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Evaluating Zn-Porphyrin-Based Near-IR-Sensitive
Non-Fullerene Acceptors for Efficient Panchromatic Organic

Solar Cells

Muhammad Usman Khan,®® Muhammad Imran.,'“¥ Muhammad Fayyaz ur Rehman,"
Mohammed A. Assiri,“? Syed Muddassir Ali Mashhadi,”” Muhammad Safwan Akram,*% " and

Changrui Lu*®

Porphyrin-based non-fullerene acceptors (NFAs) have shown
pronounced potential for assembling low-bandgap materials
with near-infrared (NIR) characteristics. Herein, panchromatic-
type porphyrin-based molecules (POR1-POR5) are proposed by
modulating end-capped acceptors of a highly efficient porphyr-
in-based NFA PORTFIC(POR) for organic solar cells (OSCs).
Quantum chemical structure-property relationship has been
studied to discover photovoltaic and optoelectronic character-
istics of POR1-PORS5. Results show that optoelectronic proper-
ties of the POR1-PORS5 are better in all aspects when compared
with the reference POR. All proposed NFAs particularly POR5

Introduction

The annual energy requirement of the world can easily be met
with abundant solar energy that sun provides in just one
hour. From one estimate, current energy consumption from
world’s fossil fuel resources is equal to what sun can provide in
mere 1.5 days.”? Through photosynthesis, nature is getting
advantage of solar energy® by using an organometallic pig-
ment chlorophyll which plays a vital role in capturing solar
energy. Chlorophyll has a porphyrin ring, which is an archetypal
planar heterocyclic chemical, with a metal in the centre®

proved to be the preferable porphyrin-based NIR sensitive NFA
for OSCs applications owing to lower energy gap (1.56 eV),
transition energy (1.11eV), binding energy (E,=0.986 eV),
electron mobility (A.=0.007013E,), hole mobility (1,=0.004686
E,), high 1,,=1116.27 nm and open-circuit voltage (V,.=
1.96 V) values in contrast to the reference POR and other
proposed NFAs. This quantum chemical insight provides
sufficient evidence about excellent potential of the proposed
porphyrin-based NIR sensitive NFA derivatives for their use in
OSCs.

Porphyrins are organic dyes that exhibit distinctive optoelec-
tronic properties because of their eighteen delocalized =
-electrons. They possess high molar absorption coefficients and
remarkable light-harvesting capability, making them an ideal
candidate for incorporation into modern organic solar devices.”
The porphyrin absorption range lies around 400-450 nm in the
soret (blue) band while at 500-650 nm in Q (red) band region
of visible spectrum. These ranges can be simply extended to
near-infrared (NIR) region via use of acceptor-donor-acceptor
(A-D-A) configuration that contains porphyrin as a donor core
in the center.” There are several efficient ways to tune the
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molecular characteristics such as extending the m-conjugated
backbone length, changing the end-capped moieties or insert-
ing different metal atoms into the porphyrin backbone.”
Although significant efforts have been made in synthesizing the
main chain porphyrin polymer, but optoelectronic performance
of porphyrin polymer still lags behind that of other conjugated
polymer systems because of low charge transfer rate and
unfavorable morphology.”

The first example of interpolating dangling side chain of
porphyrin into backbone of polymer has been reported by
Chao etal® with a remarkable power conversion efficiency
(PCE) of 8.6% due to enhancement of light harvesting ability of
the polymer. Moreover, Peng group synthesized A-D-A config-
ured a set of porphyrin core donor compounds in which
rhodamine and diketopyrrolopyrrole electron withdrawing units
were attached to both sides of the central core. Organic solar
cells (OSCs) based on the fabrication of these porphyrin
derivatives with PC;,BM or PC;,BM acceptor provided over 8%
PCE The development of porphyrin-based acceptors have
gained increasing consideration over the years," where several
efforts have been made on re-designing dyes with better
electron withdrawing units which resulted better harvesting of
light. For instance, Li etal. synthesized four new porphyrin
molecules PBI-Por by incorporating perylene diimide (PDls)
units into porphyrin ring via Sonogashira coupling to obtain a
wring type assembly. A noticeable PCE of 7.4% was achieved
by blended PBI-Por with PBDB-T donor but it still suffered from
insufficient light harvesting beyond 700 nm.!"?

