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KEYWORDS Abstract Organic solar cells (OSCs) with electron-withdrawing cyano-group (—C=N) have cre-
DFT: ated massive interest by exhibiting higher efficiencies. Nevertheless, introducing the — C=N group
Fluorene; through malononitrile during their synthesis is highly toxic and harmful to the environment. There-
Non-fullerene acceptors; fore, the development of environmentally friendly OSCs (EFOSCs) is of utmost importance. Taking
Environmental friendly inspiration from the recent reports, this manuscript looks to suggest more efficient novel fluorene-
organic solar cells; based EFOSCs based on DTC-T-F type molecule containing fluorene as central core and thiophene
Photovoltaic properties as the linker. The — C=N of 2-(6-0x0-5,6-dihydro-4H-cyclopenta[c]thiophen-4-ylidene) malonon-

itrile (TC) present as an end-capped acceptor in DTC-T-F is replaced with non-toxic electron-
pulling units -CF5, -SOsH, -NO, and a novel series developed through quantum chemical calcula-

* Corresponding authors.
E-mail addresses: crlu@dhu.edu.cn (C. Lu), Safwan.akram(@tees.ac.uk (M. Safwan Akram).

Peer review under responsibility of King Saud University.

FLSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.arabjc.2022.104374
1878-5352 © 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2022.104374&domain=pdf
mailto:crlu@dhu.edu.cn
mailto:Safwan.akram@tees.ac.uk
https://doi.org/10.1016/j.arabjc.2022.104374
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2022.104374
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Usman Khan et al.

tion of fluorene-based photovoltaic materials (C1- C9). Frontier molecular orbital, density of state,
heat maps of TDM, and finally, the charge shift process is observed by blending the C3 acceptor
with donor polymer PTB7-Th (HOMOprp7.1h-LUMO3). The designed molecules gave compara-
ble and better results from reference C. The minimum energy gap is observed in C3, C6 and C9
molecules with 2.29 eV, 2.28 eV and 2.27 eV energy gap values respectively. The proposed C9 com-
pound exhibits a prominent redshift in solvent (681.82 nm) and gas phase (618.88 nm). Open circuit
voltage (Vo) is the key parameter while assessing the OSC efficiency. The highest V. is possessed
by C5 (2.05 V). Exciton binding energy (Ey,) is computed, and C7 has the lowest value of E, = 0.38-
eV. Finally, the reorganization energy values shown by proposed molecules indicate that fluorene-
based series are effective candidates for manufacturing EFOSCs. All of the data showed that the
designed molecules not only have superior optoelectronic properties to those of the synthetic com-
pound, but also possess environmentally benign properties. This theoretical understanding will pro-
vide a C—N—free strategy for developing next-generation EFOSCs and novel fluorene-based
environmentally friendly materials for OSCs applications.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Organic polymer solar cells (OSCs) are getting significant considera-
tion due to apparent advantages of flexible deployment, transparency,
facile manufacturing process; material structure diversity; ultra-thin
and lightweight structure leading to convenient transportation. These
characteristics are thought to be a viable option for next-generation
solar cells (Cheng et al., 2018, Hou et al., 2018). This area has seen sus-
tained advancement during the last decades, particularly innovative
novel materials with optimized device architecture (Li et al., 2012,
Luetal., 2015, Collins et al., 2017). The continual appearance of novel
materials offers a foundation for OSCs performance enhancement
(Yan et al., 2018). The recent discovery of organic semiconductors of
n-type has given this field a new engine, propelling OSCs into a new
era of development and attaining several milestones (Cheng et al.,
2018, Hou et al., 2018). Single junction devices’ power conversion effi-
ciencies (PCEs) that are founded on non-fullerene acceptor (NFAs)
and polymer donor materials are approaching 16 % to 19 % (Fan
et al., 2019, Cui et al., 2020, Cui et al., 2021).

Apart from the high PCE, another major problem to be solved to
attain the full commercialization potential of OSCs is to reduce the
cost of goods. Most of the promising fullerene free acceptor molecules
have ladder-type A—-D-A conformation with fused-ring central core
that includes ITIC (Lin et al., 2015), IDIC (Lin et al., 2016), IHIC
(Wang et al., 2017), IEICO (Yao et al., 2016), and COi8DFIC (Xiao
et al., 2017), etc. This ensures BHJ (bulk heterojunction) for utilizing
solar photons with increased carrier mobility in the near-infrared
(NIR) spectra. Creating ladder architecture with fused-multi-ring has
challenges regarding synthesis, particularly multiple purification steps
leading to an increase in the cost of the material. Therefore, there is
a great need to investigate novel designs and new compounds to get
efficient and low-cost OSCs. In recent times, few significant efforts
have been made in this area with hopeful outcomes (Li et al., 2018,
Huang et al., 2019). However, there are still plethora of compounds
and architectures to explore.

