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Abstract
Unfused non-fullerene acceptors with the advantages of simple synthesis, high yields, and low cost have received a lot of 
interest in recent years. Herein, we designed five structures (UF-M1–UF-M5) with unfused non-fullerene acceptors coupled 
to electron-deficient quinoxaline (Qx) as the core unit via electron-donating cyclo-penta-dithiophene (CPDT) as the conju-
gated backbone by modification in UF-Qx-2Cl taken as reference. Among all, mPW1PW91 method predicted λmax closest 
to the λmax of  UF-Qx-2Cl, so we implemented the mPW1PW91 method with a 6-31G(d,p) basis set for the optimization of 
designed geometries and their molecular electrostatic mapping (MEP). Further parameters like FMOs (frontier molecular 
orbitals), TDM (transition density matrix analysis), DOS (density of state analysis), electron–hole mobility rate (reorgani-
zation energies), dipole moment, and chemical quantum descriptive parameters were evaluated for organic photovoltaics. 
Among all, UF-M4 predicted better absorption in the gaseous and solvent phase (λmax = 726 nm and 789 nm respectively), 
lower bandgap (Eg = 2.03 eV), higher dipole moment (1.99 and 5.33 debye in gaseous and solvent phase respectively), better 
quantum chemical descriptive parameters, and higher electron mobility rate (λe = 0.00766 eV). The results reveal that the 
acceptor molecule UF-M4 that has been created performs better in studies and better opportunities for organic-photovoltaics. 
To summarize, the unfused non-fullerene-based acceptor modification technique has shown effective in paving the way for 
the development of promising photovoltaic materials. All currently projected acceptor contributors (UF-M1–UF-M5) should 
be targeted to produce future competent organic photovoltaics.
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Graphical Abstract
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1  Introduction

For decades, there has been a serious problem with the 
energy crisis and the desire for environmentally friendly 
energy sources [1]. Fossil fuels and other non-renewable 
energy sources are declining day by day and also emit 
hazardous gases, CO2 harms the environment [2]. Many 
new power generation technologies are emerging recently, 
including hydropower plants, wind power, solar cells, and 
biomass [3, 4]. Although nuclear power is a powerful source 
of energy, it is considered a non-environmentally friendly 
and unreliable source of energy due to the recent catastrophe 
in Japan, radioactive wastes, and security thread [1]. In all of 
these situations, the solar cell is considered a reliable, envi-
ronmentally friendly, and energy-efficient source for manag-
ing energy disasters [5]. Converting sunlight into electricity 
in photovoltaic cells (PVCs) is a good alternative to generat-
ing electricity to meet world demand [6]. Various PVCs have 
been introduced in the market since the nineteenth century, 
including crystalline-silicon based, thin films, dye-sensi-
tized, semiconductor-based and organic material based, and 
all these materials are beneficial enough to meet the energy 
demands. Although inorganic solar cell like silicon-based 
is abundant, nontoxic, and thermally stable along with high 
energy production they have some flaws too i.e., having high 
fabrication cost, rigid structure along with low efficiency 
because of their non-tunable energy levels [7].

Among all, organic solar cells are considered an emerg-
ing energy generating source with low cost, high effi-
ciency, flexibility, processability at low temperature, and 
easy fabrication process [8, 9]. Organic photovoltaics are 

composed of two basic constituents, named p-type and 
n-type semiconductors. N-type is referred to as an electron 
acceptor, whereas P-type is an electron donor. Organic 
solar cells can synthesize by three different strategies, first 
of them is to synthesize by p–n junction-based material, 
showing proficiency up to 15% [10, 11]. Second way is 
to use donor–acceptor type material with fused layer to 
enhance the proficiency of solar cell while third one is 
based on bulk heterojunction (BHJ), basically composed 
of conjugated polymer act as like electron-donating moi-
ety with fullerene acceptor [12]. BHJ-based photovoltaic 
cells can easily fabricate by solution processing and have 
shown almost 15% more proficiency in comparison to con-
ventional cells. In the last few years, BHJ photovoltaic 
showed approximately 11% increase in performance and 
proficiency but also experienced some limitations such 
as photochemical instability, aggregates formation, and a 
decrease in power conversion because of fullerene acceptor 
complexity, high bandgap and heat instability too [13, 14]. 
These facts are major hurdles in the commercial applica-
tion of fullerene-based photovoltaic cells, so non-fullerene 
acceptors (NFA) are introduced in solar cells to overcome 
these limitations [15–17] as they exhibit narrow bandgap 
besides thermal, oxidative, and photochemical stability 
and show 6% increase in working efficiency [16]. NFAs 
have a strong absorption capacity and their peaks can be 
easily resolved, as well as a good ability to transport elec-
trons [18]. Because of their simple structure, commercially 
they can easily fabricate. Non-fullerene acceptors revealed 
in literature are perylene diimides [19], benzo (1, 2-b: 4,5-
b) di-thiophene (BDT) [20–22], TT [23–25], BZPT [11], 
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IDTT [26] and tetra-phenyl-ethylene which having plan-
ner fused ring structures with wide range absorption band 
and efficiently charge transfer. Although these fused ring 
NFAs enhance the proficiency of organic solar cells by 
up to 18%, the major issue is their synthesis, which is 
commercially too costly. To maneuver these issues, non-
fused NFAs subunits with conformational lock give out 
a new approach to reduce the synthetic cost along with 
a simple synthetic route [27–36]. Non-fused NFAs use 
the single bond to make connections with adjacent subu-
nits. To maintain a balance between HOMO & LUMO 
and bandgap, modifications are introduced by the usage 
of conjugated backbone, side-chain engineering, or end 
group replacement.