Electron deficient units termed as 2-(3-oxo-2,3-dihydroin-
den-1-ylidene)-malononitrile (IC) and 2-(5,6-difluoro-3-oxo-2, 3-
dihydro-1H-inden-1-ylidene)-malononitrile (FIC) have shown
promise or tailoring A-D-A type NFAs with un-fused or ladder
type backbones."™ It was noticed that the introduction of IC
and FIC unit not only maintains the molecular planarity of
backbone but also is responsible for efficient intermolecular
charge transfer (ICT) leading to red-shifted absorption." Lately,
various acceptors containing ladder like backbone with IC and
FIC end-caped moieties have been investigated and their results
indicate that such acceptor molecules can stack to one another
through FIC and IC unit." Lin et al. designed three porphyrin
cored acceptors by linking thiophene-FIC group at meso
position through a single bond in 2019."" But these non-
fullerene acceptors (NFAs) lack absorption above 600 nm due to
free rotation of the single bonds that decreases the transfer of
energy across the FIC and the porphyrin group.

In order to obtain panchromatic absorption, Wang et al.
purposed a strategy of introducing ethynyl linkage to build new
A-D-A types porphyrin core molecules. The ethynyl linker was
correctly anticipated to improve the molecular planarity
effectively extending the absorption spectra to harvest sunlight
to NIR region. Therefore, two panchromatic porphyrin deriva-
tives PORTIC and fluorinated PORTFIC were synthesized,"” with
porphyrin as a central core, thiophene and ethynyl linkage as a
bridge and IC, FIC end-capped acceptor units respectively. The
effect on various electron-pulling units (H, F) on their analogous
optoelectronic properties were investigated by Wang et al."”
The changing of H in PORTIC with F in PORTFIC significantly

17]
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affected the photovoltaic properties. Therefore, taking clue
from this substitution, we planned to further substitute the
end-capped acceptor of PORTFIC with various reported elec-
tron-pulling end-capped groups and develop new porphyrin-
based near-infrared (IR) sensitive NFAs with better photovoltaic
efficiency. Quantum chemical calculations using density func-
tional theory (DFT) and time dependent DFT (TDDFT) have
been performed to compute the optoelectronic properties of
newly developed and reference molecule. The developed
molecules with better photovoltaic characteristics have been
recommended for constructing high-performance porphyrin-
based near-IR sensitive NFAs.

Computational procedure

Calculations in current investigation are executed employing
Gaussian 09 W' and GaussView 5.0 program.'® Six widely
reported and opted functionals for optoelectronic features
estimation® were tested to find the most suitable one for
entire quantum chemical calculations of current study. The
range of functionals include the global hybrid GGA method
B3LYP, range-separated corrected methods ®wB97XD, CAM-
B3LYP, LC-BLYP, meta-hybrid GGA method M062X and hybrid
functional MPW1PW91. Therefore, reference molecule
PORTFIC's"” (POR) optimization was firstly done using B3LYP,?"
wB97XD,* MPW1PW91,%* LC-BLYP,”¥ CAM-B3LYP,” and M06-
2X2¥ functionals. For H, C, N, S, O and F, 6-31G(d,p) basis set
was adopted. Whereas, SDD (Stuttgart/Dresden double-£) and
LANL2DZ basis sets were adopted for metal atom (Zn). At same
DFT-functionals/6-31G(d,p)/SDD and DFT-functionals/6-
31G(d,p)/LANL2DZ combinations, stability of the optimized
geometries was confirmed because of the absence of imaginary
frequency. The absorption maximum of POR was computed
using TDDFT calculations on above mentioned levels of theory
and basis set combinations. The twenty lowest singlet-singlet
excitation energies were estimated form TDDFT computations.
The solvent effect was computed using the conductor-like
polarizable continuum model (CPCM).?” The good harmony of
DFT computed absorption maxima with experimental 4, of
PORTFIC'” is detected with CAM—B3LYP/6-31G(d,p)/LANL2DZ
combination. Consequently, it was selected for estimating the
optoelectronic features of reference (POR) and the developed
(POR1-POR5) molecules. Frontier molecular orbital (FMO)
analysis, density of state (DOS), overlap density of state (ODOS)
analysis, optical characteristics, open circuit voltage (V,),
transition density matrix (TDM) and charge transfer analysis
were performed using CAM-B3LYP/6-31G(d,p)/LANL2DZ combi-
nation. Similarly, photophysical features of POR1-POR5 mole-
cules were predicted by estimating the lowest 20 excited states
employing TDDFT/CAM-B3LYP/6-31G(d,p)/LANL2DZ combina-
tion.

