Energy Gap (ΔE) and global quantum descriptors of the studied compounds in the gas phase and different solvents.  

COMPOUNDS HOMO eV LUMO eV ΔE (eV) η(eV) σ(eV) µ(eV) χ(eV) Ω(eV) 

A3 -7.0834 -3.5780 3.5053 1.7526 0.2852 -5.3307 5.3307 8.1065 
A4 -7.0817 -3.5783 3.5034 1.7517 0.2854 -5.3300 5.3300 8.1088 
A5 -7.0825 -3.5791 3.5034 1.7517 0.2854 -5.3308 5.3308 8.1113 
WATER 
A3 -6.8915 -3.3687 3.5227 1.7613 0.2838 -5.1301 5.1301 7.4709 
A4 -6.8910 -3.3725 3.5184 1.7592 0.2842 -5.1318 5.1317 7.4849 
A5 -6.8926 -3.3739 3.5187 1.7593 0.2841 -5.1332 5.1332 7.4887 
DMSO 
A3 -6.8953 -3.3728 3.5225 1.7612 0.2838 -5.1341 5.1341 7.4830 
A4 -6.8951 -3.3763 3.5187 1.7593 0.2841 -5.1357 5.1357 7.4958 
A5 -6.8967 -3.3777 3.5189 1.7594 0.2841 -5.1372 5.1372 7.4996 
ETHANOL 
A3 -6.9038 -3.3818 3.5219 1.7609 0.2839 -5.1428 5.1428 7.5095 
A4 -6.9032 -3.3842 3.5189 1.7594 0.2841 -5.1437 5.1437 7.5187 
A5 -6.9010 -3.3557 3.5453 1.7726 0.2820 -5.1284 5.1283 7.4182 
CHLOROFORM 
A3 -6.9565 -3.4351 3.5214 1.7607 0.2839 -5.1958 5.1958 7.6665 
A4 -6.9560 -3.4191 3.5369 1.7684 0.2827 -5.1875 5.1875 7.6085 
A5 -6.9582 -3.4389 3.5192 1.7596 0.2841 -5.1986 5.1986 7.6793  

Figure 2. 3-Dimensional maps of the HOMO/LUMO electron distribution of the 2D P-expanded quinoidal terthiophene (2DQTT) compounds labelled A3, A4 and A5.  
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3.1.2. Natural bond orbital (NBO) analysis 
The study of natural bond orbital (NBO) analysis offers a framework 

for investigating charge transfer and intramolecular bonding within 
molecular systems. In essence, the stability of donor-acceptor in
teractions involving unoccupied and occupied NBOs is inherently tied to 
the delocalization of electron density [38]. It also provides insights into 
intermolecular and intramolecular charge transfer, as well as the sta
bility relationship between donor and acceptor orbitals [39]. To 
comprehend the electron distribution in both atomic and molecular 
orbitals, the concept of bonded orbitals has come into play. These or
bitals can be derived from atomic charges and molecular bonds. Pho
tophysical and photorelaxation studies on the other hand, delve into the 
behavior of molecules when they absorb light and transition to higher 
energy electronic states [40]. Natural bond analysis comes into play by 
providing insights into the distribution of electrons and the nature of 
bonding and interactions within these excited states, offering a deeper 
understanding of the mechanisms underlying various photophysical 
phenomena. Additionally, excited states can exhibit high delocalization 
of electrons, leading to alterations in bonding patterns hence, NBO 
analysis helps to quantify the extent of delocalization, which is critical 
for understanding the stability and reactivity of excited states [41]. 
Previously reported analyses revealed that crucial non-occupied NBOs 
are antibonding orbitals, and a commonly utilized technique for gauging 
energy effects is the second-order perturbation energy [42]. For this 
study, NBO analysis was conducted using the same level of theory as 
stated earlier, in four solvents (water, dimethyl sulfoxide (DMSO), 
ethanol and chloroform) to scrutinize each solvent’s impact on the 
compounds of interest and the results are reported in Table S1 of the 
supporting information. 

Greater stabilization energy indicates more pronounced interactions 
between donor and acceptor orbitals, potentially arising from enhanced 
conjugation and robust electron-donating capabilities. Second-order 
perturbation energies (E2) highlight the two dominant interactions for 
the gas phase and each of the solvents (water, DMSO, ethanol, and 
chloroform). In the gas phase, compound A3 showed backwards tran
sitions from πC1-O9 → σ*C39-H43 and πC1-O9 → σ*C42-H47 with pertur
bation energies of 58.73 kcal/mol and 50.44 kcal/mol respectively. 
Compound A4 showed highest perturbation energies at the forward 
transition of σC24-C64 → σ*C65-N67 and backward transition from πC30- 
C32 → σ*C31-C69 with respective energies of 31.01 kcal/mol and 30.14 
kcal/mol respectively. Additionally, compound A5 recorded exhibited 
the perturbations of 40.03 kcal/mol and 30.60 kcal/mol from the for
ward and reverse transitions of πC5-O10 → σ*C89-H92 and πC30-C32 → 
π*C31-C69 respectively which shows that compound A3 is more stable in 
the gas phase, while compound A4 has the stability. Compared with the 
different solvents, compound A5 demonstrated high perturbation and 
stability with E2 values of 170.19 kcal/mol (σC2-C3 → σ*C15-C17) in 
water, 169.02 kcal/mol (σC2-C3 → σ*C15-C17) in DMSO, 166.66 kcal/ 
mol (σC2-C3 → σ*C15-C17) in EtOH and 154.62 kcal/mol (πC1-O9 → 
σ*C15-C17) in chloroform, and it was more abundant in the water phase. 
Moreover, compounds A3 and A4 demonstrated the highest stability in 
water (150.69 kcal/mol and 76.12 kcal/mol respectively). The sub
stantial energy obtained in water might stem from the minimal energy 
gap between the electron donor and acceptor moieties which are in close 
proximity with the gas phase. This outcome aligns with the findings 
from Frontier Molecular Orbital (FMO) analysis, confirming the greater 
stability of the compounds in water, as observed herein. Moreover, this 
analysis was applied to assess the influence of solvents on the excited 
states. Understanding how the solvent environment affects the elec
tronic structure and interactions in the excited state, contributes to the 
overall photophysical behavior. 