Here, we designed five molecules (UF-M1, UF-M2, 
UF-M3, UF-M4, UF-M5) by using non-fused acceptors on 
both edges of the reference molecule [37] utilizing A-D-
A-D-A strategy. Reference molecule (UF-Qx-2Cl) has qui-
noxaline as a core which is electron-deficient and has wide 
use in conjugated A-D copolymers and helps to strengthen 
the resonance effect [38–40] while cyclo-Penta-di-thiophene 
(CPDT) is an electron-donating moiety, act as like spacer 
to enhance the absorption range with narrow bandgap as 
shown in Scheme 1.

This molecule is recently reported as a material with a 
higher PCE of 10.81%. We substituted five different acceptor 
subunits shown in Scheme 1 to reference molecule (UF-Qx-
2Cl) to enhance the optoelectronic properties and broaden 
absorption range. We studied and compared the properties 
of designed molecules with reference molecules to study 
the effect of different acceptor substitutions and discussed 

the results in detail below, as molecular structures are rep-
resented in Fig. 1.

2 � Methodology

All of the structures are designed on gauss view 5.0 [41] and 
all of the calculations are carried out through the gaussian 09 
packages [42]. Firstly we optimized the reference molecule 
[37] by implementation of four functionals as B3LYP [43], 
CAM-B3LYP [44], mPW1PW91 [45], ωB97XD [46] along 
with basis set 6-31G(d,p) to optimized it to ground state 
and calculate its energy in a gaseous state and insolvent. We 
calculated the energy of the reference molecule [37] with 
different functions to make sure the selected functional 
provides λmax nearest to experimental value. In our case, 
mPW1PW91/6-31G(d,p) bestowed the value 753 nm nearest 
to the experimental value of UF-Qx-2Cl i.e., 772 nm. So we 
selected mPW1PW91/6-31G(d,p) for further study.

We optimized our designed molecules (UF-M1–UF-M5) 
at mPW1PW91/6-31G(d,p) to make them geometrically sta-
ble. After optimization, TD-DFT is employed to analyze the 
excitation states of designed molecules in both phases i.e., 
gaseous and chloroform-solvent. Utilizing origin 6.0 pro-
fessional software, obtained values of λmax are plotted [47]. 
Transition-density matrix(TDM) and density of state (DOS) 
studies are also carried out at mPW1PW91/6-31G(d,p) 
level while software used for visualization of TDM is Mul-
tiwfn [48] and PyMOlyze1.1 software for DOS [49]. Reor-
ganization energy is also delibrated via same functional as 

Scheme 1   A Core acceptor and donor of reference molecule based on A-D-A-D-A strategy B Structures of designed acceptor molecules
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mPW1PW91/6-31G(d,p). All, designed and reference mol-
ecules are optimized at the cationic and anionic levels besides 
of neutral state.

The reorganization energy equation (Eq. 1) is used to mod-
elize the electron–hole transfer rate, usually, two components 
of this energy are described i.e., internal (λi) and external reor-
ganization energy (λ0) [50]. External energy demonstrates the 
polarization effect when charge transfer occurs while internal 
energy explains the internal cationic and anionic geometri-
cal changes of reference and design molecules. So we only 
focused on internal reorganization energy and electron–hole 
mobility is predicted by using the equations (Eqs. 2 and 3).

(1)� = �i + �0

(2)�− =
[

E−
0
− E−

]

+
[

E0
−
− E0

]

E−
0
 , E+

0
 (Energy of anion and cation of neutrally optimized 

structure)
E0
+
 , E0

−
 (Neutral energy of optimized cation and anion 

later normal optimization)
E0 (Single point energy of simple optimized struc-

ture while E+ , E− is the energy of cation and anion later 
optimization).

3 � Results and Discussion

Calculated λmax of reference (UF-Qx-2Cl) at different lev-
els (B3LYP, CAM-B3LYP, mPW1PW91, and ωB97XD) 
are as follows 808.13 nm, 585.8 nm, 753.87 nm, 557.34 nm 

(3)�+ =
[

E+
0
− E+

]

+
[

E0
+
− E0

]

Fig. 1   Chemdraw sketch of reference and designed molecules
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respectively while a reported experimental value of ref-
erence molecule in literature is 772 nm as represented in 
Fig. 2.