Carbazole and fluorene are commonly employed as electron-
donating units in organic photoelectric materials because of their
low cost and excellent hole mobility (Li and Grimsdale 2010, Jeon
et al., 2018). They are also employed to make NFAs comprising deep
HOMO and large bandgaps (Holliday et al., 2015). On the other hand,
it has been demonstrated that TC (2-(6-0x0-5, 6-dihydro-4H-
cyclopenta[c]thiophen-4-ylidene) malononitrile) has the potential to
be an excellent end-cap acceptor because of its high light-harvesting
ability, which is achieved through electron delocalization, as well as
its good charge transport, which is achieved through strong inter-
molecular S..S contacts (Zhang et al., 2017). Keeping these in mind,
Liao et al. synthesized fluorene-based efficient and simple NFAs

namely DTC-7-F, which consisted of central core 9, 9-
dioctylfluorene, thiophene as bridging units, and 2-(6-0x0-5,6-
dihydro-4H-cyclopenta[c]thiophen-4-ylidene)malononitrile (TC) as an
end-capped acceptor (Liao et al., 2021). The DTC-7-F is recognized
as an excellent OSCs candidate due to its high extinction coefficients,
significant absorption in NIR spectra, and reduced HOMO-LUMO
gap. These fluorene-based acceptors exhibited superior optoelectronic
properties for OSCs.

End-capped amendments is recognized as a credible approach for
finding novel OSC materials (Khalid et al., 2021, Khalid et al., 2021,
Khan et al., 2021, Rafiq et al., 2022). Yao et al. have proposed that
swapping the — C=N unit with environmentally friendly and non-
toxic groups such as — CF3, —SOs;H, or — NO,; can render molecules
environmentally friendly without having a considerable trade-off on
efficiency (Yao et al., 2020). These groups bring the energy gap down
while simultaneously increasing the affinity of the vertical electrons
and giving the backbone a positive charge. From these reports, TC
of DTC-T-F is replaced with an end-capped acceptor made of 1,1-
dicyanomethylene-3-indanone (IC), and the double — C=N groups
on both end-capped IC units are replaced with non-toxic NO,,
SO;H, and CF3 groups. This way, nine new environment-friendly,
inexpensive and efficient molecules (C1-C9) are designed for their
potential use in OSCs applications. Computations based on DFT
and TDDFT are used to investigate the photovoltaic potential of pro-
posed compounds. This theoretical understanding will open up new
avenues for computational scientists, and give them access to a produc-
tive method for creating OSC materials that are environmentally
friendly. It will also make it possible for experimental scientists to
make use of highly efficient predicted molecules in the production of
photovoltaics for use in solar cell applications.

2. Computational procedure

Gaussian 09 W (Frisch et al., 2009) program was used to per-
form quantum calculations. GaussView 5.0 program was used
to make all input files (Dennington et al., 2008). DFT calcula-
tions at five different functionals B3LYP (Civalleri et al.,
2008), ®B97XD (Chai and Head-Gordon 2008), CAM-
B3LYP (Yanai et al.,, 2004), M06-2X (Zhao and Truhlar
2008), and MPWI1PW91 (Adamo and Barone 1998) with con-
junction of 6-31G(d,p) basis set were performed for optimiza-
tion of reference molecule C. The absorption maximum (A™*)
values were estimated from TDDFT computations at above
mentioned five functionals. In order to choose the most appli-
cable functional, we compared the A™** value of the C that was
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Scheme 1  Sketch map of DTC-T7-F-based non-fullerene acceptor with different end-capped structures.
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Fig. 1  Selection of level of theory “Graphical representation of comparison between experimentally and calculated UV—vis results of
reference (C) at five DFT based functionals in solvent (CHCI;) by utilizing origin 8.5 version (https://www.originlab.com/). All out put
files of entitled compounds were accomplished by Gaussian 09 version D.01 (https://gaussian.com/g09citation/)”.
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Fig. 2 Optimized geometries of reference C and designed C1-C9 molecules.

computed theoretically with the experimentally determined
A" value that was reported (Liao et al., 2021). Findings from
B3LYP/6-31G(d,p) exhibited the closest match with the exper-
imentally published values (Liao et al., 2021), providing the
basis to undertake further computations of designed molecules
utilizing this functional and basis set combination. Reference

C and designed molecules (C1-C9) UV—Vis spectral analysis
was estimated using the CPCM model (Barone and Cossi
1998) and chloroform solvent at TDDFT/B3LYP/6-31G(d.p)
functional. Frontier molecular orbital analysis (FMOs), the
density of state (DOS) calculations, reorganizational energies,
transition density matrixes (TDM) analysis, open circuit volt-
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age (Voo), analysis of charge transfer of C and C1-C9 com-
pounds were performed at DFT/B3LYP/6-31G(d,p) func-
tional. Reorganization energies can be explained according
to Marcus theory (Marcus 1993), which further divides it into
two branches. The first one is A;,, known as internal reorgani-
zation energy, while the second one is A recognized as exter-
nal reorganization energy. Internal structure and their changes
depend upon the internal reorganization energy of a molecule
and external energy concerns with external environment. In
this report, effect of external energy was ignored. For the cal-
culations of reorganization energies of A. (electron) and A
(hole) following equations are helpful (Khan et al., 2019,
Khan et al., 2020).