3.1.3. Nonlinear optics (NLO) analysis 
Nonlinear optics (NLO) has found diverse applications in fields like 

such as the communication optoelectronic and photonic industries [43]. 
The interaction between theoreticians and experimentalists has led to 

the utilization of various methodologies to determine hyper – polariz
ability and, researchers have used nonlinear optical effects to create new 
types of lasers, develop optical switches, and study molecular structures 
and modulators [44]. NLO properties can be correlated with electronic 
structure characteristics, such as the distribution of electron density, and 
polarizability and it accurately explain the excited state in a density 
functional [45]. NLO techniques also provide valuable information 
about the organization of molecules in a material and their response to 
intense light [46]. We conducted NLO assessments of the target com
pounds in four distinct solvents (water, DMSO, ethanol, and chloro
form). This analysis aimed to elucidate the dipole moment, static 
polarizability, and static first hyper - polarizability of the compounds 
under study. Urea, the initial compound examined for its NLO proper
ties, frequently serves as a reference point for comparison [47]. The first 
hyper-polarizability, represented as a third-rank tensor, can be 
described by a 3x3x3 matrix. Employing Kleimann’s symmetry, the 27 
components of the 3D matrix can be reduced to 10 constituents [48] The 
polarizability (α) and first order hyper-polarizability (β) are determined 
by utilizing the equations 8-10, as displayed in the methodology sec
tion, while the results of the dipole moment, static polarizability, and 
hyper-polarizability of the compounds (A3, A4, A5) in the gas phase and 
four solvents are presented in Table 3. 

These results revealed that compound A3 had the most significant 
dipole moment in the gas phase and polar solvents (water, DMSO, 
ethanol) with values of 9.122 D, 12.413 D, 12.339 D and 12.191 D 
observed for the gas phase, water, DMSO, and ethanol, whereas in 
chloroform, a non-polar solvent, compound A5 had the highest dipole of 
11.103 D. According to previously reported literature, species with 
narrower energy gaps tend to exhibit elevated static polarizability and 
hyper-polarizability [49]. This pattern is strongly corroborated by 
compound A4, which exhibited the lower energy gap in both the gas 
phase and the polar solvents in the FMO analysis Herein, A4 exhibited 
the highest static polarizability values of -434.868 a.u, -460.347 a.u, 
-459.818 a.u, -458.705 a.u and -450.175 a.u corresponding to gas, 
water, DMSO, ethanol and chloroform respectively and the highest 
hyper-polarizability of 436.272 a.u in gas phase. Moreover, compound 
A3 boasts the highest hyper-polarizability of 573.441 a.u, 571.535 a.u, 
570.454 a.u, and 536.906 a.u in water, DMSO, EtOH, and chloroform 
respectively. The static polarizability order among the gas phase and 
four solvents was as follows: water > DMSO > ethanol > chloroform >
gas. The same trend was observed for the hyper-polarizability of the 

Table 3 
Dipole moment, static polarizability, anisotropy and hyperpolarizability of the 
studied compounds were calculated for different solvents.  

SYSTEMS Dipole 
moment 
(µ) 

Static 
Polarizability 
(α total) 

Anisotropy of 
the 
Polarizability 
(Δα)

Static 
Hyperpolarizability 

GAS 
A3 9.122 -406.727 132.95 319.068 
A4 8.612 -434.868 263.97 436.272 
A5 8.638 -413.689 247.18 434.913 
WATER 
A3 12.413 -443.369 331.17 573.441 
A4 12.339 -460.347 360.64 482.959 
A5 12.407 -441.866 340.35 563.741 
DMSO 
A3 12.339 -442.783 329.33 571.535 
A4 12.267 -459.818 358.78 483.102 
A5 12.335 -441.301 338.60 562.259 
ETHANOL 
A3 12.191 -441.573 326.98 570.454 
A4 12.117 -458.705 354.88 483.387 
A5 11.714 -437.890 323.03 538.707 
CHLOROFORM 
A3 11.088 -433.066 177.15 536.906 
A4 10.828 -450.175 177.15 482.292 
A5 11.103 -431.518 177.15 525.459  
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compounds. The substantial hyper-polarizability in water and DMSO 
might stem from its charge transfer properties, as the electron cloud 
transits from a donor to an acceptor region. Additionally, the pro
nounced anisotropy values observed for compound A4 in all studied 
solvents indicate that the physical properties of the compounds are more 
likely to change in these solvents, while a high value is noted in the gas 
phase for compound A5. These findings collectively suggest that the 
studied compounds are notably polarizable across all solvents, espe
cially compound A4 which showed polarization efficacy in all the sol
vents, indicating its potential utility in diverse fields that require 
nonlinear activity. 