The mPW1PW91/6-31G(d,p) approach produced the 
results that come the closest to meeting the experimen-
tal value of UF-Qx-2Cl, so we selected mPW1PW91/6-
31G(d,p) as a preferable approach for optimization and 
opto-electronic study of modified molecules. We optimized 
our modified molecules (UF-M1–UF-M5) with the selected 
method and the optimized structures are shown in Fig. 3.

The geometry of a molecule has an intense effect on its 
optical and electronic properties [51, 52]. Our reference mol-
ecule has a planer quinoxaline core acceptor with slightly 
curvy substituted groups. As we mentioned earlier that our 
reference molecule is based on the C-D-A strategy, so donor 
moieties on both sides of the acceptor core are substituted in 
a planer way along with the substitution of the alkyl group 
to show some steric effect to enhance the stability of the 
molecule. While acceptors of reference moiety are attached 
in some curvy manner and show dihedral angle which lowers 
the potential energy surface.

Table 1 carry the values for dihedral angle and bond 
length of acceptor moieties of UF-Qx-2Cl and designed 
molecules to their donors. Designed models show the dihe-
dral angle above 130° results in a non-planar structure with 
a conformational lock which is sterically hindered and have 
a slighter possibility to show free rotation. Besides of dihe-
dral angle, designed molecules also show a shorter bond 
length with a resonating effect that helps to strengthen the 
molecule stability.

3.1 � Frontier‑Molecular Orbitals (FMO) Analysis

In FMO analysis, HOMO as highest occupied MO’s and 
LUMO as lowest occupied MO’s are observed to calculate 

bandgap, an energy difference between conducting-valance 
orbital. The smaller distance between HOMO–LUMO 
makes it easier for an electron to shift from conducting 
orbital to valance orbital because of the smaller bandgap 
[53–55]. This concept can easily understand through the fol-
lowing formula, σ α exp−Eg/KT as K is Boltmanz constant, 
R is Temperature and Eg is bandgap while σ is electrical 
conductivity. This formula shows that electrical conductiv-
ity is directly related to bandgap and as we know that the 
smaller the value in exponential, the higher will be the out-
come. FMOs analysis predicts the electric conductivity, Voc 
(open-circuit voltage), structural stability, charge generation, 
and PCE (power-conversion efficiency). FMO distribution 
and their graphical representation for reference and designed 
molecules (Figs. 4 and 5).

In reference molecule, HOMO has low charge density 
on acceptor while LUMO shows higher charge density on 
core acceptor and side substituted acceptors. Like reference 
molecules, our designed molecules (UF-M1–UF-M5) also 
showed better electron density on LUMO. Calculated values 
of HOMO, LUMO, bandgap, and binding energies in both 
phases i.e., gaseous and solvent along with interaction coef-
ficient are depicted in Table 2.

Exp lo red  va lues  t r end  o f  HOMO i s  a s 
UF-M3 > UF-M2 > UF-M5 > UF-M4 > UF-M1 > UF-
Qx-2Cl while trend in LUMO is as following 
U F - M 3  >  U F - M 2  >  U F - M 1  >  U F - M 5  >  U F - Q x -
2Cl > UF-M4 shown in Fig. 5a. Equation 4 is used to com-
pute the energy difference between HOMO–LUMO, which 
is the bandgap.

A smaller value of the bandgap indicates the strong 
pull of electrons by an electron acceptor. Eg value for 

(4)Eg = ELUMO− EHOMO

Fig. 2   Calculated λmax value of 
reference molecule in solvent 
(chloroform) phase by different 
functionals

0

150

300

450

600

750

900

B3LYP CAMB3LYP mPW1PW91 ωB97XD

W
av

el
en

gt
h 

(n
m

)

Method Selec�on

Experimental Theore�cal



43Electronic Materials Letters (2023) 19:38–54	

1 3

all mioeties i.e.,reference and designed are as following 
UF-M4 (2.02) < UF-M5 ≈ UF-Qx-2Cl (2.14) < UF-M3 
(2.29) < UF-M1 (2.36) < UF-M2 (2.41) represented in 
Fig. 5b. In our case, UF-M4 represents the smaller bandgap 
in relevancy to reference while UF-M5 shows almost the 
same bap gap as shown by reference. This lower band is 
due to a strong electron-withdrawing group along with a 
conjugated thiophene ring. In the UF-M4 molecule, CN a 

strong electron-withdrawing group is substituted on thio-
phene which resonates electron on whole acceptor subunit 
which reduces bandgap.