Charge mobilities mainly rely on reorganization energy. The
A deals with swift internal environmental changes while, 4.,
represents external environmental transformations of various
kinds and can be ignored due to its negligible role in this
context. In this study, we only deal with 4,,, which depends on

© 2022 The Authors. Published by Wiley-VCH GmbH
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hole (1,) and electron (1,) reorganization energies, which are
calculated using equations 1 and 2.2

de=[E; —E_]+ [E° —E) (1)
M= [E —E]+ [E] —E 2
Where E° and E° are the anionic and cationic optimized

+
geometries energy values in neutral state. The superscript 0 in

E°+ and E° represents neutral state. E, is single point energy at
ground state. £/ and E; represent energy of neutral molecule
in cation and anion states correspondingly. The E_ and E_ and
are the energy value that of optimized anions and cations
separately.””

The PyMolyze 2.0,°% Origin 8.0, Avogadro,®” Chemcraft,?
and Multiwfn 3.7 program®® were employed for elucidating the
data from output files.

Results and discussion

An effective molecular designing strategy for NFAs is to increase
the intramolecular charge transfer and abridging the energy
gap.®¥ Visible light accounts for less than 50% of the solar
energy, while the rest is largely in the form infrared radiation
which is not captured by the modern solar cells. This study aims
to expand the photovoltaic and optoelectronic properties of
porphyrin-based NIR sensitive NFAs via modification of end-
capped acceptor units. For this, a newly synthesized porphyrin-

based NFA PORTFIC"” is modified (Figure 1) to design better
photovoltaic precursors using (5,6-difluoro-2-methylene-3-oxo-
2,3-dihydro-1H-inden-1-ylidene)methanedisulfonic acid (P1), 3-
(dinitromethylene)-5,6-difluoro-2-methylene-2,3-dihydro-1H-in-
den-1-one (P2), 2-(5,6-dichloro-2-methylene-3-oxo-2,3-dihydro-
1H-inden-1-ylidene)malononitrile (P3), 1-(dicyanomethylene)-2-
methylene-3-oxo0-2,3-dihydro-1H-indene-5,6-dicarbonitrile  (P4)
and methyl 6-cyano-1-(dicyanomethylene)-2-methylene-3-oxo-
2,3-dihydro-1H-indene-5-carboxylate (P5) end-capped groups
present in POR1, POR2, POR3, POR4 and POR5 molecules,
respectively (Figure 1).

In all developed NFAs, central core porphyrin along with
above and below mentioned units act as a donor unit. 2-
ethynyl-5-methylthiophene plays the role of the bridge unit.
The difference between end-capped acceptors P1 and P2 is the
presence of two SO;H in P1 and two NO, groups in P2. The P3
end-capped acceptor contains two Cl and two CN groups. The
end-capped acceptor P4 and P5 is having a difference of CN
and COOCH,; groups respectively. These all units along with
their extended conjugation work collectively to generate
successful ICT among molecules which leads to enhancement
in optoelectronic characteristics of the investigated NFAs. The
reference POR and developed POR1-POR5 molecules structures
are shown in Figure 2. The 1,,,, of reference molecule at number
of DFT functionals and basis set combinations are tested for
opting the finest functional and results are portrayed in
Figure 3.

The experimentally reported A, value of reference POR
molecule is 810 nm." In combination with all levels of theory,

POR1

POR2

Figure 1. Sketch map of new porphyrin-based NIR sensitive NFAs.
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Figure 2. Molecular structures of reference POR and designed molecules POR1-POR5.

1200 - [ DFT/631G(d p)/Lani2dz
[ |DFT/831G(d,p)'SDD
. [ Experimental Value
1000 - — —
E, 800 - -
=
i)
e 600
L2
2
© 400 -
2
200 4
e e e
§ & < N
5 N

Figure 3. Bar chart of 1,,,, value for POR (reference) at different functionals and basis set combinations.
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LANL2DZ exhibit closure to experimental A,, values as
compared to SDD basis set. Overall, Figure 3 indicates that
CAM-B3LYP/6-31G(d,p)/LANL2DZ combination shows 840 nm
Amax Value which is the best agreement with experimental 4,,,,
value among all absorption maximum values computed from
different  functionals.  Therefore, =~ CAM-B3LYP/6-31G(d,p)/
LANL2DZ is nominated for estimating the optoelectronic
characteristics of reference (POR) as well as designed com-
pounds (POR1-POR5).

