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ABSTRACT: Many researchers are engaged nowadays in
developing efficient photovoltaic materials to accomplish the
demand of modern technology. Nonfullerene small molecular
acceptors (NF-SMAs) show potential photovoltaic performance,
accelerating the development of organic solar cells (OSCs).
Herein, the first theoretical designing of a series of indacenodi-
thiophene-based (IDIC1—IDIC6) acceptor chromophores was
done by structural tailoring with various well-known acceptors
from the recently synthesized IDICR molecule. For the selection of
the best level of density functional theory (DFT), various
functionals such as B3LYP, M06-2X, CAM-B3LYP, and wB97XD
with the 6-311G(d,p) basis set were used for the UV—visible
analysis of IDICR. Consequently, UV—visible results revealed that
an interesting agreement was found between experimental and DFT-based values at the B3LYP level. Therefore, quantum chemical
investigations were executed at the B3LYP/6-311G(d,p) level to evaluate the photovoltaic and optoelectronic properties. Structural
tailoring with various acceptors resulted in a narrowing of the energy gap (2.245—2.070 eV) with broader absorption spectra
(750.919—660.544 nm). An effective transfer of charge toward lowest unoccupied molecular orbitals (LUMOs) from highest
occupied molecular orbitals (HOMOs) was studied, which played a crucial role in conducting materials. Further, open circuit voltage
(V,.) analysis was performed with respect to HOMOpppp.7—LUMO s ccppror, and all of the derivatives exhibited a comparable value
of voltage with that of the parent chromophore. Lower reorganization energies in titled chromophores for holes and electrons were
examined, which indicated the higher rate of mobility of charges. Interestingly, all of the designed chromophores exhibited a
preferable optoelectronic response compared to the reference molecule. Therefore, this computed framework demonstrates that
conceptualized chromophores are preferable and might be used to build high-performance organic solar cells in the future.

B INTRODUCTION

In the current era, one of the world’s major issues is energy
crisis. This has emerged due to large dependence on
nonrenewable energy sources, which will be exhausted sooner
or later and which causes environmental problems due to
combustion.’ Many alternatives such as hydropower, biomass,
wind power, and solar cells have been discovered to tackle this
problem. Of all of these resources, solar cells have proved to be
the best choice due to the vast amount of sunlight available.
Silicon with high thermal stability, low toxicity, and high
efficiency of about 46% has been utilized as a semiconductor
material in SCs for decades.”” However, there are certain
drawbacks associated with silicon-based solar cells including
nontunable energy levels, hardness, and high cost with
manufacturing difficulty.

Since then, scientists have found OSCs to be an alternative
to silicon-based solar cells. Organic solar cells have been given
preference over silicon-based SCs due to their low manufactur-
ing cost, light weight, high flexibility, tunable energy levels, and

high power conversion efficiency.” Moreover, OSCs have been
developed rapidly in the last couple of years owing to their
environment-friendly nature. Therefore, OSCs have attracted
extensive attention and maximized use, especially in sunny
areas, due to the large and uninterrupted availability of light.
The mechanism and working of solar cells are based on the
photoelectric effect that converts sunlight directly into
electricity. Generally, OSCs are made up of electrodes and
an active layer of organic solar cells (OSCs), composed largely
of electron-donor and electron-acceptor counterparts.” Upon
interaction of electromagnetic radiations with the active layer,
electrons travel from HOMO to LUMO.® Organic solar cells
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Figure 1. IUPAC names and structural representation of acceptors.
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Figure 2. 2D structural view of the reference and designed chromophores.