3.2. Excited state analysis 

3.2.1. UV/Vis excitation analysis 
UV analysis is viewed as a cornerstone when considering photo

physical and photorelaxation studies because it allows researchers to 
probe the electronic transitions, absorption behavior, and photochem
ical processes during electronic excitation [50]. A dye with high effi
ciency must possess a strong and broad absorption band over visible 
light (400–800 nm). The information obtained through UV analysis is 
essential for revealing the intricate details of how molecules interact 
with light and how they undergo photophysical and photochemical 
transformations [51]. Monitoring the changes in UV absorption during 
such reactions can provide insights into reaction kinetics, reaction 
mechanisms, and photo-induced processes. Additionally, UV analysis 
can reveal how solvation affects the absorption behavior of organic 
compounds and molecules [52]. Different solvents can lead to shifts in 
absorption bands due to changes in the molecular environment and in
teractions between the solvent and solute. Herein, we introduce four 
solvents (polar and non-polar) to study the photophysical activities and 
photorelaxation responses of 2D p-expanded quinoidal terthiophene 

(2DQTT) compounds labelled A3, A4, and A5, which have been sug
gested to have light emitting properties that can improve the optoelec
tronics industry, as well as DSSC, which is a revolutionary technology 
that leverages organic materials to create efficient, vibrant, and flexible 
light sources [53]. This study considered various indices used to assess 
the excited state of compounds in UV analysis, including the excitation 
energy, wavelength, oscillator strength, the accompanied electron major 
contributors (MCs) and transitions observed from the ground state to the 
second excited state with the aim of revealing crucial insights into how 
solvation affects the studied compounds. To achieve this, the Gaussian 
09 solvation model, also known as the conductor-like polarizable con
tinuum (CPCM) model, was utilized [54]. The electronic properties, 
such as the oscillator strength (F), wavelength (λmax), and excitation 
energy (E), are presented in Table 4. From the depicted results in 
Table 4, the gas phase which represents as the point of reference and 
comparison, showed an electronic transition from HOMO to LUMO from 
H→L and H→L+1 for compounds A3, A4, and A5 for the first and second 
excitation states respectively with the highest absorption spectrum 
occurring at the first excitation state corresponding to a wavelength of 
635.35 nm for all compounds with the major contribution and oscillator 
strength presented at 97.142% and 1.2765 for A4 and A5, respectively, 
whereas A3 had the greatest contribution and oscillator strength of 
98.564% and 1.2672, respectively. Going forward, it is important to 
summit that in UV analysis, the parameters are explained following keen 
principles. A good system has a low energy, long wavelength and high 
oscillator strength [55]. Considering the influence of the different sol
vents, we observed that compound A3 had the longest absorption 
wavelength of 785.32 nm in water with an oscillator strength of 2.0136 
and the highest contribution of 97.014% with a solvent influence and 
contribution trend of water > DMOS (782.32) > ethanol (768.47) >
chloroform (731.43) > gas. Compound A4 was also observed to have the 
longest absorption wavelength of 787.13 nm in water with an oscillator 

Table 4 
UV – vis excitation energies, transitions, percentage contributions and oscillator strengths for the studied compounds in different solvents.  

COMPOUNDS Excitation Type Energy (eV) ʎ (nm) OscillatorStrength MC (%) Transition (f) 