Geometrical analysis

The geometry optimization of designed compounds (POR1-
POR5) are accomplished at CAM-B3LYP/6-31G(d,p)/LANL2DZ
functional and output geometries POR1-POR5 are presented in
Figure 4. It is manifesting from the optimized geometries of
POR and POR1-POR5 that central core porphyrin, bridge and
few parts of end-capped units are grouped themselves in one
plane. However, to limit the potential energy surface, OCH,
substituted benzyl group on Zn-porphyrin and few parts of
end-capped acceptor arrayed themselves out of the plane. The
effect of end-cap group modifications on structural parameters
is examined by computed bond lengths d; and d, and angles
01 and 62. A generalized scheme that represents the d, d, and
01, 62 of studied NFAs is shown in Figure S1 (Supplementary
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Information). The bond lengths d; and d, connect the
thiophene bridge with end-capped acceptor units P1, P2, P3,
P4, P5 along left and right sides of central core porphyrin
respectively. Similarly, 61 and 02 is the dihedral angle present
between bridge and end-capped acceptor motifs of studied
molecules. The optoelectronic features are notable impacted by
geometrical parameters of molecules. The calculated results of
d, d, and 01, 62 are collected in Table S1(Supplementary
Information).

Results indicate that the d, and d, bond lengths in reference
POR is found almost same 1.4344 and 1.4343 A respectively.
The effect of end-capped modifications shortens the bond
lengths d, and d, in proposed molecules POR1-POR5 that lie
the span of 1.4313-1.4342 and 1.4314-1.4342 A respectively.
Similarly, bond angles 681 and 62 are found close to each other.
Minute difference in bond angles of POR and POR1-POR5 might
due to attachment of thiophene with less sterically restricted
end-capped unit that rotate freely.

Frontier molecular orbital analysis

The photovoltaic efficiency of OSC materials relies on the
positions of HOMO, LUMO and the energy difference between
the molecular orbitals.”™ Photovoltaic performances of the
materials are upgraded through shortening of the energy gap
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Figure 4. Reference POR and designed molecules POR1-POR5 optimized molecular geometries.
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(E;).”¥ The anti-bonding and bonding character of NFAs are
clarified using LUMO and HOMO respectively. The ICT that
reached to the end-capped acceptors from donor core
determines the extent of voltage, current and cell
effectiveness.””” The HOMO-LUMO E, value is accountable for
charge transformations among two molecular orbitals. If Eg will
be lower, charge transformations will be high and vice versa.
The results of individual molecular orbitals (HOMO, LUMO)
energy and their energy gap results can be seen in Table 1.

The Eyyomo and E o Of the reference POR were computed as
—5.40 and —3.55 eV respectively with band gap value of 1.85 eV
(Table 1). The Eyomos and E ymos Of the developed molecules
POR1, POR2, POR3, POR4, POR5 was found to be —4.90, —5.01,
—4.74, —4.62, —4.50eV and -3.16, —3.21, —3.06, —2.98,
—2.94 eV respectively (Table 1). These results show that pro-
posed POR1-POR5 compounds occupy an attractive position in
contrast to the reference POR. Besides the significance of
LUMO, HOMO energies, energy gaps are also vital. The
calculated E, value of POR1 was computed as 1.73 eV which is
0.12 eV lesser when compared to the POR. The lowering in E,
value is due to P1 acceptor unit. The E; value 1.80 eV in POR2 is
found greater than POR1 but smaller than the reference POR
molecule. This indicate the better efficiency of P2 acceptor than

Table 1. The Ejopo in eV, Ejywo in eV and energy gap (E ymo-Eromo) in eV of
POR and POR1-POR5.

Molecules HOMO (Eom0) LUMO (Eymo) Ey=ELumo-Eromo
POR —5.40 —3.55 1.85

POR1 —4.90 —3.16 1.73

POR2 —5.01 —3.21 1.80

POR3 —4.74 —3.06 1.68

POR4 —4.62 —2.98 1.63

POR5 —4.50 —2.94 1.56

the end-capped acceptor unit of POR. 0.17 eV reduction in E,
value is marked in the developed compound POR3 as compared
to POR molecule due to incorporation of P3 end-capped
acceptor unit. The E; value decreases to 1.63 eV (0.22 eV lesser
in comparison to the reference POR) due to better efficiency of
P4. The lowest energy gap value 1.56 eV amongst all the
studied compounds is found in the developed compound
POR5. This might be because of the better electronegativity and
extended conjugation of P5 used in PORS5. Overall, E, values
order is found to be: POR5<POR4 < POR3 <POR1<POR2<
POR. The lower values of E, indicates an efficient designing of
POR1-POR5 and their tendency to transmute greater charges,
which will eventually help to expand the photovoltaic charac-
teristics. Interestingly, all designed POR1-POR5 occupied a
narrower E, in contrast to the reference POR which makes them
superior candidates for developing porphyrin-based NIR sensi-
tive NFAs with remarkable optoelectronic properties.