3.2 � Molecular‑Electrostatic‑Potential Mapping

Molecular-electrostatic-potential mapping is a charge dis-
tribution visualization on structure and mobility of charge 
across donor to acceptor. By MEP mapping, we estimate the 
active sites of molecules as exposed for other molecules to 
attack. It’s a colorful mapping in which the red color repre-
sents the negative charge density (electrophilic region) and 
the blue region shows positive charge density (nucleophilic 
region) while the green color is a representation of the neu-
tral region shown in Fig. 6 along with their numerical values. 
In understudy molecules (UF-Qx-2Cl and UF-M1–UF-M5), 
the blue region is located on donor moiety which indicates 
the charge transfer across donor- acceptor while the red 
region is present on acceptor moieties but its density var-
ies between designed molecules. Oxygen atoms in acceptor 

Fig. 3   Geometrically optimized structures of UF-Qx-2Cl and UF-M1–UF-M5

Table 1   Bond length (Å) and Dihedral angle (θ) of optimized moie-
ties

Molecules Dihedral angle (θ) Bond length (Å)

UF-Qx-2Cl 134.14 1.38
UF-M1 130.79 1.37
UF-M2 137.58 1.37
UF-M3 131.08 1.35
UF-M4 130.98 1.37
UF-M5 134.35 1.38
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Fig. 4   Frontal-molecular-orbital’s representation of reference asUF-Qx-2Cl and designed series of UF-M1–UF-M5
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moieties have negative charge density because of their elec-
tron-withdrawing ability and have reactive sites. Likewise, 
nitrogen in dicyanide has a denser negative region that acts 
as an active site at the terminal of the molecule where no 
such group or atom is present to cancel out their effect.

3.3 � Quantum Chemical Descriptor Parameters

To check the kinetic stability of designed molecules and 
their chemical reactivity, different chemical parameters are 
used as chemical potential, hardness, softness, electronega-
tivity, nucleophilicity, and total charge transfer. The calcu-
lated values of these parameters are given in Table 3.

Chemical potential is calculated by using the equation 
µ = (EHOMO + ELUMO)/2 [56] predicts the ability of the elec-
tronic cloud to escape [57]. Calculated values of chemical 
potential are highly negative indicating the designed mol-
ecules are highly reactive as well as highly stable too. Chem-
ical hardness (η) and softness (S) of designed molecules 
UF-M4 and UF-M5 are better than reference molecules, 
indicating better reactivity along with the lowest bandgap.

Among these chemical parameters, electrophilicity (ω) 
and electronegativity (χ) parameters are used to predict the 
nature of the molecule towards accepting the electron. These 
factors are calculated by using Eqs. 5 and 6.

UF-M4 and UF-M5 represented a better tendency toward 
accepting electrons as they have substituted with better 
electron-withdrawing groups. While remaining designed 
molecules also show values of (ω) and (χ) nearest to refer-
ence molecules. Total charge transfer (ΔNmax) is another 
parameter that is used to check the charge transfer rate in 
designed moieties. Same as other parameters, UF-M4 and 
UF-M5 figure out the better charge transfer in comparison 
to the reference molecule parameter that is used to check 
the charge transfer rate in designed moieties. Same as other 
parameters, UF-M4 and UF-M5 figure out the better charge 
transfer in comparison to the referencemolecule.

(5)Electronegetivity = −
(

EHOMO + ELUMO

)

∕2

(6)Electrophilicity = �2∕2�

Fig. 5   Illustration of a HOMO–LUMO whereas b calculated Eg (band gap) of UF-Qx-2Cl and UF-M1–UF-M5

Table 2   Calculated values 
of HUMO, LUMO, bandgap 
(Eg), binding energy in gaseous 
state (Eb), binding energy 
in chloroform solvent (Eb), 
and reference’s interaction 
coefficient (UF-Qx-2Cl) and 
designed moieties (UF-M1–
UF-M5)

Molecule HOMO (eV) LUMO (eV) Eg (eV) Eb (eV) gaseous Eb (eV) solvent Interaction 
coefficient

UF-Qx-2Cl − 5.64 − 3.50 2.14 0.36 0.49 0.69
UF-M1 − 5.57 − 3.21 2.36 0.35 0.46 0.69
UF-M2 − 5.48 − 3.07 2.41 0.39 0.47 0.69
UF-M3 − 5.22 − 2.92 2.29 0.38 0.48 0.69
UF-M4 − 5.53 − 3.50 2.02 0.32 0.45 0.69
UF-M5 − 5.51 − 3.36 2.14 0.35 0.47 0.69
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3.4 � UV–Vis Analysis and Spectral Representation

Absorption of light and its harvesting are the basic param-
eters of photovoltaics so it’s necessary to study the UV–Vis 

absorption range of designed molecules. UV–Vis spec-
tra provide insights into the electronic transition between 
HOMO & LUMO and charge transfer rate [13, 58, 59]. 
Absorption properties of R and UF-M1–UF-M5 molecules 