o= By - B ]+ [E - ) ()

= [ - E] + [E - B @)

In these equations, E; and EJ indicate single point energy
values of anions and cations, respectively, obtained through
simple optimization of neutral molecules. The E_ and E rep-
resent cationic and anionic energies via optimized geometries
of the cations and anions. E’ and Ei represent neutral mole-
cule energies through anion and cation optimization. The
energy of a neutral molecule in its ground state is denoted
by the symbol E, (Tang and Zhang 2012). All results obtained
from Gaussian calculations were executed using Origin,
PyMOlyze 2.0 (O’boyle et al., 2008), Multiwfn 3.7 program
(Lu and Chen 2012), Chemecraft (Andrienko 2010), and Avo-
gadro (Hanwell et al., 2012) programs.

3. Results and discussion

In present study, DTC-T-F-based novel NFAs are designed
that exhibit superior photo-electronic properties for OSCs.
The structure of DTC-T-F consists of 9, 9-dioctylfluorene as
the central core, bridging units thiophene, and TC as a termi-
nal acceptor (Liao et al., 2021). The — C=N group of TC end-
capped unit is replaced with — CF;, —SO;H, and — NO,
groups containing end-capped acceptors Al = 3-chloro-6-(per
fluoropropan-2-ylidene)-5,6-dihydrocyclopenta[c]thiophen-4-
one, A2=(3-chloro-6-oxo0-5,6-dihydrocyclopenta[c|thiophen-4
-ylidene)methanedisulfonic acid, A3 = 3-chloro-6-(dinitrome
thylene)-5,6-dihydrocyclopenta[c]thiophen-4-one and C1-C3
molecules are designed respectively. Further, TC end-capped
unit of DTC-T-F is substituted with 1,1-dicyanomethylene-3-
indanone (IC) end-capped acceptors, and double C==N groups
on both end-capped units of IC are replaced with non-
toxic — CF3;, —SO3H, and — NO, groups. In this way, six
new environment friendly, inexpensive and efficient molecules
(C4-C9) are proposed with the end-capped units Ad = 5,6-di
fluoro-3-(perfluoropropan-2-ylidene)-2,3-dihydroinden-1-one,
A5 = 5,6-difluoro-3-oxo-2,3-dihydroinden-1-ylidene)methane-
disulfonic acid, A6 = 5,6-dichloro-3-(dinitromethylene)-2,3-d
ihydroinden-1-one, A7 = 5,6-dichloro-3-(perfluoropropan-2-
ylidene)-2,3-dihydroinden-1-one, A8 =(5,6-dichloro-3-0x0-2,
3-dihydroinden-1-ylidene)methanedisulfonic acid and A9 = 5
,6-dichloro-3-(dinitromethylene)-2,3-dihydroinden-1-one
respectively (Scheme 1).

Considering the computational cost, long alky chains of
designed molecules (C1-C9) are replaced with methyl groups
for simplification. According to earlier reports, these simplifi-

cations do not disturb molecules’ results, properties, and char-
acteristics (Ma et al., 2013).

Primarily, A™** values of reference molecule (C) was calcu-
lated at B3SLYP, CAM-B3LYP, M062X, MPWI1PW91, and
®B97XD at 6-31G(d,p)/DFT functionals in chloroform as sol-
vent using CPCM model and the best method was selected.
The values of A™* for C molecule are computed as 600 nm,
455 nm, 459 nm, 561 nm, and 440 nm at B3LYP, CAM-
B3LYP, M062X, MPWIPW91, and ®B97XD functionals
respectively. The experimental A™** value of C is 591 nm
(Liao et al., 2021). A bar chart at above-mentioned basis set
and levels of theory combinations representing the comparison
amongst experimental and DFT computed A™** of reference
molecule (C) is presented in Fig. 1. It is evident from the bar
chart that B3LYP/6-31G (d,p) functional computed value
exhibited good harmony with the experimental value and can
be used for further optoelectronic calculations of C and
designed (C1-C9) molecules.

Using B3LYP/6-31G(d,p) functional, optimized molecular
structures of reference (C) and designed (C1-C9) compounds
are illustrated in Fig. 2.

4. Frontier molecular orbitals (FMOs) analysis

FMO analysis can be performed to explain the optoelectronic
properties of molecules in this case, C and C1-C9. It allowed
insight into the charge transfer characteristics of investigated
molecules and their photovoltaic features (Khalid et al.,
2021, Khalid et al., 2021). A low energy gap promotes efficient
charge transfer in OSCs (Khan et al., 2020). Energy calcula-
tions were made at DFT/ B3LYP/6-31G(d,p) functional to
find out the HOMO and LUMO energy levels and the energy
gap of C and C1-C9 molecules.