FMO diagrams were further drawn and portrayed in Figure 5
to understand the charge transfer phenomenon. Studied
molecules have demonstrated ability of charge transfer from D
core to terminal A moieties via m-bridge. The m-bridge is
accountable to provide better rout for intramolecular charge
transfer. In POR and POR1-POR5, HOMO is concentrated on the
central porphyrin core. While, LUMO part is partially available
on bridge 2-ethynyl-5-methylthiophene section and mainly on
end-capped acceptors P1-P5 present in POR1-POR5 respec-
tively. This transmission of charge from central D to end-capped
after passing through bridge unit established a charge separa-
tion state which should ultimately boost the photovoltaic
performances of these newly developed porphyrin-based NIR
sensitive NFAs.

Figure 5. HOMOs and LUMOs of investigated molecules.
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Density of state (DOS) and overlap population density of
state analysis

The DOS and OPDOS analysis was completed for examining
electronic distribution and absorption band in POR and POR1-
POR5 and to support the FMOs analysis. DOS analysis are
considered vital to estimate per unit increase in the energy
levels. DOS values nearing zero indicate absence of the state,
while large DOS values represents the accessibility of numerous
states for a specific energy level. The DOS and OPDOS graphs
portrayed in Figure 6 indicate that modified end-capped
acceptor units had a significant impact on the distribution
pattern around the HOMO and LUMO. To gain better under-
standing of the push-pull mechanisms of the ICT, investigated
molecules POR and POR1-POR5 were separated into acceptor
(A), bridge (B) and donor (D) fragments. These fragments are
indicted with blue, green and red lines respectively on graphs
indicated in Figure 6.

For HOMO of POR, donor, bridge and acceptor units
contribute 60%, 29% and 11% respectively. Similarly, 8%, 17 %
and 75% is the contribution of donor, bridge and acceptor
units towards LUMO of POR. In POR1, donor contributes 78% to
HOMO and 4% LUMO, bridge contributes 12% to HOMO and
14% LUMO, whereas acceptor gives 10% to HOMO and 82% to
LUMO. The donor moiety in POR2-POR5 contributes 62 %, 74 %,
61%, 84%, to HOMO and 7%, 14%, 5%, 6% to LUMO
respectively. The percentage contribution of bridge unit to
HOMO and LUMO of POR2-PORS5 is 19%, 15%, 25%, 10% and
16%, 21%, 8%, 9% respectively. Similarly, acceptor segment
contributes 17%, 11 %, 14%, 6% to HOMO, whereas 77 %, 65 %,
87 %, 85% to LUMO for POR2-PORS5 respectively.

All findings indicate that HOMO density in POR1-PORS5 is
concentrated on the central core donor, whereas, LUMO is
populated on terminal acceptor portion and slight on bridge
unit. The charge density transfers from donor to bridge and
then to the end-capped acceptors represent the successful
intramolecular charge transfer. This is a confirmation of our
effective end-capped alterations strategy to develop new and
efficient porphyrin-based near-infrared sensitive NFAs with
promising photovoltaic characteristics for OSCs applications.

Optical Properties

The optimal design of efficient photovoltaic molecules is
grounded in their favorable optical properties.”® Therefore,
these were investigated for POR and POR1-POR5 are with
TDDFT calculations and results of calculated optical character-
istics (E, Apmaw foe and transition natures) of POR and POR1-
POR5 given in Table 2. The absorption spectrum of POR and
POR1-POR5 is pictographically portrayed in Figure 7.

The TDDFT results showed that the computed value of
840 nm of POR was found practically close to the experimental
absorption (4,,,) value of 810 nm of POR. Structural tailoring of
reference POR molecule with P1 end-capped acceptor unit
significantly altered the optical properties and gave the value of
906 nm A,,,, value for POR1, which is 66 nm red-shifted from

ChemistryOpen 2022, 11, €202200047 (7 of 14)
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Figure 6. The DOS and OPDOS plots of POR and POR1-POR5.

POR (Table 2 and Figure 7). The 4,,, of POR2 is also red-shifted
to 898.82 nm. This implies that P2 end-capped unit performance
for tuning the A,,, value is found greater than reference POR
but minutely smaller than P1 end-capped unit used in PORT.
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Table 2. Computed transition energy (,), maximum absorption wave-
lengths (4,,.,), oscillator strengths (f), transition natures of POR and POR1-
PORS5.