GAS 
A3 S0→S1 1.9514 635.35 1.2672 98.564 H→L  

S0→S2 3.1338 395.64 0.0081 32.681 H→L+1 
A4 S0→S1 1.9515 635.34 1.2745 97.142 H→L  

S0→S2 3.1329 395.75 0.0083 65.290 H→L+1 
A5 S0→S1 1.9513 635.38 1.2765 97.142 H→L  

S0→S2 3.1328 395.76 0.0083 65.343 H→L+1 
WATER 
A3 S0→S1 1.5788 785.32 2.0136 97.014 H→L  

S0→S2 2.9133 425.58 0.0593 70.081 H→L+1 
A4 S0→S1 1.5751 787.13 2.0119 97.025 H→L  

S0→S2 2.9115 425.84 0.0581 70.313 H→L1 
A5 S0→S1 1.5758 786.78 2.0143 97.022 H→L  

S0→S2 2.9122 425.74 0.0588 70.230 H→L1 
DMSO 
A3 S0→S1 1.5848 782.32 2.0028 97.014 H→L  

S0→S2 2.9194 424.69 0.0588 70.513 H→L1 
A4 S0→S1 1.5812 784.10 2.0014 70.724 H→L  

S0→S2 2.9176 424.95 0.0577 76.899 H→L1 
A5 S0→S1 1.5819 783.74 2.0038 97.022 H→L  

S0→S2 2.9183 424.85 0.0583 70.641 H→L1 
ETHANOL 
A3 S0→S1 1.6134 768.47 1.9640 97.081 H→L  

S0→S2 2.9732 417.00 0.0446 67.822 H→L1 
A4 S0→S1 1.6112 769.51 1.9642 97.087 H→L  

S0→S2 2.9720 417.18 0.0450 68.106 H→L1 
A5 S0→S1 1.6118 769.23 1.9647 75.906 H→L  

S0→S2 2.9725 417.11 0.0452 68.214 H→L1 
CHLOROFORM 
A3 S0→S1 1.6951 731.43 1.7969 65.018 H→L  

S0→S2 3.0231 410.12 0.0508 81.069 H→L1 
A4 S0→S1 1.7126 723.97 1.7784 97.142 H→L  

S0→S2 3.0776 402.86 0.0401 77.765 H→L1 
A5 S0→S1 1.6933 732.19 1.8031 97.048 H→L  

S0→S2 3.0223 410.23 0.0520 81.149 H→L1  
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strength of 2.0119 and the highest contribution of 97.025%, with a 
solvent trend of water > DMOS (784.10) > ethanol (769.51) > chloro
form (723.97) > gas. Additionally, for in compound A5, we observed the 
same trend was the case which is as follows; water (786.78) > DMOS 
(783.74) > ethanol (769.23) > chloroform (732.19) > gas (635.38). 
This analysis revealed that water as a media of optimization has a strong 
effect on enhancing the photophysical and photorelaxation of the 
compounds which could be due to its high polarity due to its strong 
hydrogen bonding capabilities and dielectric constant of ~78.5 which 
reflects the degree of polarization that a material experiences in 
response to an applied electric field. The dielectric constant of a material 
can provides insights into its ability to shield and interact with electric 
charges [56]. Therefore, the high degree of excitation of the compounds 
was evident in their high absorption wavelengths which were observed 
as follows, A4 > A5 > A3. These results show that the compounds are 
proficient materials for photophysical applications, and the results 
clearly agree with the nonlinear optics and natural perturbation energy 
analysis of the compounds. It is also important to note that a higher 
absorption wavelength was obtained at the first excitation state, while 
moving to the second, the ʎmax decreased with increasing energy. 

3.2.2. Hole-electron analysis 
Photophysical processes often involve charge transfer between 

different parts of an organic compound or between molecules. Hole- 
electron analysis (HEA) helps identify the regions that act as electron 
donors and acceptors, providing insights into the charge transfer 
mechanisms that drive excited-state behavior [57]. When an electron is 
excited to a higher energy level, it leaves behind an empty state in the 
valence band called hole. Hole electron analysis helps us to determine 
the energy levels and distribution of electron densities which also helps 
determine the material’s electrical and optical properties [58]. To 
investigate the influence of solvents on the photophysical and photo
relaxation properties of 2D p-expanded quinoidal terthiophene (2DQTT) 
compounds, hole electron analysis was employed to provide a deeper 
understanding of the electronic structure, charge distribution, and 
excited-state dynamics of molecules undergoing photoexcitation and 
relaxation [59]. This analysis helps elucidate the movement of charge 
carriers (holes and electrons) within different compounds and also re
veals how solvation affects charge localization and charge transfer 
processes. The data in Table 5 are crucial for understanding the elec
tronic properties, charge distribution, and behavior of the studied 
compounds during photoexcitation and relaxation. The compounds 
showed similar exciton binding energies which were highest in the gas 
phase. This is the energy required to dissociate an exciton (electron-hole 

pair) created during the excitation phase and measures how tightly the 
electron and hole are bound. All of these results were lower in water 
which therefore suggests that phonons absorbed by compounds A3, A4, 
and A5 in water medial have a greater possibility of generating excitons 
than those in the other phase. The t index measures how far apart the 
hole and electron are from each other in the charge transfer (CT) di
rection [60]. It is calculated by taking the numerical difference between 
the H value and the D value in the CT direction as given in equation 11. 

tindex = Dindex − HCT 11  

The t index values which are less than zero for the compounds in both 
gas and solvent media, indicate there is no significant separation be
tween the hole and electron due to charge transfer. By employing 
equation 12, the distance between the hole and an electron on average 
density which is explained by the H index, is given. The HCT measures 
how the strains are spread out in the XYZ direction. 

Hindex = (|σele| + |σhole|)/2 12  

One way to gauge this could involve measuring the gap between the 
center of the hole and the center of the electron, both in their respective 
directions. This is illustrated by equation 13, where the complete 
measurement of this charge transfer length is denoted as the D index 
[61]. 

Dindex = |D| ≡
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Dx)
2
+ (DY)

2
+ (Dz)2

√

13  

A smaller hole delocalization index (HDI) or electron delocalization 
index (EDI) indicates that the hole (or electron) is spread out more 
widely across the system. In simpler terms, the charge is evenly 
distributed over a larger area [62]. Both the HDI and EDI are valuable 
for measuring how broadly the charge is distributed in space and are 
mathematically calculated using equations 14 and 15, and it was 
observed that the compounds in all phases had small HDIs and EDIs 
which means that electrons are widely delocalized by the compounds 
upon excitation from the ground state to the first excitation state. The 
hole delocalization index (HDI) and electron delocalization index (EDI) 
are defined as follows: 

EDI = 100x

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∫

[ρele(r)]2dr

√

14  

HDI = 100x

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∫

[ρhole(r)]2dr

√

15 

Table 5 
Hole – electron analysis of the first excited parameters of 2D P-expanded quinoidal terthiophene (2DQTT) compounds labelled A3, A4 and A5 in gas and solvent media.  