The reference molecule, as shown in Table 1, has HOMO
energy —5.68 eV, LUMO energy — 3.23 eV, and an energy
gap of 2.45 eV, indicating the reference molecule as a promis-
ing molecule to fabricate the small molecule OSCs. A small
energy gap promotes the faster charge transfer. Results indi-
cate that the energy gap of designed molecules fabricated using
environmentally friendly end-capped moieties are comparable
to reference C. At the same time, C3, C6, and C9 are superior
to the reference, with reduced energy gap values of 2.29 eV,
2.28 eV, and 2.27 eV, respectively. In C1-C3, the energy gap
of SO;H and NO,-containing molecules (C2, C3) are marked

Table 1 C and C1-C9 Epomo, Erumo, and energy gap
(ELumo-Enomo) in eV.

Molecules HOMO LUMO Egp = ELumo-
(Enomo) (ELumo) Enomo
C (Ref) —5.68 —3.23 2.45
C1 —5.65 -3.10 2.55
(&) —5.82 —3.40 2.42
C3 —5.93 —3.64 2.29
C4 —5.68 —3.07 2.61
C5 —5.49 —2.85 2.64
Co6 —5.95 —3.67 2.28
C7 —5.74 —3.18 2.56
C8 —5.55 —2.96 2.59
9 —6.03 —3.76 2.27
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HOMO C1
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HOMO C3

LUMO

HOMO C4

Fig. 3 HOMOs and LUMOs of investigated molecules.

lower, implying the strong pulling nature of these functional
groups compared to CN and CF; used in C and C1 molecules,
respectively. Similarly, a higher energy gap is seen in C4, and
C5 molecules comprising IC-2F end-capped acceptors with
CF3 and SOzH groups in place of CN. However, IC-2F end-
capped acceptor with NO, group in C6 abridged the energy
gap to the second lowest value (2.29 eV) among C and Cl-
C9 molecules. The results of C7-C8 with IC-2Cl end-capped
acceptors containing CF3, and SOsH, groups are found to

LUMO

be slightly large but comparable to the reference C molecule.
The C9 molecule with NO, containing IC-2Cl end-capped
acceptor is marked with the lowest energy gap among all stud-
ied compounds. HOMO energy values for C1-C9 are com-
puted as —5.65, —5.82, —5.93, —5.68, —5.49, —5.95, —5.74,
—5.55 and —6.03 respectively (Table 1). Similarly, LUMO
energy values for CI-C9 are measured as —3.10, —3.40,
—3.64, —3.07, —2.85, —3.67, —3.18, —2.96, —3.76 respectively.
The decrease in energy gap is observed in molecules with NO,
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Fig. 3 (continued)

groups, i.e., C3, C6, and C9 as NO2 has a more potent
electron-withdrawing group than other molecule that effi-
ciently pulls the electron density. As a result, LUMO energy
level decreases, lowering the energy gap. Compared to NO;,
the molecules containing SO;H and CF; do not pull the elec-
tron density strongly. Therefore, a subtle alteration of the
energy gap is observed in such compounds. But the results of
SO;H and CFj; containing groups are still comparable to the
energy gap results of reference C. These results indicate that

using cyanide-free end caps is an efficient strategy for architect
simple, low-cost, and environmentally friendly organic solar
cells.

The distribution pattern of HOMO, LUMO charge density
is portrayed in Fig. 3. The cyan color in Fig. 3 indicates the
positive end, while the red shows the negative end. About
molecule C, the charge resides on the donor core in the case
of HOMO orbitals. On the other hand, in the case of the
LUMO orbitals of the C molecule, the charge is distributed
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Fig. 4 DOS and ODOS for C and CI1-C9.

on the acceptor moieties. If the designed molecule is compared
with the reference C, we come across that proposed molecules
C1-C9 exhibit similar patterns indicating that our designed
molecules are correctly fabricated. Furthermore, the proposed
molecules with non-toxic groups are as effective as toxic CN-
based reference C. Therefore, environmentally friendly pro-
posed molecules C1-C9 can be targeted for solar cell applica-
tions instead of C.

5. Density of state and overlap density of state analysis

Density of states (DOS) and overlap density of state (ODOS)
analysis are performed at the same theory level and the basis
set as supporting analysis to FMOs that indicate the contribu-
tion of each fragment of molecule in charge transfer (Mehboob
et al., 2021). DOS and ODOS graphs are shown in Fig. 4. For
this purpose, each molecule is divided into two parts i.e. donor
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Fig. 4 (continued)

core and acceptor attached on both ends of the core. LUMO
percentage contribution for reference C and designed mole-
cules C1-C9 donor core are 11.6 %, 13.2 %, 11.2 %, 8.4 %,
18 %, 18.4 %, 7.9 %,17.1 %, 17.4 % and 7.9 % respectively.
LUMO percentage contribution for reference and designed
molecules C1-C9 acceptors is 63.7 %, 60.3 %, 63.9 %,
71.5 %, 51.3 %, 50.8 %, 67.5 %, 52.6 %, 52.2 % and
67.6 % respectively. HOMO percentage contribution for refer-
ence and designed molecules C1-C9 donor core is 41 %,
42.8 %, 44.3 %, 44.6 %, 55.8 %, 52.8 %, 56.5 %, 55.9 %,
52.9 % and 56.6 % respectively. On the other hand, HOMO