Molecule E, [eV] Amax [(NM] f Major electron
transportation [%]

POR 1.47 840.05 (810)° 272 HOMO—LUMO (89 %)
POR1 1.35 906.50 345 HOMO—LUMO (93 %)
POR2 1.37 898.82 3.03 HOMO—LUMO (86 %)
POR3 1.35 907.45 3.31 HOMO—LUMO (89 %)
POR4 1.37 913.54 1.09 HOMO—LUMO (87 %)
POR5 .1 1116.27 1.21 HOMO—LUMO (97 %)

[a] Exp. value in parentheses is from the reference."”

The efficiency of P3 end-capped acceptor was found to be
marginally better in red shifting the A, value of POR3 to
907.45 nm than reference molecule. End-capped modification in
POR4 made augmented the optical properties and shifted the
Amax Value to 913.54 nm. End-capped substitution is considered
as a very good approach in designing novel NFAs and has
definitely proven itself in POR5 where highest red-shift in 4,,.,
value to 1116.27 nm is noted among all studied compounds
(Table 2 and Figure 7). The extension in 4,,, values as compared
to reference molecule indicate that all designed POR1-POR5
molecules occupied near-infrared (NIR) sensitive absorption
region. Currently, expansion of NIR spectrum utilized light-
harvesting systems have extensive importance. In organic
photovoltaics, the active layer’s absorption spectral range is
broadened by introducing NIR photoelectric materials, which
results in the adequate handling of the solar spectrum for
efficiently augmenting the photon-harvesting ability. The

photoelectric conversion efficiency and the short-circuit current
of the devices are promoted using NIR materials introduction
strategy.® These NIR materials based photovoltaic devices own
the numerous aspects of heat insulation, power generation,
light transmission, which can be used in self-powered green-
houses, automobiles, and on facades of buildings.*” The NIR
absorbing features of investigated compounds indicate that
they have a great potential to become excellent photovoltaic
materials for manufacturing solar cells devices.

Excitation energy (E,) is another vital factor which evaluates
the photovoltaic efficiency of NFAs. Usually, good efficiency in
solar cell is exhibited by the molecules containing low
excitation energy. The calculated E, parameters of the reference
and developed POR1-POR5 NFAs were found to be 1.47 eV and
1.35, 1.37, 1.35, 1.37, 1.11 eV respectively. It's quite fascinating
that all the modified compounds demonstrated lower excitation
energy in contrast to the POR thus endorsing the effective
potential for developing porphyrin-based near-infrared sensitive
NFAs.

Open circuit voltage

To estimate the OSCs effectiveness, competency of the device
and to govern the entire current drained from the device, V,, is
employed.” In other words, maximum voltage provided by the
solar cell is represented in term of V,. Recombination amount
in OSCs is measured with the assistance of V,. Scharber's
equation™” utilization of the HOMO of donor and LUMO of
acceptor for the measurement of V,. is determined as follows:

1.6x10° -
1.4x10° !
1.2x10° y
1.0x10° -
8.0x10*
6.0x10%
4.0x10* '
2.0x10¢

Molar absorption coefficient (¢) cm-!

1000

1500 2000 2500 3000

Wavelength (nm)

Figure 7. The UV-Visible absorption spectra of POR and POR1-POR5.
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Voc = (}E30M0| - }Efumo}) —03 (3)

Since the investigated molecules POR and POR1-POR5 are
the acceptors, therefore, established PTB7-Th polymer is used
as donor to make blend with the developed acceptor
molecules. The V., results obtained from Scharber’s equation 3
in accordance with HOMOprg;.7, -LUMOp cepror €NEIGY gaps are
represented in Table 3.

It is clear from Table 3 that V. for reference POR molecule is
found to be 1.35 V. Due to lower energy gap, better absorption
maximum values and lower transition energy values in all
designed molecules than the reference POR, the V,. of all
modified compounds is found superior than the reference POR.
The V. for the newly developed POR1-POR5 are computed
1.74, 1.69, 1.84, 1.92 and 1.96 V respectively. The highest open
circuit voltage value is exhibited by POR5. The decreasing order
of V,. for entitled NFAs is found to be POR5>POR4 >POR3 >
POR1 >POR2 > POR. This order matches well with their above
mentioned electronic and optical properties. It is generally
considered that for achieving high conversion efficiency, high
V.. results are known to be important. Higher Voc values
represent the larger voltage obtained from solar cell, high
conversion efficiency and vice versa. All developed molecules
POR1-POR5 of studied family with greater than reference V,.
values can be considered as better entrants for achieving
maximum voltage from solar cell and high conversion efficiency
as compared to POR.

Reorganization energy

The organic solar cells performance and charge mobilites are
estimated using hole and electron reorganization energies to
evaluate the necessary relationship between the structure of
molecules and the charge transportation. Charge mobilites are
inversely related to the reorganization energy, thus, lower

Table 3. V,. of studied acceptor molecules with respect to PTB7-Th donor
polymer.