Fig. 6   MEP representation of reference and designed molecules

Table 3   Calculated values 
of quantum chemical 
descriptor parameters; 
chemical potential, hardness, 
softness, electronegativity, 
electrophilicity, and total charge 
transfer (ΔNmax)

Molecule Chemical 
potential (μ)

Chemical 
hardness (η)

Chemical 
softness (S)

Electronega-
tivity (χ)

Electrophilicity 
index (ω)

(ΔNmax)

UF-Qx-2Cl − 4.57 1.07 0.93 4.57 9.76 4.27
UF-M1 − 4.39 1.18 0.85 4.39 8.16 3.72
UF-M2 − 4.28 1.21 0.83 4.28 7.58 3.54
UF-M3 − 4.07 1.15 0.87 4.07 7.24 3.55
UF-M4 − 4.52 1.01 0.99 4.52 10.06 4.45
UF-M5 − 4.44 1.07 0.93 4.44 9.18 4.13
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are studied via selected level (mPW1PW91/6-31G(d,p)) 
through which reference molecule provided λmax value near-
est the gaseous state and chloroform as solvent phase men-
tioned in experimental data.

To manifest the precised absorption properties, we com-
puted λmax at 10 states in both, gaseous phase and chloro-
form, and the results are summarized in Tables 4 and 5. 
Calculated λmax and experimental λmax in both, gaseous 
phase and chloroform, oscillations strength (fo), 1st transi-
tion energy (∆E), concerning transition (S0 → S1), and their 
configuration factor % are given in Tables 4 and 5.

Usually, 1st excitation state is considered among all of 
the 10 states because electron transition between HOMO 

and LUMO occurs in 1st excitation state along with high 
oscillation strength (fo). The computed λmax of the UF-Qx-
2Cl in the solvent phase is 753 nm while an experimen-
tally reported value of λmax is 772 nm. When we studied the 
UF-M1–UF-M5 moieites in the gaseous phase, the observed 
values of λmax are 617, 612, 650, 726, and 692 nm respec-
tively for UF-M1–UF-M5 (Fig. 7a). But when we studied 
the same UF-M1–UF-M5 structures in the chloroform, they 
showed a redshift due to stable delocalized electrons by 
solvent, and observed values of λmax for UF-M1–UF-M5 
are 654, 637, 685, 789, and 742 nm respectively (Fig. 7b). 
Decreasing order trend of λmax in the solvent phase is UF-M4 
˃ UF-M5 ˃ UF-M3 ˃ UF-M2 ˃ UF-M1.

Table 4   Calculated λmax in gaseous phase along with oscillation factor and their concerned transitions

Molecule Calculated 
λmax (nm)

Experimental 
λmax (nm)

Molecular 
states (n)

Electronic 
Transition

ΔE (eV) fo Concerned Transitions % Configura-
tion Interaction

LHE

UF-Qx-2Cl 699 772 10 S0 → S1 1.77 3.07 HOMO → LUMO 69 0.9991
UF-M1 617 – 10 S0 → S1 2.01 2.10 HOMO → LUMO 70 0.9921
UF-M2 612 – 10 S0 → S1 2.02 1.20 HOMO → LUMO 70 0.9369
UF-M3 650 – 10 S0 → S1 1.91 2.23 HOMO → LUMO 70 0.9941
UF-M4 726 – 10 S0 → S1 1.71 2.87 HOMO → LUMO 70 0.9987
UF-M5 692 – 10 S0 → S1 1.79 3.02 HOMO → LUMO 70 0.9990

Table 5   Calculated λmax (nm) of reference and designed moieties in solvent phase along with excitation energies and their concerned transitions

Molecule Calculated 
λmax (nm)

Experimental 
λmax (nm)

Molecular 
states (n)

Electronic 
Transition

ΔE (eV) fo Concerned Transitions % Configura-
tion Interaction

LHE

UF-Qx-2Cl 753 772 10 S0 → S1 1.64 3.37 HOMO → LUMO 69 0.9996
UF-M1 654 – 10 S0 → S1 1.90 2.47 HOMO → LUMO 70 0.9966
UF-M2 637 – 10 S0 → S1 1.94 2.47 HOMO → LUMO 70 0.9966
UF-M3 685 – 10 S0 → S1 1.81 2.61 HOMO → LUMO 69 0.9975
UF-M4 789 – 10 S0 → S1 1.57 3.21 HOMO → LUMO 69 0.9994
UF-M5 742 – 10 S0 → S1 1.67 3.39 HOMO → LUMO 69 0.9996

Fig. 7   Absorption spectra of UF-R and designed structures in a gaseous phase & b chloroform (solvent phase)
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Among all of these, UF-M4 displayed the highest value 
of λmax because of the cyano group, a strong electron moiety 
associated with electron pulling moieties that facilitate the 
electron transfer between donor and acceptor and lead to a 
shorter bandgap.