percentage contribution for reference and designed molecules
CI1-C9 acceptors is 27.5 %, 24.9 %, 25 %, 25.1 %, 17.7 %,
20.5 %, 18.4 %, 18 %, 20.8 % and 18.8 % respectively. For
efficient charge transfer, HOMO value of the donor should
be higher than HOMO value of the acceptor. Contrarily,
LUMO energy value of the donor core should be lower, and
the acceptor should be high. These facts are well proven in
our investigated compounds. The successful completion of
an intramolecular charge transfer can be identified by the
movement of charge density from the donor to the end-
capped acceptors. This exemplifies the efficacy of our end-
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Fig. 4 (continued)

capped alterations strategy for creating new and efficient
NFAs based on fluorene that are friendly to the environment
and exhibit promising photovoltaic characteristics for use in
OSCs applications.

6. Optical properties

To explore the optoelectronic features in both gas and solvent
phases, TDDFT/B3LYP/6-31G(d,p) and TDDFT/B3LYP/6-
31G(d,p)/chloroform/CPCM model are used for UV-vis cal-
culations respectively. The data from solvent and gas phase
calculations is compiled in Tables 2 and 3.

The experimental A™** value was reported to be 591 nm in
the solvent phase (Liao et al., 2021). All proposed compounds
exhibit A™** in the UV-Visible region. CF3-containing mole-
cules possess a lower value of A™* while the molecules with
NO, groups exhibit a higher value of A™** The effect of
SO;H lies in between CF3; and NOj.containing molecules.
Therefore, the increasing order 1is seen as: C9 >
C6>C3>(C2>C>Cl>C7>C8>C4 > C5insolvent
phase and C9 > C6 > C3 > C2 > C > Cl > C7 >
C8 > C4 = C5 in gas phase. When comparing the designed
molecule C1-C3 to the C molecule, the A™** values of C2, C3
rose significantly to 617 nm, 657 nm (in solvent), and 583 nm,
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Table 2 Calculated transition energies (E), maximum absorption wavelengths (A™*), oscillator strengths (f,,), and C and C1-C9
transition natures in el at the TDDFT/ B3LYP/6-31G (d,p) level of theory in solvent (chloroform).

Molecules Calculated A™**(nm) Experimental L™ E.(eV) fos Major MO Assignments

C 600.17 591 2.06 2.47 HOMO — LUMO (97 %)
Cl1 573.41 2.16 2.30 HOMO — LUMO (97 %)
(&) 617.26 2.00 2.45 HOMO — LUMO (97 %)
C3 657.45 1.88 2.10 HOMO — LUMO (97 %)
C4 557.88 2.22 2.35 HOMO — LUMO (97 %)
Cs 555.65 2.23 2.44 HOMO — LUMO (97 %)
Co6 673.27 1.84 1.73 HOMO — LUMO (97 %)
Cc7 568.54 2.18 2.39 HOMO — LUMO (97 %)
C8 565.61 2.19 2.47 HOMO — LUMO (97 %)
Cc9 681.82 1.81 1.81 HOMO — LUMO (97 %)

Table 3 Computed transition energy (E), maximum absorption wavelengths (A™*), oscillator strengths (f,), transition natures of C
and C1-C9 in eV calculated at TDDFT/B3LYP/6-31G (d,p) level of theory in gas phase.

Molecules Calculated A™**(nm) Experimental L™**(nm) E.(eV) Jos Major MO Assignments

C 570.11 653 2.17 2.20 HOMO — LUMO (99 %)
C1 547.36 2.26 2.08 HOMO — LUMO (98 %)
2 583.75 2.12 2.20 HOMO — LUMO (98 %)
C3 605.89 2.04 1.93 HOMO — LUMO (99 %)
C4 533.49 2.32 2.14 HOMO — LUMO (98 %)
C5 533.67 2.32 2.21 HOMO — LUMO (98 %)
C6 613.83 2.01 1.63 HOMO — LUMO (97 %)
Cc7 542.14 2.28 2.20 HOMO — LUMO (98 %)
C8 541.76 2.28 2.2651 HOMO — LUMO (98 %)
Cc9 619.88 2.00 1.7217 HOMO — LUMO (98 %)

605 nm (in gas), showing a greater effect of the end-capped
acceptor having SO3H and NO, groups on each arm in C2,
C3 as compared to CF;3 in Cl and CN in C results. The C6
molecule has a higher ™ value in the solvent and gas phase
with 673 nm and 613 nm, respectively. Possible reasons for
the shift to higher A™** values include the extended conjugation
present in IC-2F end-capped acceptors with the NO2 group of
the C6 molecule, and the presence of electron-withdrawing 2F
groups. The proposed C9 molecule exhibits the most significant