Molecule Epono Euvo Ve

POR —5.20 —3.55 135
POR1 -5.20 -3.16 1.74
POR2 —5.20 —-3.21 1.69
POR3 -5.20 —3.06 1.84
POR4 —5.20 —2.98 1.92
POR5 -5.20 —2.94 1.96

Table 4. Reorganization energy (in E,) of electron and hole for POR and
POR1-PORS5.

Molecules Ao [EN] An [ER]

POR 0.007939 0.006674
POR 1 0.007702 0.006412
POR 2 0.007821 0.006507
POR 3 0.007678 0.006090
POR 4 0.007261 0.005992
POR 5 0.007013 0.004686
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reorganization energy values result in higher charge mobilities
and vice versa. The calculated reorganization energy values
with respect to equations 1 and 2 are given in Table 4.

The A, and 4, values of reference POR molecule are
computed as 0.007939 E, and 0.006674 E, respectively. End-
capped acceptor P1 in POR1 lowers the A, and 4, values to
0.007702 and 0.006412 E, respectively. Similarly, P2 end-capped
acceptor successfully lowers the A, and A, values in POR2 as
compared to reference POR but these values are slightly greater
in contrast to POR1 indicating the better hole and electron
mobilities than the reference but less than POR1. Further
reduction in A, and 4, values of compounds POR3, POR4 and
POR5 are noted as compared to the reference POR, exhibiting
the effectiveness of P3, P4 and P5 end-capped acceptors.
Interestingly, all designed molecules were found with lower 4,
and 4, values than the reference POR, where POR5 had the
lowest 4, and 4, values with 0.007013 E, and 0.004686 E;. The
trend of A, and 4, values among all of the newly developed
porphyrin-based NFAs (POR1-PORS5) is: POR5 < POR4 < POR3 <
POR1 <POR2 <POR and POR5 < POR4 < POR3 < POR1 < POR2 <
POR correspondingly. It is evident from this order that the
newly proposed molecules have great potential to become
efficient hole and electron transport materials in solar cells
devices.

Transition density matrix (TDMs) analysis

To comprehend the diverse excited state charge transitions
especially from ground (S,) to an excited (S,) state present in
investigated molecules, TDMs investigation was performed.®*
The transitions of charge on each atom is represented in the
heat map as vertical band of colors (Figure 8). The charge
density, hole-electron coupling and position of electrons and
holes are also elucidated from TDM analysis and indicated in
Figure 9. The number of atoms of each investigated molecule
except hydrogen which is neglected due to little contribution
can be seen on the vertical and horizontal axis.

The TDM map shows the coherence of electrons. The POR
and developed POR1-POR4 molecules are very similar in terms
of charge distribution with strong charge density on central
donor unit porphyrin ring. The transitions of charge initiate
from atoms 1-21 of the porphyrin ring. The charge shifts to
atoms 25-37, which is the bridge portion of the reference and
designed molecules. Following on the atom numbers >51are
the acceptor unit attracting the charge density creating an
intramolecular charge separation state. The behavior of POR5
molecule is different as compared to other designed molecules,
where a diagonal charge transfer is observed and significant
charge destiny is found on the end-capped acceptor. This
indicates the effectiveness of end-capped acceptor P5 used in
POR5 in withdrawing the charge density from the central core
to itself. It can be seen in all the molecules that when central
core porphyrin unit is augmented with the end-capped accept-
ors P1-P5, charge density flow lingers successfully inside the
entire molecule. These TDM studies show that developed

© 2022 The Authors. Published by Wiley-VCH GmbH
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Figure 8. Transition density matrix of POR and POR1-POR5 from ground (S,) to an excited (S,) state.

molecules especially POR5 could be a superior contender as an  Exciton binding Energy (E,)

acceptor material for OSCs applications.
Binding energy is also considered as a promising aspect for
estimating the optoelectronic assets of OSCs which aids in the
explanation of exciton dissociation capacity.“? The E, analysis is
used to measure the hole-electron Coulombic interaction,
where high interactions are found in molecules with low E,

ChemistryOpen 2022, 11, e202200047 (10 of 14) © 2022 The Authors. Published by Wiley-VCH GmbH
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Figure 9. Electron-hole overlap transition density matrix of all studied molecules in excited state.
Ey = EpiEverticar (4)
values, resulting in higher current density and thus enhancing e
PCE of OSCs devices. Equation 4 is utilized to calculate the E,
which is the difference of energy gap and first singlet vertical The E, of reference POR molecule is noted as 1.232eV. In
excitation energy obtained from TDDFT calculations, the results ~ designed molecule POR1, the E, value is found to be higher
are mentioned in the Table 5. than the reference molecule indicating the lower hole-electron

coupling as shown in Figure 10. All modified compounds except
POR1 exhibit lower E, values than POR indicating the strong