Another factor used to check the efficiency of the solar 
cell is light-harvesting efficiency (LHE) which can be com-
puted via formula i.e., LHE = 1–10−fo where fo is the oscilla-
tion strength. Photocurrent response is directly proportional 
to LHE as, the higher the LHe, higher will be the response.

LHE values for designed molecules in both 
phases(gaseous and chloroform) are summarized in Tables 4 
and 5. LHE value of all designed molecules is 0.99 in the 
solvent phase which means that all of these structures can 
be an auspicious candidate for photovoltaics in the future.

3.5 � Dipole Moment

Another factor to estimate the efficiency of designed strucu-
tres for efficient organic photovoltaics is the dipole-moment. 
The dipole moment depends on solubility of the molecules 
in a polar solvent i.e.,more polar groups: higher dipole 
moment. Besides polar groups, smoothness and flexibility 
of structure also relate to dipole moment, as molecules with 
high crystallinity have a low probability of charge transfer.

The smoothness of devised moieties leads to a higher rate 
of charge transfer which is a basic requirement of organic 
photovoltaics. Table 6 reveals the calculated dipole moment 
values of reference and UF-M1–UF-M5 in both phases. We 
studied in chloroform solvent phase, the value of dipole 
moment ranged from 2.53 to 15.47 D. Dipole moment usu-
ally acts in the direction of vector quantity while vector 
pointed from positive to negative in both cases, net dipole 
(molecular dipole) or individual dipole (between bonds). We 
also observed the vector and magnitude of dipole moment 
(Figure S1). UF-Qx-2Cl and UF-M1–UF-M4 showed the 
dipole moment in downward direction while UF-M5 showed 
in upward direction. Decreasing value trend of dipole 
moment in the solvent phase is UF-M1 ˃ UF-M3 ˃ UF-M2 ˃ 
UF-M4 ˃ UF-M5 ˃ UF-Qx-2Cl. UF-M1 exhibited the 15.47 

D value which is because of the 2-methylene malononitrile 
which acts as a strong electron-withdrawing group. While 
UF-M5 in designed moieties showed the lowest dipole 
moment value i.e., 2.92 D because of its lower solubility 
level in chloroform but still higher than the UF-Qx-2Cl 
which is approximately 2.53 D.

3.6 � TDM Analysis & Eb (Binding Energies)

Besides MEP, another important factor to compute the 
charge distribution between donor and acceptor is bind-
ing energy of the electron–hole pair (exciton). The energy 
required to produce the exciton is known as the binding 
energy (Eb). We calculated binding energies of the reference 
molecule and designed moieties by using Eq. 8.

where Eg is HOMO and LUMO energies difference while 
Ex is the excitation energy. Exciton generation depends on 
binding energies, the lower the binding energies: the higher 
will be exciton generation rate and results in higher Jsc (cur-
rent charge density). Calculated values of binding energies 
for UF-Qx-2Cl and UF-M1–UF-M5, under both conditions 
of gaseous and solvent phases are provided in Table 2. Trend 
order of Eb for UF-Qx-2Cl and UF-M1–UF-M5 in solvent 
phase is UF-M4 ˂ UF-M1 ˂ UF-M2 = UF-M5 ˂ UF-M3 ˂ 
UF-Qx-2Cl. UF-M4 exhibited the least Eb among all the 
designed moieties while all other understudy moieties also 
exhibited an Eb value smaller than reference, which can be 
used for effectual charge transfer in the proficient organic 
solar cells.

Besides binding energies, TDM analysis also helps to 
test and clarify the quantum geometry of molecules by their 
excitation measures. It explicates the exciton generation and 
charge density movement from electron-donating to elec-
tron-withdrawing moiety via conjugated п electrons [60]. In 
TDM, hydrogens atoms are excluded because of their neg-
ligible contributions while the remaining atoms are distrib-
uted in 3 components (C = core, D = donor, and A = accep-
tor) in our designed molecules and UF-Qx-2Cl Fig. 8.

The bottom and left sides of the TDM graph showed the 
number of atoms contributing to charge distribution between 
donor and acceptor while the right side y-axis showed the 
charge density of contributing atoms.