COMPOUNDS Excitation t-index (Å) H-index (Å) HDI EDI D-index(Å) Sr index (a.u) Exciton binding energy (eV) 

GAS 
A3 S0-S1 -1.151 4.927 5.18 5.34 0.700 0.690 1.951 
A4 S0-S1 -1.065 4.945 5.31 5.20 0.582 0.703 1.952 
A5 S0-S1 -1.108 4.932 6.34 5.25 0.597 0.703 1.951 
WATER 
A3 S0-S1 -1.269 4.969 5.14 5.27 0.578 0.705 1.579 
A4 S0-S1 -1.064 4.955 5.52 5.20 0.588 0.703 1.575 
A5 S0-S1 -1.183 4.975 5.22 5.20 0.571 0.707 1.576 
DMOS 
A3 S0-S1 -1.269 4.969 5.14 5.27 0.579 0.705 1.585 
A4 S0-S1 -1.063 4.953 5.62 5.20 0.589 0.703 1.581 
A5 S0-S1 -1.181 4.975 5.21 5.20 0.571 0.707 1.582 
ETOH 
A3 S0-S1 -1.219 4.943 5.16 5.22 0.599 0.701 1.613 
A4 S0-S1 -1.065 4.945 5.31 5.20 0.582 0.703 1.611 
A5 S0-S1 -1.108 4.932 6.33 5.25 0.597 0.702 1.612 
CHLOROFORM 
A3 S0-S1 -2.261 5.117 3.64 3.57 0.208 0.957 1.695 
A4 S0-S1 -1.259 4.909 5.87 5.24 0.611 0.703 1.713 
A5 S0-S1 -1.129 4.938 6.23 5.21 0.595 0.700 1.693  
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Meanwhile, the degree of charge transfer (Sr) in the excited state, given 
in atomic units, shows a close range of disparities in the various phases 
ranging from 0.690 a.u in gas to 0.957 a.u in chloroform for compound 
A3. In fields such as organic electronics and photovoltaics, under
standing hole and electron movement is crucial for designing efficient 
charge transport materials, and their distribution helps predict and 
explain the outcome of photochemical reactions by tracking the move
ment of holes and electrons, which can help researchers gain insights 
into the timescales and pathways of excited-state relaxation [63]. 

3.3. Relaxation dynamics 

3.3.1. Geometry optimization 
The geometry of the molecule, which includes the arrangement of its 

atoms, bond lengths and angles, plays a crucial role in determining how 
quickly and through which pathways photorelaxation occurs. Photo
relaxation described earlier refers to the process by which a photo 
excited molecule returns to its ground state after absorbing light energy, 
and it is important to note that solvent interactions can modify the 
molecule’s geometry upon excitation [64]. This can affect relaxation 
dynamics by altering the potential energy surfaces and relaxation 
pathways. The distance between two nucleic atoms in the 2D P- 
expanded quinoidal terthiophene (2DQTT) compounds was investigated 
for relaxation while comparing with experimental bond distances at 
points of heteroatom bonding. The computed results are depicted in 
Table 6 and the results show that in compound A3, the theoretical bond 
length varied, showing alternating increases and decreases in bond 
distances. A decrease in the number of bonds was observed for S13 - C29 
(1.765 Å), S16 - C41 (1.761 Å) and S14 - C30 (1.761 Å) compared with the 
experimental values of 1.766 Å, 1.771 Å and 1.779 Å, respectively, 
corresponding to the different labels. In compound A4, an alternating 
bond length increase and decrease was observed, which was also 
observed during the excitation structural analysis with shorter theoret
ical bond lengths observed for S29 - C54 (1.743Å), and N32 - C37 (1.395Å) 
with corresponding experimental bond lengths of 1.747 Å and 1.396 Å 
respectively. Considering compound A5, short bond lengths were 
observed in S74 - C140, S73 - C149, and N80 - C138 with experimental and 
theoretical bond lengths of 1.774 Å, 1.770 Å, 1.397 Å and 1.761 Å, 1.765 
Å and 1.395 Å respectively. According to Wang et al [65], a shorter bond 
length leads to the formation of strong bonds, and the molecule becomes 
more stable, while instability occurs for longer bonds. Moreover, the 
bond distances between atoms of compounds are important for charge 
transfer processes between donor and acceptor groups in photovoltaics 
and solar cells, as ICT is more favoured at points of shorter bonds [66]. 
In our study, we noticed that the relaxation of the compounds led to 
changes in the bonds and structural conformation of the 2D P-expanded 
quinoidal terthiophene (2DQTT) compounds as the compounds de- 
excite back to a lower energy level which caused a change in struc
tural bonding (Stokes shift) in the heteroatoms.Table 7. 