blended with fullerene acceptors (FAs) exhibit a power
conversion efficacy of 11—12% in the bulk heterojunction
(BHJ).”® Fullerene derivatives (PC4BM and PC,,BM)
blended with organic solar cells show tremendous properties
such as low reorganization energies, high electron mobility,
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and isotropic charge transfer.”” On large-scale use, fullerene-
based OSCs have certain limitations such as low absorption in
the visible region, low V, high band 82ps high cost, and a
limited number of energy levels.''" To address these
limitations and to make solar cells more effective, scientists
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have been working to design and synthesize non-fullerene-
based organic solar cells."””~"* Recently, fullerene-free organic
solar cells have been classified into two categories: small
molecular acceptor (SMA) solar cells and polymer solar cells.
Small molecular acceptor solar cells have better optoelectronic
properties than polymer solar cells.””™"” A wide variety of
constructional design foundations is offered by NFA
molecules; however, the A—D—A-fashioned molecules are
largely employed by implementing special core pieces (acting
as donors), linkers, and terminal groups (acting as accept-
ors)."*7** Literature surveys show many studies that yield SCs
based on small molecules, such as X-shaped donor
molecules,*® star-shaped molecules,”* and linear geometric
molecules.”> Moreover, the extended m-conjugation with
fullerene-free compounds with intense absorption parameters
has been improved via attachment with fluoro,”® cyano, and
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chloro units over the NFA skeleton.”’” In this article, we have
designed seven new A—D—A-type chromophores, namely,
IDIC1-IDIC6, from a reference compound IDIC-C8*
represented as IDICR. All of the new compounds have been
designed by changing the terminal acceptor unit of reference
chromophores containing two 2-(2,3-dihydro-3-oxo-1H-inden-
1-ylidene) propanedinitrile (IC) units attached at the terminal
with an electron-donating core, indacenodithiophene (IDT).
We studied the impact of various terminal acceptor units on
the electronic, optical, and charge transfer behavior of the
newly designed acceptor chromophores to evaluate them as
efficient OSC-based compounds for future fabrication of high-

performance electronic devices.
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B RESULTS AND DISCUSSION

In the present study, IDICR is utilized as a parent
chromophore consisting of an indacenodithiophene (IDT)
core that acts as a D moiety, flanked by an acceptor (A), 2-
(2,3-dihydro-3-oxo-1H-inden-1-ylidene) propanedinitrile. We
substituted the end-capped acceptor of IDICR with different
reported acceptors (Figure 1) to design IDIC1-IDIC6
chromophores (Figure 1) for exploration of the effect of
various acceptors on the photophysical and optoelectronic
properties. Moreover, we calculated the Gibbs free energy for
the derivatives to determine their synthesis and storage.
Negative values of Gibbs free energy have been calculated (see
Table S15) for each reaction, which indicates that these new
systems could be synthesized and stored in the laboratory
(Figure 2).

Frontier Molecular Orbital (FMO) Analysis. The
distribution pattern of FMOs provides helpful visuals and
numbers for the characterization of photovoltaic and
optoelectronic behavior of chromophores in OSCs.” Inter-
molecular charge transfer (ICT), chemical stability, reactivity,
and molecular interactions also come under the scope of
FMOs® and can be well explained through this tool.’!
Pictorial representation of the molecular orbitals of all studied
chromophores at the B3LYP/6-311G(d,p) level of theory is
exhibited in Figure 3, and computed results are tabulated in
Table 1. The highest occupied molecular orbitals (HOMOs)

Table 1. Eyopmos Erumos and Energy Gap of Studied
Molecules”

compounds HOMO (Eyomo) LUMO (E;ymo) E.
IDICR —5.948 —3.703 2.24S5
IDIC1 —6.018 —3.849 2.169
IDIC2 —6.233 —4.104 2.129
IDIC3 —6.265 —4.154 2.111
IDIC4 —5.944 —3.727 2217
IDICS —6.008 —3.785 2.223
IDIC6 —6.628 —4.558 2.07

“Units are in eV.

and lowest unoccupied molecular orbitals (LUMOs), termed
as quantum orbitals, have the ability to donate and accept
electrons, respectively.”> Band theory showed that the HOMO
and LUMO of chromophores are also characterized as the
valance and conduction bands, respectively.’”**™*® The
difference of energy between the occupied and unoccupied
orbitals is recognized as the band-gap energy gap (Egap) , which
provides valuable information regarding the performance of
0SCs.*”*® Open circuit voltage and power conversion
efficiency can be well estimated on the basis of energy gap.
The smaller the E_,, the greater the effectiveness and vice
versa.