Uniform distribution of charge between donor and 
acceptor subunits in UF-Qx-2Cl and UF-M1–UF-M5 
(designed structures) exhibited favorable diagonal and off-
diagonal attribution. The charge on the donor portion of 
UF-M4 is more consistent, and it betray excellent diagonal 
and off-diagonal charge transfer across donor–acceptor, 
demonstrating that this newly designed moiety has less 

(8)Eb = Eg − Ex

Table 6   Calculated values of dipole moment in both gaseous (μg) and 
solvent phase (μe) for UF-Qx-2Cl and devised structures UF-M1–
UF-M5

Molecules μg (Debye) μe (Debye) Δμ (Debye)

UF-Qx-2Cl 0.49 2.53 − 2.04
UF-M1 10.30 15.47 − 5.17
UF-M2 2.87 5.65 − 2.79
UF-M3 7.14 11.67 − 4.53
UF-M4 1.99 5.33 − 3.33
UF-M5 3.60 2.92 0.68
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electron coupling, as shown by simpler exciton dissocia-
tion, which is required for constructing effective OSCs. 
Charge distribution and interaction coefficient order of 
UF-Qx-2Cl and UF-M1–UM-M5 is UF-M4 ˂ UF-M1 
˂ UF-M2 = UF-M5 ˂ UF-M3 ˂ UF-Qx-2Cl (Table  2). 
According to decreasing trend of dissociation coefficient, 
UF-M4 exhibits the enhanced charge transfer from donor 
subunit to acceptor because of the п–п* stream and con-
jugated system.

3.7 � DOS Analysis (Density of State)

The density of states is a population of many energy levels 
that can be used for excitation, or charge generation. DOS 
analysis is used to view the contribution of the various 
components in the charge distribution between HOMO and 
LUMO in the designated moieties. Mulliken charge distribu-
tion has been used to ensure FMO findings. DOS analysis 
also predicts the value of HOMO and LUMO. DOS calcu-
lations have been performed through Gaussian software by 

Fig. 8   TDM plot of UF-Qx-2Cl (R) and designed structures (UF-M1–UF-M5) where C = core, D = donor, and A = Acceptor
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using a selected method and basis set, while the spectra are 
designed by using PyMolyze 1.1 software and are repre-
sented in Fig. 9. The core, donor, and acceptor components 

of a DOS spectral representation for reference and designed 
moieties are represented via blue, green, and red colors, 
respectively, while black color represented the overall charge 

Fig. 9   Graphical representation of density of state analysis (DOS) for reference and designed structures
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distribution on the structure. Orbital contribution of the 
acceptor, core and donor of reference and designed moie-
ties in HOMO–LUMO raising are given in Table 7. Com-
puted results of bandgap through FMO and DOS are the 
same according to quantitative orbital contribution values 
(Table 7), the acceptor subunit of UF-M4 exhibited better 
contribution in raising HOMO and LUMO values. UF-M5 
showed a similar contribution to reference in raising HOMO 
and LUMO values while other designed moieties’ results 
are also comparable to these moieties. The core subunit also 
contributed to raising the HOMO–LUMO values for better 
charge transfer from donor to acceptor.

3.8 � Reorganization Energy

By excitation process, excitons generate and then splits into 
electrons and holes. After generation, these electrons and 
holes move towards their particular electrodes and are gen-
erally known as charge transfer. Charge transfer is a basic 
parameter of organic photovoltaics which get influenced by 
the geometry and flexibility of the structure. Charge transfer 
is usually calculated by electron (λe) and hole (λh) mobility 
energies (reorganization energies) via Eqs. 2 and 3. Charge 
transfer and reorganization energies have inverse relations 
i.e., lower the reorganization energy: higher the charge trans-
fer. Reorganization energies are of two types, intrinsic and 
extrinsic, among them we considered here are intrinsic ener-
gies based on internal geometrical alterations while extrinsic 
based on surroundings (solvent chloroform) effect. Calcu-
lated values of electron and hole reorganization energies (λe 
and λh) are provided in Table 8.

According to Table  8, UF-Qx-2Cl represented the 
0.00818 eV for λe which is smaller than all designed mol-
ecules. λe increasing order for designed structures is UF-M5 
< UF-M1 < UF-M4 < UF-M3 < UF-M2 as their respective 

values are 0.00846 < 0.00936 < 0.00990 < 0.01000 < 
0.01063. Although the λe value of UF-M5 is comparable to 
reference but still higher which indicates that our designed 
moieties act as acceptor molecules which get confirmed 
through λh values of designed moieties. λh increasing trend 
is UF-M4 < UF-M5 < UF-Qx-2Cl < UF-M2 < UF-M3 < 
UF-M1 as their respective values are 0.00766, 0.00827, 
0.00850, 0.00877, 0.00902, and 0.23283.

According to Table 8, UF-M4, and UF-M5 have better 
hole mobility than a reference by the significant difference 
in λh values. λh values of UF-M2 and UF- M3 is comparable 
to reference molecule while UF-M1 represented too much 
higher value.

3.9 � Open‑Circuit Voltage (Voc)

The open-circuit voltage, or VOC, is the greatest voltage a 
solar cell can produce while the current is zero [61]. The 
total efficiency of OSCs may be determined using Voc. It is 
proportional to the energy of the donor material's HOMO 
and the acceptor material's LUMO that has been provided 
to the external circuit. Intermolecular interactions and com-
pact packing of molecules can reduce the energy-gap. As 
a result, the Voc tends to drop as the energy gap closes. 
It aids in demonstrating the highest amount of current that 
an organic solar cell can produce. The open-circuit voltage 
is directly affected by several things, light intensity, charge 
recombination, light source, charge collecting at electrodes, 
and varying amounts of energy are among them. Voc is cal-
culated by using Eq. 9.