A" values of 619 nm and 681 nm amongst C, C1-C9, which are
correspondingly 49, and 81 nm more prominent in contrast to
reference in the gas and the solvent. The joint action of IC-
2Cl (end-capped) of C9 containing NO, groups and prolonged
conjugation successfully shifts the A™** to a higher value. Com-
pared to end-capped acceptors of C, CI-C8 molecules, C9
results verified the greater tendency of its end-capped acceptor
units due to wide conjugation and durable pulling character.
97 % transition originated in HOMO — LUMO is observed
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in the solvent phase and > 97 % transition from
HOMO — LUMO in the gas phase is noted in all the studied
molecules. The optical results make it abundantly clear that
designed C1-C9 molecules exhibited comparable and better
results than the reference C. The non-toxic functional groups
usage in designed compounds give them an edge over toxic
CN based reference C molecule, hence, have a strong proclivity
to excel as photovoltaic aspirants for building up highly efficient
environmentally friendly, low cost solar cells devices.

7. Open circuit voltage

V. 1s a critical parameter in determining the maximum oper-
ating capability of OSCs. V. values can be utilized to estimate
the functional ability of OSCs. The V. is a term that refers to
the maximum amount of electric current that can be drawn
from an optical device (Tang and Zhang 2012). Different fac-
tors also affect the values of V. such as light intensity, the
temperature of solar cell device, types of materials. energy
levels, and working functions of the electrodes. Equation (3)
(Scharber et al., 2006) calculates V. values of C and C1-C9.

Voc = (|E]P){0MO - |Efumo|) -03 (3)

The LUMO and HOMO Voc’s value is contingent on the
acceptor and donor concentrations, so they play a pivotal role
in the calculation. The probability of electron transfer from the
donor’s HOMO level to the acceptor’s LUMO level increases,
leading to better Voc when the acceptor’s LUMO is located

-5.49 {
H H

lower in the energy level spectrum. A narrow-bandgap donor
polymer PTB7-Th is used to manufacture inverted BHJSCs
because of the absorption spectrum’s energy level matching
and significant complementarity. The equation (3) results cal-
culated regarding HOMOptg7.1h ~LUMO,ccepior Eg is Visible
in Fig. 5.

The values of V. for molecules C, C1-C9 are computed as
1.67, 1.80, 1.50, 1.26, 1.83, 2.05, 1.23, 1.72, 1.94, 1.14 V corre-
spondingly. The declining V., order for CI-C9 is
C5>C8>C4>Cl>C7>C>C2>C3>C6> C9. Designed
molecules C2 and C3 exhibit slightly smaller V. results than
the reference C molecule. C5 molecules depict a higher V.
value than reference C molecule, while C9 has the lowest value
of V.. than other molecules. On the other hand, C1, C4, and
C8 molecules have high open circuit voltage than C. Results
exposed that V. in C8 and C5 molecules is higher than the ref-
erence molecule. Overall, C5 depicts the highest V. value
2.05 V, which is 0.38 V" greater than C. These findings suggest
that C1-C9 molecules with non-toxic groups have comparable
and better V. results than the C molecule with toxic func-
tional group, hence, can be potentially used for the construc-
tion of environmental friendly solar cells.

8. Transition density matrix (TDM) heat map analysis

TDM analysis explains solar cell performance by calculating
the density of electron transfer from donor to acceptor moi-
eties via-conjugation, as well as donor and acceptor functional
group interaction in the excited state and electron hole local-

-5.74 . -6.03
H H H

Fig. 5 The Voc results of the reference C and the designed C1-C9 compounds. The output files of the designed compounds were

computed by Gaussian 09 version D.01.
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ization. As hydrogen atoms play such a minor role in such
transitions, they are often neglected (Tahir et al., 2020). The
C and CI1-C9 molecules are classified into three types: core
(D), acceptor (A), and bridge (B). Fig. 6 illustrates the TDM
results for C and C1-C9. The number of atoms that can be
found in each of these molecules can be seen in the diagram’s
left side and bottom right corner.

All molecules exhibit charge coherence as depicted by TDM
diagrams. Electron coherence in the diagonal transfer is per-
ceived in all the investigated molecules. It substantiates the fact
that charge coherence was effectively transferred from the
donor to the bridge, allowing electron density to change with-
out being trapped in the end group acceptors. Fig. 6 represents
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A 0.0033
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D 0.0024
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0.0016
A
0.0012
B
0.0008
D -0.0004
L 0.0000
00043
0.0039
+0.0035
A
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D i
0.0022
A
0.0017
B
0.0013
0.0009

0.0004

- 0.0000

Fig. 6

the distribution of charges in TDM maps, which is essential for
developing OSCs.
The hole-electron overlap maps are presented in Fig. 7.