As illustrated in Table 1, the calculated HOMO and LUMO
energies of IDICR are —5.948 and —3.703 eV, comprising a
band gap of 2.245 eV, comparable with the experimental value
(1.77 eV).*® This good agreement points out that the
implemented DFT computation, ie., B3LYP functional, is
suitable for use to investigate IDIC1—IDIC6. The HOMO
energy values of IDIC1, IDIC2, IDIC3, IDIC4, IDICS, and
IDIC6 are calculated to be —6.018, —6.233, —6.265, —5.944,
—6.008, and —6.628 eV, respectively. Consequently, the
computed E|yyo values for the designed molecules (IDIC1—
IDIC6) are found to be —3.849, —4.104, —4.154, —3.727,

—3.785, and —4.558 eV, respectively. The computed HOMO—
LUMO band-gap values of IDIC1-IDIC6 are 2.169, 2.129,
2.111, 2.217, 2.223, and 2.070 eV, respectively. Relatively, a
decrease in band gap is noticed in the designed compounds as
compared to IDICR. The E,,, between HOMO and LUMO
becomes narrow in IDICS and IDIC4 (2.223 and 2.217 eV,
respectively) when electron-withdrawing fluoro groups are
introduced in terminal A units. Similarly, among IDICI and
IDICR, a reduction in the band gap is observed when replacing
the cyano (—CN) group with a nitro group. This might be due
to an increase in resonance and the strongly deactivating
nature of the nitro group.”” The band gap further decreased
from 2.169 to 2.129 eV in IDIC2 when halo groups (—Cl)
were incorporated in end-capped acceptor units. Conse-
quently, the electronic cloud migrated toward A moiety in
these chromophores due to the strong electron-accepting
nature of nitro and chloro groups, which might be a reason for
a further decrease in their energy gap. On increasing the
number of chloro units on acceptor moieties, the band gap
further decreased (2.111 eV) in IDIC3. In IDIC6 chromo-
phore, the lowest band gap is observed among all of the
derivatives as halo groups are replaced with a strong electron-
withdrawing nitro group (—NO,). The strong electron-
withdrawing effect along with enhancement in resonance
causes the reduction in the band gap of IDIC6 molecules. The
descending order of energy gap is found to be IDICR > IDICS
> IDIC4 > IDIC1 > IDIC2 > IDIC3 > IDIC6. The lower value
of LUMO generates a lower band gap in all designed
molecules, leading to easy charge transfer and thus enhancing
the photovoltaic properties of OSCs. For charge transfer
analysis, energy gap is a significant factor. The HOMO-—
LUMO energy difference influences the charge transfer (CT)
rate; the smaller the band gap, the larger the charge transfer
ability and vice versa.”*' Moreover, the electron density
distribution patterns on the surfaces (LUMO/HOMO) of
IDICR and its designed chromophores are shown in Figure 3.
The electronic cloud for HOMO in IDICR and IDIC1-IDIC6
is significantly located over the central donor indacenodithio-
phene (IDT) and slightly on the acceptor, except for terminal
benzene rings, while the LUMO electron density is
concentrated dominantly all over the chromophore. In a
nutshell, the above discussion explicates that the modification
of acceptor groups with strong electron-withdrawing units
created a relatively smaller band gap between orbitals and
efficient CT toward A from D, which shows them to be
efficient materials for OSCs.

Density of State (DOS). DOS helps to support the
outcomes elaborated in FMO diagrams (Figure 3). DOS
spectra of the studied compounds are displayed in Figure 4,
which clearly show that the powerful electron-withdrawing
nature of the A moieties alters the distribution arrangement
around the HOMO and LUMO. To explicate the DOS study,
we divided our chromophores into two parts, i.e., donor (the
core unit) and acceptor (the end-capped group), which are
displayed by red and green lines, respectively. Along the x-axis,
the negative values in DOS graphs indicate the valence band
(HOMO), while positive values indicate the conduction band
(LUMO), and the distance between HOMO and LUMO
denotes the energy gap.*” For IDICR the acceptor contributes
34.3% to HOMO and 63.3% to LUMO, while the donor
contributes 65.7% to HOMO and 36.7% to LUMO. Similarly,
the acceptor contributes 33.9, 34.5, 34.9, 31.9, 31.8, and 35.5%
to HOMO and 69.8, 70.3, 70.7, 75.6, 75.6, and 72.7% to
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Figure 4. Graphical representation of DOS of titled chromophores.

LUMO in IDIC1-IDICG, respectively. In the same way, the
donor contributes 66.1, 65.5, 65.1, 68.1, 68.2, and 64.5% to
HOMO and 30.2, 29.7, 29.3, 24.4, 24.4, and 27.3% to LUMO
for IDIC1—-IDICS, respectively. From the complete discussion,
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it was observed that the HOMOs of the aforesaid
chromophores are largely concentrated on the D moiety
while the LUMOs are significantly present on A units. Hence,
DOS graphs considerably support the FMO diagrams (see

https://doi.org/10.1021/acsomega.1c06219
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Figures 2 and 3). The DOS investigation showed that there
was substantial delocalization of the electronic cloud and an
enormous amount of charge was transferred from donor to
acceptor groups.