3.3.2. Hole-electron relaxation 
Hole analysis of photo relaxation was performed using a density 

functional approach, which helps us understand how electrons move 
within a molecule after it absorbs light (undergoes photoexcitation). 
Upon relaxation, photoexcited molecule adjusts its electronic configu
ration to reach a stable state. This can involve electron movement in 
response to the hole that was left behind, and investigating the move
ment of this hole helps us understand how the organic compound’s 
electrons rearrange themselves to accommodate the energy absorbed 
from the light which further helps us understand how the molecule 
stabilizes after absorbing light [67]. The relaxation hole analysis showed 
significant changes in fluorescence compared to that observed after the 
absorption of the 2D P-expanded quinoidal terthiophene (2DQTT) 
compounds. The t- index that describes charge transfer indicates that the 
charges were < 0 for all the compounds and in all phases which suggests 
a minute amount of CT on relaxation of the molecules. This observation 
in comparison with the excitation analysis revealed greater charge 
transfer throughout all phases during photophysical excitation. The D- 
index was quantitatively observed to be very low for relaxations ranging 
from 0.460 Å in DMSO phase to 0.566 Å in the gas phase, which in
dicates that the distance between the centroids of the holes and electrons 
is relatively close, moreover, although the H-index is relatively high, we 
can assert that the compounds are in local excited states. However, we 
noticed that the overlap of holes and electrons is very large due to the 
high Sr values observed ranging from 0.744 a.u in gas for A3 to 0.796 a.u 
in ethanol for A3 which means that only a small degree of electron 
migration is observed herein. 

3.4. Photovoltaic analysis 

Photophysical and photo-relaxation studies generally focus on un
derstanding the various processes that occur when light interacts with 
materials, often including relaxation mechanisms that follow photoex
citation. The photovoltaic characteristics include factors such as the 
injection’s negative free energy (ΔGinject), the light harvesting efficiency 
(LHE), the oxidation energy of the 2DQTTs compound in its ground state 
(E2DQTTs), the oxidation energy of the 2DQTTs in its excited state 
(E2DQTTs), and the open circuit photovoltage (Voc). The outcomes of 
these parameters are illustrated in the findings and reported in Table 8. 
The open circuit photovoltage serves as a tool for assessing the power 
conversion efficiency (η) in DSSCs [68]. Typically, electron transfer 
occurs from the LUMO of dye molecules to the semiconductor conduc
tion band. Consequently, if the ELUMO is elevated, the Voc will also be 
increase, leading to an enhanced driving force for regeneration, which 
can in turn enhance ηreg [69]. In DFT photovoltaic analysis, the open 
circuit voltage (Voc) is the energy difference between the redox poten
tial of the electrolyte’s redox couple I− /I3 − and the quasi-Fermi level 
located in the semiconductor’s conduction band (TiO2) [70]. It is 
expressed mathematically as follows 

Voc =
ECB + ΔCB

q
+
KT
q

+ ln
nC

NCB
−
ERedox

q
15 

Table 6 
Theoretical and experimental bond length analysis of 2D P-expanded quinoidal terthiophene (2DQTT) dye compounds for relaxation, studied at the CAM-B3LYP/6- 
31+G (d,p) level of theory.  

COMPOUNDS  
A3  A4  A5  
BOND DISTANCES (Å)  BOND DISTANCES (Å)  BOND DISTANCES (Å) 

BOND LABEL Experimental Theoretical BOND LABEL Experimental Theoretical BOND LABEL Experimental Theoretical 

S13 - C29 1.766 1.765 S27 - C53 1.748 1.761 S75 - C142 1.706 1.725 
S16 - C41 1.771 1.761 S29 - C54 1.747 1.743 S74 - C140 1.774 1.761 
N20 - C25 1.391 1.396 S25 - C41 1.758 1.765 S73 - C149 1.770 1.765 
S17 - C43 1.708 1.725 N32 - C37 1.396 1.395 N80 - C138 1.397 1.395 
S15 - C32 1.713 1.725 O30 - C37 1.211 1.217 O78 - C135 1.207 1.217 
O18 - C25 1.203 1.217 N34 - C49 1.135 1.159 N81 - C145 1.137 1.159 
S14 - C30 1.779 1.761 O31 - C40 1.179 1.217 O79 - C138 1.208 1.217  
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where, ECB represents the conduction band edge of TiO2, q represents 
the elementary charge unit, T denotes the absolute temperature, k rep
resents the Boltzmann constant, nC corresponds to the number of elec
trons in the conduction band, and NCB signifies the density of available 
states within the conduction band. Additionally, Eredox designates the 
redox potential of the electrolyte. The parameter ΔCB signifies the shift 
of the conduction band when the dyes are adsorbed. This relationship is 
expressed mathematically as follows: 

ΔCB =
qμnormalγ

ε0ε
16  

In this context, μnormal represents the dipole moment of an individual dye 
molecule, oriented perpendicular to the surface of TiO2. The variable γ 
signifies the concentration of the dye on the surface. Additionally, the 
constants ε0 and ε correspond to the vacuum permittivity and dielectric 
permittivity, respectively. The estimation of Voc can also be approxi
mated using the difference between ELUMO and ECB. This approach is 
chosen because the dyes under study do not exist in an adsorbed state on 
TiO2 [71]. Consequently, the calculations of nc and NCB serve this pur
pose. Meanwhile, JSC, the short-circuit current density, can be mathe
matically described as; 

JSC =

∫

LHE(λ)É¸injectηinjectdλ 17  

where, LHE (λ) signifies the light-harvesting efficiency at the wave
length of maximum absorption, ɸinject represents the efficiency of elec
tron injection, and ηcollect represents the efficiency of charge collection. 
Achieving a higher JSC requires maximizing both LHE and ɸinject which 
should be high. The mathematical representation of LHE is as follows; 

LHE = 1 − 10− f 18 

In this equation, ƒ represents the oscillator strength of the dye cor
responding to the maximum absorption wavelength λmax. 