9. Exciton binding energy (E,)

Another critical thing to consider when evaluating optoelec-
tronic properties is binding energy. By lowering the columbic
force amongst electrons and holes, decreased binding energy
enhances the exciton dissociation. The binding energy (Ey) is
calculated by equation (4), and the findings are shown in
Table 4:

0.0044
I 0.0040

A t 0.0036
- 0.0031
- 0.0027
D [

A + 0.0022
L 00018

B
00013
0.0009

D
0.0004
0.0000
0.0033
I(J 0029
A 0.0026
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D
0.0016
A 0.0013
B 0.0010
0.0007

D
0.0003
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“Transition Density Matrix (TDM) heats maps of C and C1-C9 at S1 state. They were prepared with the help of Multiwfn 3.7

software (http:// sober eva. com/ multi wfn/). All the output files of designed compounds were completed by Gaussian 09 version D.01

(https:// gauss ian. com/ g09ci tation/)”.
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Fig. 6 (continued)

E/J = EH—L - Eopt (4)

Calculations show that C has a binding energy of 0.38 eV
The E values of CI1-C9 are noted as 0.39, 0.41, 0.40, 0.39,
0.41, 0.44, 0.38, 0.40 and 0.46 eV correspondingly. Hence pro-
ven that all designed moieties have a comparable value of
binding energy. Out of all the suggested molecules, C7 has
the lowest Ey. Since the lower the binding energy, the higher
the charge transfer rate because lower E, assists exciton disso-
ciation by breaking the columbic forces between the hole and
the electron. That’s why C7 molecule can act as the best accep-
tor molecule among proposed molecules for solar cell applica-
tions. Overall, proposed compounds hold comparable to
reference C molecule E, values. These results also support
our end-capped modification strategy for building simple and
low-cost non-fullerene environmentally friendly photovoltaic
materials by improving device current density and PCE.

10. Reorganization energy

The overall charge transfer between a molecule’s donor and
acceptor segments is estimated using overall reorganization
energy. The overall reorganisation energy is comprised of both
the internal reorganisation energy (A;,,) and the external reor-
ganization energy (A.). Internal structural changes are
explained by A;,, while the impact of polarization on the exter-
nal environment is demonstrated by A.y. Variations in the sol-
vent of the surrounding media have been ignored in this study,
which exclusively considers the internal reorganization energy
of conjugated complexes.

It is possible to make use of the Marcus equation, which is
utilised to quantify the amount of energy consumed whenever
there is a change in the molecular geometry. When the molec-
ular geometry shifts from neutral to charged species or from
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0.0053
64
0.0048
57
- 0.0042
A
50 7
I 0.0037
43  0.0032
D 36 0.0027
A 29 - 0.0021
22 0.0018
B )
15 0.0011
D
8 0.0005
) 0.0000
Hole
Eleclron
Overlap
A B A D A
Hole
Eleclron
Overlap
0.000
Hole - 8
i 0041
Eleclron 0.029

Gverlap

. 0.015
0.000

Hole
Eleclron

Overlap

Hole
Elecelron

]
Overlap i [ 0.000

co
[s+]
>
c

Hole
Eleclron

Overlap

-0.0040
0.0036
A 0.0032
0.0028
0.0024

D
0.0020

A
0.0016
B 0.0012

0.0008

0.0004

0.0000

0.092

.0
0.018
0.000

e
Hole S0l
Eleclron
Overlap -

0.000
Hole

Eleclron

Overlap
0.000

1 s} 15 29 36 43 50 o7 64
D A D A
CS
Hole
Eleclron
Overlap
0.000
1 B 1% 22 29 36 43 50 57 64
A B A D A
Hole
Eleclron
Overlap ot
T 0000
1 8 15z 29 36 43 00 97 64
D B A D A
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Table 4 Calculated HOMO-LUMO energy gap Ey 1, Eqpt
first singlet excitation energies, and the exciton binding energies
(Ev).

Molecules EyL (eV) Eope (€V) E, (eV)
C 2.45 2.07 0.38
C1 2.55 2.16 0.39
C2 2.42 2.01 0.41
C3 2.29 1.89 0.40
C4 2.61 2.22 0.39
C5 2.64 2.23 0.41
Co 2.28 1.84 0.44
C7 2.56 2.18 0.38
C8 2.59 2.19 0.40
9 2.27 1.81 0.46

Table 5 Reorganization energy of electron and hole for
investigated molecules.

Molecules Ae (€V) [c] A [d]

C 0.0063 0.0072
C1 0.0097 0.0087
2 0.0176 0.0109
C3 0.1189 0.1152
C4 0.0113 0.0090
C5 0.0122 0.0085
Cé6 0.0099 0.0087
C7 0.0144 0.0044
C8 0.0117 0.0083
C9 0.0098 0.0086

[c] reorganization energy of electron [d] reorganization energy of
hole.

charge to natural, energy is expended, and this can be quanti-
fied using the Marcus equation.