Optical Properties. To demonstrate the working capa-
bility of OSCs, their photophysical responses were evaluated
employing TD-DFT computations. To obtain insights into the
optoelectronic properties, UV—visible spectra of the deriva-
tives (IDIC1-IDIC6) were obtained in chloroform and
gaseous phase at the B3LYP/6-311G(d,p) level of theory.
Findings in the form of maximum absorbed wavelength 4.,
excitation energy, assignments, and oscillator strength (f) in
solvent and gaseous phase are illustrated in Tables 2 and 3,

Table 2. Computed Energy, Wavelength (4,,,,), and
Oscillator Strength of titled Chromophores in Chloroform®

compounds Amax (NM) E (eV) f MO contributions
IDICR 660.544 1.877 2323 H — L (98%)
IDIC1 706.261 1.756 1.831 H — L (98%)
IDIC2 723.024 1715 1.943 H — L (98%)
IDIC3 727.820 1.704 1.939 H — L (98%)
IDIC4 695.798 1.782 1.547 H — L (96%)
IDICS 694.979 1.784 1.536 H — L (96%)
IDIC6 750.919 1.651 1.641 H — L (98%)

“MO = molecular orbital, HOMO = H, LUMO = L, and f = oscillator
strength.

Table 3. Computed Excitation Energy, Wavelength (1,,.,),
and Oscillator Strength of IDICR and IDIC1-IDIC6 in
Gaseous Phase”

compounds Amax (NM) E (eV) f MO contributions
IDICR 613.449 2.021 2.058 H — L (98%)
IDIC1 642.672 1.929 1.670 H — L (98%)
IDIC2 656.766 1.888 1.810 H - L (98%)
IDIC3 661.567 1.874 1.807 H — L (98%)
IDIC4 648.249 1913 1.295 H — L (94%)
IDICS 647.877 1914 1278 H — L (94%)
IDIC6 674.487 1.838 1.582 H > L (97%)

“MO = molecular orbital, HOMO = H, LUMO = L, and f = oscillator
strength.

respectively. It is commonly observed that electron-with-
drawing groups cause an increase in the values of maximum
absorbed wavelength A,,,. Thus, the bathochromic shift in the
absorption values is probably due to the addition of electron-
withdrawing groups with extended conjugation.”’

Maximum absorption values for derivatives lie in the range
of 750.919—694.979 nm in chloroform, which are greater than
that of IDICR (660.544 nm). There is good agreement
between the absorption values of the simulated and
experimental results (668 nm).”® Among all designed
molecules, the lower 4, has been observed in the case of
IDIC1 when the —CN group of IDICR is replaced with a nitro
group. This further enhancement in 4,, is examined in
IDIC1—-IDICS when two halo groups are introduced on the
terminal benzene ring of the acceptor. The combined electron-
withdrawing nature of halo and —CN groups in IDIC1-IDICS
reduced the E, between orbitals and excitation energy with a
wider absorption band. Interestingly, a higher red shift in
absorption spectra has been observed when halo groups are
replaced with cyano (—CN) groups. The strong electron-
withdrawing —CN groups in IDIC6 have low excitation energy
and low energy gap so that excitation from HOMO to LUMO
is easy. The overall descending order of A, of all studied
compounds in solvent phase is IDIC6 > IDIC3 > IDIC2 >
IDIC4 = IDICS > IDIC1 > IDICR.

The calculated A, of all studied molecules in the gaseous
phase is somewhat in the same order as that for the gaseous
phase. However, a larger bathochromic shift is found in
chloroform than in the gaseous phase, which might be due to
the solvent effect. The absorption maximum of all investigated
compounds in the gaseous phase is noted to be in the range of
642.672—674.487 nm. Findings involving the absorbed
wavelength in the gaseous phase are listed in Table 3. From
these investigations, it is found that all derivatives exhibited
better optical properties compared to IDICR. Therefore, it has
been proved that by the structural tailoring of the reference
molecule with efficient acceptor moieties, chromophores with
broader absorption spectra and reduced band gap could be
obtained, which would be appealing OSC material (Figure 5).