ɸinject is connected to the thermodynamic driving force ΔGinject for 
electron injection from the dye’s excited states to the conductive band of 
TiO2. ΔGinject is mathematically represented as; 

ΔGinject = Edye* − ETiO2
CB ≈ Edye +ΔE − ETiO2

CB 19  

Here, Edye* denotes the redox potential of the oxidized dye in the excited 
state, Edye is the redox potential of the oxidized dye in the ground state, 
ΔE is the lowest vertical excitation energy, and ETiO2

CB signifies the quasi- 
Fermi energy level of the TiO2 conduction band. 

ΔGreg (the driving force energy for dye regeneration) is mathemati
cally represented as; 

ΔGreg = μ(I − /I3
− ) − Edye 20  

According to a previously reported article, an oxidized dye with a 

Table 7 
Hole - electron analysis of the first excited state parameters of the 2D P-expanded quinoidal terthiophene (2DQTT) compounds on relaxation labelled A3, A4 and A5 in 
gas and solvent media.  

COMPOUNDS Excitation t-index (Å) H-index (Å) HDI EDI D-index(Å) Sr index (a.u) Exciton binding energy (eV) 

GAS 
A3 S0-S1 -1.306 5.092 4.96 5.07 0.566 0.744 1.643 
A4 S0-S1 -1.139 5.093 5.06 5.07 0.552 0.749 1.642 
A5 S0-S1 -1.187 5.097 4.98 5.13 0.563 0.748 1.642 
WATER 
A3 S0-S1 -1.326 5.118 5.45 5.16 0.512 0.758 1.579 
A4 S0-S1 -1.186 5.117 5.22 5.06 0.505 0.754 1.575 
A5 S0-S1 -1.246 5.132 4.95 5.04 0.514 0.751 1.576 
DMSO 
A3 S0-S1 -1.272 5.187 5.08 5.16 0.472 0.796 1.082 
A4 S0-S1 -1.522 5.188 5.10 5.07 0.460 0.789 1.097 
A5 S0-S1 -1.191 5.186 5.07 5.15 0.470 0.794 1.080 
ETHANOL 
A3 S0-S1 -1.364 5.120 5.07 5.15 0.513 0.752 1.613 
A4 S0-S1 -1.174 5.112 5.19 5.13 0.517 0.754 1.611 
A5 S0-S1 -1.211 5.101 5.75 5.13 0.520 0.753 1.612 
CHLOROFORM 
A3 S0-S1 -1.293 5.169 5.07 5.13 0.494 0.786 1.269 
A4 S0-S1 -1.233 5.164 5.06 5.14 0.490 0.778 1.281 
A5 S0-S1 -1.266 5.159 5.36 5.23 0.491 0.785 1.272  

Table 8 
Electron injection-related properties of various 2D P-expanded quinoidal terthiophene (2DQTT) dye compounds labelled A3, A4 and A5 in gas and solvent media.  

SOLVENT COMPOUND Voc F LHE ƛmax ΔGinject ΔGreg ΔGCR 

GAS A3 3.868 1.275 4.668 635.35 3.868 -17.85 7.118  
A4 3.868 1.274 4.668 635.34 3.868 -17.81 7.118  
A5 3.868 1.276 4.668 635.38 3.868 -17.90 7.118 

WATER A3 3.876 2.013 4.676 785.32 3.876 -89.33 7.126  
A4 3.876 2.017 4.676 787.13 3.876 -101.2 7.126  
A5 3.876 2.014 4.676 786.78 3.876 -102.2 7.126 

DMOS A3 3.873 2.002 4.676 782.32 3.873 -99.65 7.126  
A4 3.875 2.010 4.675 784.10 3.875 -99.95 7.125  
A5 3.875 2.003 4.675 783.74 3.875 -99.88 7.125 

ETHANOL A3 3.876 1.964 4.676 768.47 3.876 -91.04 7.126  
A4 3.876 1.964 4.676 769.51 3.876 -91.09 7.126  
A5 3.876 1.945 4.676 769.23 3.876 -91.07 7.126 