42 1\
ke = (7) k2 (mskT) Z exp (=

AG-Js + VI(W,)?
X €Xp <T<>> (5)

LUMOAcceptor I:>

In equation (5), kgr is the transfer rate of electrons. The
electronic coupling present among various states is denoted
with symbol T, the electron A, and hole A, reorganization
energy values of C and Cl1- C9 are computed and the results
are mentioned in Table 5.

It can be seen from Table 5 that A, and A, values are extremely
promising. The A, value of C is computed as 0.0063 eV, while
designed molecules: C1, C2, C3, C4, C5, C6, C7, C8 and C9
are found to have 0.0097, 0.0176, 0.1189, 0.0113, 0.0122,
0.0099, 0.0144, 0.0117and 0.0098 eV A. values respectively.
The increasing order for A, values of C and C1-C9 is found to
be
C<Cl<(CI<Co<(C4<(C8<C5<C7T<(C2<C3.In
terms of electron reorganisation, the C1 molecule and the refer-
ence molecule are comparable. Whereas A, values of other mole-
cules are higher than reference molecule. The A;, value of C is
calculated as 0.007262 eV. Whereas, 0.0087, 0.0109, 0.1152,
0.0090, 0.0085, 0.0087, 0.0044. 0.0083,0.0086 eV are the Ay, val-
ues that are detected in proposed compounds C1-C9 corre-
spondingly. The A, values order is found to be
CT<C<C8<C5<C9<Cl<C6<C4<(C2<C3. In
this ranking, it can be seen that all of the designed molecules,
with the exception of C7, have greater hole mobility than the
C reference molecule. The Ay, value of C7 is low than the refer-
ence and all other designed molecules. This low hole mobility
of C7 might be due to the CF; group. The preceding discussion
has established that some compounds are excellent candidates
for hole and electron mobilities. These calculations revealed that
these acceptors could be better hole transporters.

11. Charge transfer analysis

Charge transfer analysis was used to support the discovery of
improved electron transport mobilities in the examined com-
pounds. Charge transfer is investigated using the NO,-
containing C3 molecule, and complex formation with the poly-
mer PTB7-Th is then performed because of the smaller
HOMO-LUMO energy gap values between these two species.
The optimized shape of the C3: PTB7-Th complex suggests
that the orientation of C3 and the polymer PTB7-Th in terms
of electron transmission is particularly interesting. The C3

<}:| HOMOprur 1

Fig. 8 Charge transfer HOMOp1g7.1h-LUMO pccepior 3 blend. The images are made with the help of GaussView 5.0 and Gaussian 09

version D.01.
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molecule and the center section of the PTB7-Th polymer are
positioned parallel to each other, aiding in the efficient transfer
of charge between the donor and the recipient units. The FMO
diagram (Fig. 8) indicates that the charge density for HOMO is
concentrated on the PTB7-Th donor polymer, while that for
LUMO is concentrated on the C3 acceptor molecule. Donor
and acceptor components undergo charge transfer, as evi-
denced by the HOMO and LUMO distribution patterns,
which is a substantial proof of charge shifting between two dis-
tinct moieties.

12. Conclusion

Herein, we devised a fluorene-based series (C1-C9) of environmental
friendly organic solar cells (EFOSCs) by replacing toxic — C=N of
2-(6-0x0-5,6-dihydro-4H-cyclopenta[c]thiophen-4-ylidene)malononi
trile (TC) present as an end-capped acceptor in DTC-7-F with non-
toxic electron-withdrawing groups -CF;, -SO;H, —NO,. The results
of the proposed molecules are found to be comparable and even better
than the reference C molecule. Reduction in the energy band gap of up
to 0.15-0.17 eV than C (2.44 eV) is observed in designed molecules C3,
C6, and C9 with band gap values of 2.29 eV, 2.28 eV, and 2.27 eV
respectively. Molecules with lower energy gaps have NO, electron-
withdrawing groups. C9 molecule containing IC-2Cl with NO, groups
exhibited a robust red shift in both the solvent (681 nm) and the gas
phase (619 nm) than reference 600 nm (solvent) and 570 nm (gas
phase) values. DOS analysis confirms that donor moiety in C1-C9 con-
tributes a more significant percentage to HOMO and a smaller portion
to LUMO and vice versa. The open circuit voltage is the most critical
component to consider while assessing OSC efficiency. C5 exhibited
the highest V. 2.05 V with respect to HOMOprg7.th—LUMO, cceptor-
The lowest value of binding energy (Eb) was found to be in
C7 = 0.38 ¢V. Finally, the reorganization energy values revealed that
the proposed C-series is an excellent option for producing EFOSCs.
This research shows that the proposed fluorene-based cyano (—C=N)
free NFAs materials are better and should be used to construct simple
and low-cost non-fullerene environmentally friendly organic solar
cells. This report also outlines an effective strategy for designing envi-
ronmentally friendly organic solar cells by substituting non-toxic
electron-withdrawing groups (-CF3, -SO3H, —-NO, groups) for toxic
CN groups. It could pave the way for future research to speed up
the development of environmentally friendly solar cells.
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