Reorganization Energy (RE). Energy reorganization is
considered to be one of the essential features, which is the
recognition of molecular structural correlations with com-
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Figure 5. Stimulated absorption spectra of IDICR and IDIC1-IDIC6.
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pounds’ CT ability, to design the best possible applications for
the solar cell industry. It aids in understanding the CT from D
to A material. Chromophores with a low RE value exhibited
larger photovoltaic effects, showing a higher magnitude of
charge mobility. For solar cell materials, usually, two types of
RE are noticed: external reorganization energy (4., and
internal reorganization energy (4;,,). Herein, we neglected the
Aew and the core focus was on 4, Thus, we have calculated
the reorganization energies of IDICR and IDICI-IDIC6

Table 4. Computed Reorganization Energies of IDICR and
IDIC1-IDIC6 Chromophores”

compounds Ae A
IDICR 0.00047988 0.00019954
IDIC1 0.00022499 0.00037741
IDIC2 —0.00253835 0.00057392
IDIC3 —0.00200788 0.0005188
IDIC4 0.00052472 0.00019454
IDICS 0.00056658 0.00022271
IDIC6 —0.00330809 0.00040764

“Je: transfer rate of electrons and A;: transfer rate of holes.

molecules (Table 4) using eqs 1 and 2 for the assessment of
the capacity of charge transfer.

A, = [Ey — E_] + [E°— E,] (1)

M = [Ef — E] + [E)—E,] )

Herein, E; and E; are anionic and cationic energies,
respectively, obtained from the optimized neutral configuration
of a chromophore. Likewise, EJ and E2 are energies of a
neutral chromophore calculated in the cationic and anionic
states, respectively. Nevertheless, E_ and E, represent the
anionic and cationic optimized energies, respectively. E,
showed the ground-state single point energy.

The calculated RE values of the hole for IDICR is
0.00019954 eV while those for IDICI-IDIC6 are
0.00037741, 0.00057392, 0.0005188, 0.00019454,
0.00022271, and 0.00040764 eV, respectively. The descending
order of Ay, for the studied chromophores is IDIC2 > IDIC3 >
IDIC6 > IDIC1 > IDICS > IDICR > IDIC4. The calculated 4,
value for IDICR is 0.00047988 eV and those for IDIC1—
IDIC6 are 0.00022499, —0.00253835, —0.00200788,
0.00052472, 0.00056658, and —0.00330809 eV, respectively.
The decreasing order of A, for title compounds is IDICS >
IDIC4 > IDICR > IDIC1 > IDIC3 > IDIC2 > IDIC6. Overall,
the study reveals that the A, values of all title molecules are
smaller than 4, values, except for the reference and IDICS and
IDIC4, which stipulates that all titled chromophores are
captivating candidates for transfer of electrons.

Open Circuit Voltage (V,.) Investigation. The perform-
ance of OSCs is highlighted using open circuit tension (V,.).**
In fact, it explains the greatest quantity of current from any
optical material."> The influence of V. can be determined by
different parameters: recombination of charge carriers, external
fluorescence, light source, OSC temperature, electrode
function, light intensity, and numerous environmental factors.
The open circuit voltage is directly associated with the energy
difference of HOMO and LUMO of A and D molecules, i.e.,
HOMO gonor—LUMO ceptor- In the current investigation, a
renowned donor polymer PBDB-T* is utilized for calculating

the open circuit values and —4.936 eV is the simulated Eyopo
value for the donor polymer. Theoretically, the examined
outcomes of V. of the OSCs are determined using eq 3,
reported by Scharber and co-workers,"” and results are
exhibited in Table 5.

Voe = ('EgOMol - lEfUMO') - 03 (3)

Table 5. Energy Driving Force and Open Circuit Voltage of
Titled Compounds®

compounds AE (eV) Voc (V)
IDICR 1.233 0.933
IDIC1 1.087 0.787
IDIC2 0.832 0.532
IDIC3 0.782 0.482
IDIC4 1.209 0.909
IDICS 1.151 0.851
IDIC6 0.378 0.078