CHLOROFORM A3 3.873 1.796 4.673 731.43 3.873 -61.65 7.123  
A4 3.874 1.778 4.674 723.97 3.874 -59.03 7.124  
A5 3.873 1.803 4.673 732.19 3.873 -62.55 7.123  
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ΔGinject value exceeding 0.20 eV indicates efficient electron injection 
[72]. To ascertain JSC which is the maximum current that flows through 
the solar cell when its terminals are short-circuited (i.e., the voltage 
across the terminals is zero) and the overall conversion efficiency (µ), 
Table 8 presents the calculated values of Voc, ƒ, LHE, λmax, ΔGinject, 
ΔGreg, and ΔGcr across the four different solvents, alongside wave
length changes. Equation 15 highlights that a dye with a narrower 
energy band gap facilitates a redshifted absorption spectrum, generating 
more electrons (higher nC) and thereby enhancing the Voc efficiency. 
For the dye compounds labelled A3, A4, and A5 herein, we observed that 
the open circuit photovoltage (Voc) values ranged from 3.868 eV in gas 
phase to 3.876 eV in water and ethanol which means that there is a high 
driving force for regeneration of the dye compounds in the solvents. 
Notably, for the ΔGreg calculations, it is important to mention that an ECB 
of approximately 4.00 eV is applied to the TiO2 semiconductor. ΔGreg is 
the free energy difference between the electrolyte and the HOMO of the 
dye molecules. This signifies the ability of the dye to get reduced by the 
electrolyte to be used in the DSSC [70]. ΔGreg has negative values for the 
various dye compounds and was greater in water media, with values of 
-89.33 eV, -102.2 eV, and -101.2 eV for compounds A3, A4, and A5 
respectively which suggests that the electrolyte’s redox level is situated 
below the ground states of the chosen dyes, leading to a reduction in 
electron recombination. 

Across all solvents, ΔGinject consistently surpasses 0.2 eV, ensuring 
efficient electron injection for all dyes in the four solvents including the 
gas phase. However, dye compound A4 exhibited the highest ΔGinject 
values in all phases, showing an electron injection magnitude range of 
water > ethanol > DMSO > chloroform > gas, indicating superior 
electron injection of dye compound A4. Additionally, the outcomes 
presented in Table 8 reveal that, among the studied dyes across the five 
phases, except in gas and chloroform, dye A4 exhibited the highest ƒ 
values, although in these values were in close to those of other dye 
compounds. Nevertheless, light harvesting efficiency (LHE) values 
further indicate the fact that the dye compounds better absorb and 
efficiently respond to light in water media which is evident from the 
high LHE of 4.676 eV observed in the water phase for the dye com
pounds, indicating greater stability of the dyes in water. To accurately 
predict the short-circuit current density of a dye molecule, it is imper
ative to enhance both the light harvesting efficiency (LHE) and electro- 
injection efficiency [74]. The LHE factor is intricately linked to the 
oscillator strength, and hence, it can be concluded in this study that 2D 
P-expanded quinoidal terthiophene (2DQTT) compounds can efficiently 
relax to a semiconductor, especially under the influence of water, 
thereby providing great fluorescence. 

4. Conclusions 

2D P-expanded quinoidal terthiophene (2DQTT) dye compounds 
were theoretically studied using first principle density functional theory 
at the CAM-B3LYP/6-31+G (d,p) method to investigate the ground state 
electronic structural properties, reactivity, and bonding nature involved 
in photophysical and photo relaxation phenomena, while the excited 
state molecular properties, and hole electron analysis along with the 
photovoltaic application of the reactive 2DQTT dye compounds were 
extensively studied using time-dependent density functional theory (TD- 
DFT) by imploring the CAM-B3LYP method with the 6-31+G(d,p) basis 
set. The investigation revealed that solvation plays a pivotal role in 
modulating the electronic and structural properties of 2DQTTs, exerting 
a pronounced influence on their excited-state behavior. The observed 
shifts in absorption and emission spectra, along with alterations in the 
fluorescence lifetimes, point towards the strong interactions between 
the solvents and the molecular framework of 2DQTTs especially in water 
acqeous media. The findings reveal that the HOMO and LUMO levels of 
all the investigated dye compounds are situated within the I− /I3 −

electrolyte which is necessary to enable charge regeneration. It is also 
observed that in all the solvents ΔGinject is greater than 0.2 eV. 

Therefore, all the dyes in the five phases provide efficient electron in
jection and light harvesting efficiency (LHE) properties which are more 
conspicuous aqueous media, especially for compound A4. It can be 
clearly seen that the solvent influences the photophysical processes, 
which was evident in the variations in the maximum wavelength, energy 
and oscillator strength observed in all phases, which were greater in the 
water medium in the first excited state of the compounds. Photo relax
ation also showed that upon florescence, the compounds were stable 
with little or no deviation. Hence, all three dye compounds of 2D P- 
expanded quinoidal terthiophene (2DQTTs) are good for optoelectronics 
and DSSC applications. This information is crucial for designing mate
rials that minimize charge carrier recombination and enhance charge 
transport, leading to higher solar cell efficiency and contributing to 
advancements in both fundamental understanding and practical appli
cations in the field of materials science and beyond. 
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condensed phase—The present status and future perspectives, Spectrochim. Acta A 
Mol. Biomol. Spectrosc. 253 (2021) 119549. 

[55] H. Li, Y. Zhou, Y. Liu, L. Li, Y. Liu, Q. Wang, Dielectric polymers for high- 
temperature capacitive energy storage, Chem. Soc. Rev. 50 (11) (2021) 
6369–6400. 

[56] P. Mahalingavelar, How End-Capped Acceptors Regulate the Photovoltaic 
Performance of the Organic Solar Cells: A Detailed Density Functional Exploration 
of Their Impact on the A-D− π–D–A Type Small Molecular Electron Donors, Energy 
Fuel 36 (4) (2022) 2095–2107. 

[57] K. Kloss, influence of the dielectric substrate on the electronic band structure in a 
monolayer of tmdc (Doctoral dissertation, Université Grenoble Alpes (2022) 
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