In Eq. 9, e is the charge on the molecular framework, 
which we set to 1 for computations, and 0.3 is the charge 
production offset at the molecular interface. PBDB-T [62], 
a highly efficient donor with HOMO and LUMO values 
of − 4.93 eV and − 2.27 eV was chosen with our designed 
structures to generate the interface of donor–acceptor and 
graphically represented in Fig. 10.

Voc value of designed molecules represented the follow-
ing trend, UF-M3 > UF-M2 > UF-M1 > UF-M5 > UF-M4 

(9)VOC =
ELUMOofacceptor − EHOMOofdonor

e
− 0.3

Table 7   Orbital contribution of Core, Donor, and Acceptor subunits 
of UF-Qx-2Cl and designed structures

Molecules Acceptor Core Donor

UF-Qx-2Cl HOMO 23.0 59.5 17.5
LUMO 45.1 36.8 18.1

UF-M1 HOMO 16.5 64.0 19.5
LUMO 24.6 44.9 30.5

UF-M2 HOMO 11.3 70.4 18.3
LUMO 15.8 45.4 38.8

UF-M3 HOMO 21.2 62.3 16.5
LUMO 28.0 39.5 32.5

UF-M4 HOMO 28.3 56.4 15.3
LUMO 48.3 35.0 16.6

UF-M5 HOMO 23.3 59.7 17.0
LUMO 42.6 37.5 20.0

Table 8   Electron and hole 
mobility energies (λe and λh) 
for UF-Qx-2Cl and UF-M1–
UF-M5 designed series

Molecules λ− (eV) λ+ (eV)

UF-Qx-2Cl 0.00818 0.00850
UF-M1 0.00936 0.23283
UF-M2 0.01063 0.00877
UF-M3 0.01000 0.00902
UF-M4 0.00990 0.00766
UF-M5 0.00846 0.00827
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as their respective Voc values are 1.71 > 1.56 > 1.42 > 
1.27 > 1.13 V whereas Voc value for UF-QX-2Cl/PDBD-
T interface is 1.13 V. Additionally, we evaluated the Voc of 
designed moieties with large band gap polymeric donor 
material P3HT, as HOMO and LUMO values for P3HT 
are − 5.12 eV and − 2.84 eV respectively. Observed trend 
of Voc for reference and designed moities is as UF-M3 > 
UF-M2 > UF-M1 > UF-M5 > UF-M4 ≈ UF-Qx-2Cl with 
their respective values as 1.91 > 1.76 > 1.62 > 1.47 > 1.33 
≈ 1.33 V (Figure S2). The Voc values of developed mole-
cules are higher than the reference except UF-M4 moleculed 
whose value is comparable to reference molecule.

4 � Conclusion

The widespread availability and low installation costs of 
solar energy have increased its contribution in recent years. 
To take advantage of these benefits, the current study relies 
on designing A-D-A-D-A type acceptor contributors for 
OSCs by offering a variety of encouraging acceptors as ter-
minal units. We computationally designed five molecules 
(UF-M1–UF-M5) by substitution of acceptor moieties in the 
reference molecule (UF-Qx-2Cl). These designed molecules 
were optimized at mPW1PW91/6-31G (d,p) level, as by this 
method, the reference molecule predicted values were near-
est to experimental data. Calculated HOMO–LUMO val-
ues, their bandgap, and further their energies (λmax)in both 
gaseous and solvent phases. Band-gap of designed models 
falls in between the 2.03–2.42 eV range, as UF-M4 shows 
a lower band-gap than reference while all others have com-
parable to UF-Qx-2Cl. The dipole moment of all designed 
structures is higher than the reference molecule means hav-
ing a higher charge transfer rate in the solvent phase, DOS 
analysis also confirmed that UF-M4 and UF-M5 have better 
properties than reference which is confirmed by the table 
of quantitative contributions of subunits. Further, the TDM 
analysis was performed to confirm the results and mod-
elized structures represented the higher charge dissociation 
between donor–acceptor and higher Jsc. Chemical quantum 
parameters results are also comparable to reference. UF-M4 
and UF-M5 showed better hole and electron mobility com-
petency to reference. We calculated the Voc of designed 

molecules and the results are comparable to our reference 
molecule. Overall molecules, UF-M4 showed better results 
among all designed models which get confirmed through 
different computational confirmatory analyses while the 
remaining designed structures are also comparable to refer-
ence as they show some parameters better than reference. 
As a result, newly intended structures UF-M4 can increase 
the device's working aptness and might be utilized as major 
donor materials in the construction of future adept OSCs.
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