“AE= Ei\UMO_EEOMO-

The values of V. for IDICR and IDIC1—IDIC6 regarding the
difference in energy of HOMOpgps 1—LUMOccppror are
noted to be 0.933, 0.787, 0.532, 0.482, 0.909, 0.851, and 0.078
V, respectively. Interestingly, the computed open circuit
voltage value of the reference chromophore showed excellent
agreement with experimentally determined results (0.97 V).**
All our derivatives exhibited a comparable value of voltage with
that of the parent chromophore. Among the designed
compounds, IDIC4 with reference to the energy difference
of HOMOy,,,, exhibited a greater V. value of 0.909 V. The
V. results of title compounds are found to be in the decreasing
order of IDICR > IDIC4 > IDICS > IDIC1 > IDIC2 > IDIC3
> IDIC6. As previously stated, the V. value mostly depends
upon the level of HOMO of D and LUMO of A. Lower
acceptor origin LUMO results in a higher V. value and
improved optoelectronic parameters. The movement of
electrons from HOMO of D molecules is increased by a
low-lying LUMO of acceptor, which directly improves the
optoelectronic characteristics. Furthermore, the HOMO-—
LUMO band gap between the acceptor and donor units
amplifies PEC values. As a result, Figure 6 depicts the orbital
energy diagram of the aforesaid chromophores in relation to
PBDB-T. Figure 6 shows that the LUMO level of the donor

PBDB.T PBDB.T PBDB-T PBDB-T
| -
LUMO | 555y 2273
3703
<
§ 0933V,
HOMO L4936
{5948
IDICR IC3
PBDB-T PBDB-T
L=
LUMO 2273 BT —
<
§ 0.909 Y,
L T
HoMO m ——
DIC4 IDIC6

Figure 6. Graphical representation of V. for IDICR and IDIC1—
IDIC6 with PBDB-T.
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polymer PBDB-T lies higher than the LUMO level of the
acceptor chromophores. This makes it easier to transfer
electrons from the donor polymer to the acceptor segment,
which improves the studied molecular optoelectronic param-
eters.

Charge Transfer Analysis. To explore the potential
utilization of titled chromophores in the charge transfer for
OSC materials, IDICS acceptor molecule was blended with
PBDB-T donor polymer, and the complex was optimized at
B3LYP functional with the 6-31G(d,p) basis set. PBDB-T is a
well-known polymeric-natured chromophore that is often
employed in CT analysis.** The optimized structure of the
PBDB-T: IDICS complex is presented in Figure 7a. To

4 s IDICS
290 20 Do ‘ °
‘ PP ORI 50 °
19y 2 o )
¢ ° N 7> J?‘ =)
2 0 3P0y @

Al 4 SR s °
A vdneat "
9 f‘, 3’ ‘& j" °9

D2 28989,
793
PBDB-T 2 g9

P
(@)

LUMO

HOMO

IDICS

(b)

Figure 7. Optimized geometry of PBDB-T:IDICS complex (a) and
charge transfer phenomenon between PBDB-T donor polymer and
IDICS chromophore (b).

observe the effective transfer of charge, we placed our designed
chromophore parallel to the donor (PBDB-T) polymer. Figure
7b reveals that an eflicient electronic cloud is concentrated
over PBDB-T for HOMO, while for LUMO, it is located over
the end-capped acceptor moieties of IDICS. An effective
transfer of electrons from donor to acceptor indicated that our
derivatives are suitable OSCs that can be significantly utilized
for optoelectronic devices.

Transition Density Matrix Investigation. Transition
density matrix (TDM) calculation is employed for the
elucidation of transition processes in the abovementioned
compounds. The estimation of the behavior of transitions,
specifically from the ground state (S,) to an excited state (S;),
as well as donor—acceptor unit interaction and electron—hole
localization, was performed utilizing B3LYP/6-311G(d,p)
functional. The effect of hydrogen atoms is omitted since it
has a negligible impact on these transitions. To accomplish
TDM analysis, we divided the titled chromophores (IDICR
and IDIC1-IDIC6) into two parts: end-capped acceptor (A)
and the central donor (D) moiety, which are depicted in
Figure 8 in red and green, respectively. In all of the studied
chromophores, the TDM heat maps revealed effective diagonal
charge transport coherence. Effective coherent transmission of
electrons was conducted from D to A, allowing for good

electron density shifting without any trapping. TDM heat maps
imply an easier and higher exciton dissociation in the excited
state, which is very convenient for solar cell development.

Exciton Binding Energy (E;,) Analysis. Binding energy is
considered a significant aspect for estimation of photovoltaic
properties obtained from OSCs, which aids in the explanation
of exciton dissociation capacity.””*” The binding energy of
holes and electrons is a notable metric for explicating the
interaction due to Coulombic force. A smaller Coulombic
force interplay between holes and electrons with larger exciton
dissociation in the excited state E, refers to the S, to S, state
energies.’”>' Using eq 4, the binding energy of titled
chromophores is calculated in Table 6.

Eb = EH—L - Eopt (4)

All theoretical molecules showed comparable E;, with their
parent chromophores (IDICR). This reduction in Ey showed
the excited state to possess greater exciton dissociation. The
binding energy of the designed molecules is shown in
decreasing order as IDICS = IDIC4 > IDIC2 = IDIC1 >
IDIC3 > IDIC6 > IDICR. Among all title chromophores,
IDIC6 exhibited a reduced value of binding energy that
described superior optoelectronic properties with the greatest
efficiency in exciton dissociation. The chromophore derivatives
with 1.9 eV E, are observed to be the perfect OSC structures
with efficient V. Interestingly, all of our studied chromo-
phores have binding energy lower than 1.9 eV, illustrating
them as perfect NF-OSCs.

B CONCLUSIONS

In the present study, a donor indacenodithiophene (IDT)-
based core with A—D—A architecture non-fullerene IDICR
chromophore has been quantum chemically designed by end-
capped modifications to make efficient photovoltaic material.
Various kinds of strong electron-withdrawing groups have been
introduced by the structural tailoring of “A” moieties to obtain
larger bathochromic shifts with a narrow energy gap. Frontier
molecular orbital (FMO), density of state (DOS), and
transition density matrix (TDM) investigations are explored,
and as a result, the IDT core is found to play a critical role in
the transfer of charge from HOMO to LUMO. Further, V,_has
also been estimated with regard to HOMOpgpp.t—LU-
MO cceptor and their data is found to be in the order IDICR
(0.933 V) > IDIC4 (0.909 V) > IDICS (0.851 V) > IDIC1
(0.787 V) > IDIC2 (0.532 V) > IDIC3 (0.482 V) > IDIC6
(0.078 V). Interestingly, smaller binding energy (E,) (0.309—
0.224 eV) of the abovementioned chromophores was
determined, which resulted in greater excitation dissociation.
Subsequently, greater excitation dissociation predicted the
larger power conversion efficiency of chromophores. It has
been concluded that all of the aforementioned chromophores
obtained by structural modification could be alluring as
effective, economically viable OSC materials with multiple
features and are also interesting for synthetic researchers.

B METHODS

All of the corr_lgutations were executed using Gaussian version
09 software.”® For obtaining the optimized geometrical
structures of IDICR, density functional theory (DFT)
investigations were executed at different functionals,
B3LYP,”> CAM-B3LYP,** M06-2X,>> and @B97XD,*® with
the 6-311G(d,p) basis set. Further, UV—visible examinations
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Figure 8. TDM of studied compounds at the S1 state.
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in chloroform for IDICR were carried out at the above-
mentioned functionals and basis set (Figure 9). At the B3LYP
level, absorption spectra of DFT-based results were noted to
be in agreement with the experimental values™® (Figure 9). To

11614

investigate the configuration and optoelectronic properties of
OSCs, IDIC1-IDIC6 were optimized at the B3LYP level of
theory. Further, their density of states (DOS), absorption
spectra, open circuit voltage (V,.), reorganization energy (RE),
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Table 6. Calculated Ey.i, E,,, and Ey, of Titled
Chromophores

compounds Eyp (eV) Egp (V) E, (eV)
IDICR 2.245 2.021 0.224
IDIC1 2.169 1.929 0.24
IDIC2 2.129 1.888 0.241
IDIC3 2.111 1.874 0.237
IDIC4 2217 1913 0.304
IDICS 2223 1914 0.309
IDIC6 2.070 1.838 0.232

’ = Experimental values
DFT 6-311G(d.p)
700

Wavelength (nm)

o>
A s{%‘
(:b

N g SN
-.‘\\k( =

Figure 9. Simulated UV—vis results of IDICR at various levels in
chloroform solvent.

frontier molecular orbital (FMO) analysis, binding energy
(Ep), and transition density matrix (TDM) were studied at the
aforesaid functional. Many kinds of software such as Multiwfn
version 3.8,% PyMOlyze version 2.0, Avogadro version
1.2.0n,” Gaussview version 5.0,° and Chemcraft®’ were
utilized for interpretation of data. We are thankful to Prof.
AACB from IQ-USP, Brazil, for the cooperation and
collaboration, especially for his continuous support and
providing computational laboratory facilities.
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