Table 5. Binding energy (£,) values in eV for investigated molecules POR hole and electron columbic interaction. These values are 1.229,
POR1-PORS. )

and PORT-PORS 1117, 1.033 and 0986 eV in POR2, POR3, POR4 and PORS
Molecules Bui [eV] Euerical [€V] E, [eV] respectively. The lowest binding energy value is computed for
POR 1.85 0.617 1.232 POR5 which makes it comparatively the most efficient. The
POR1 1.73 0.575 1154 order of E, is reported as POR5 < POR4 < POR3 < POR2 < POR <
POR2 1.80 0570 1.229 PORT which sh the effecti ¢ th 4 end
POR3 168 0262 1117 which shows the effectiveness of the proposed end-
POR4 1.63 0.596 1.033 capped acceptor units.

POR5 1.56 0573 0.986
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Figure 10. Optimized geometry of PTB7-Th:POR5 blend.

Charge transfer analysis of acceptor POR5 and polymer
PTB7-Th as the donor

Charge transfer analysis is used to confirm the applicability of
the designed molecules in bulk heterojunction materials, they
are modelled into a layer with a known and well characterized
donor. POR5 molecule owing to its lowest £, lowest E,, lowest
E,, lowest 4, and 4, NIR 4,,,, , and highest V,. values among all
investigated systems was selected for charge transfer analysis
with established PTB7-Th™¥ polymer is made and PTB7-
Th:POR5 complex has been optimized. The PTB7-Th:POR5
complex optimized geometry is given in Figure 10. The position
of PTB7-Th is below and PORS5 is at top in the Figure 10. For
electron transfer procedure, the orientation of PTB7-Th:POR5
complex is also supportive. The parallel orientation of central
parts of POR5 and PTB7-Th promotes the transfer of charge
among donor and acceptor moieties.

The FMO analysis of PTB7-Th:POR5 complex indicated that
HOMO charge density in PTB7-Th:POR5 blend is present on
donor PTB7-Th polymer (Figure 11). While, LUMO portion in
PTB7-Th:POR5 complex is found on acceptor POR5 molecule.
The transmission of charge density from donor to acceptor layer
in PTB7-Th:POR5 blend is a strong indication for utility of
designed molecules in practical solar cell applications.

Conclusion

An interactive design computation of porphyrin-based NIR
sensitive NFAs has been proposed herein to be used in highly
efficient panchromatic organic solar cells applications. Results
conclude that abridged energy gap in span of 1.80-1.56 eV is
found in proposed compounds when compared with the
reference’s POR of 1.86eV. This is due to the extended

LUMO (POR5)

HOMO (PTB7-Th)

Figure 11. HOMO and LUMO distribution patterns on PTB7-Th and POR5 of PTB7-Th:POR5 complex respectively.
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conjugation and better electron withdrawing capability of end-
capped acceptors P1-P5 used in the proposed POR1-POR5
molecule. DOS analysis confirms that donor moiety in POR1-
POR5 contributes 789%, 62%, 74%, 61%, 84%, to HOMO and
4%, 7%, 14%, 5%, 6% to LUMO respectively. While acceptor
segment contributes 10%, 17%, 11%, 14%, 6% to HOMO,
whereas 829%, 77 %, 65%, 87 %, 85% to LUMO for POR1-POR5
respectively. Structural tailoring of reference POR with P1-P5
end-capped acceptor units significantly tune the 1., values
which are found red-shifted and in near infrared region 898.82-
1116.27 nm in POR1-POR5 as compared to reference POR
840.05 nm. All proposed molecules also exhibit lower excitation
energy values 1.37-1.11 eV than POR’s 1.47 eV with 86-93%
electron transportation from HOMO—LUMO. Maximum current
with respect to HOMOg1g;.71,-LUMO, cepor Can be withdrawn from
proposed molecules is proven from open-circuit voltage results
which are found to be V,,=1.74, 1.69, 1.84, 1.92,1.96 V for
POR1-POR5 respectively and better in contrast to the refer-
ence’s V. at 1.35 V. The 4, and 4, values successfully lower from
0.007939 E, and 0.006674 E, respectively in reference POR to
0.007821-0.007013 £, and 0.006507-0.004686 E, in proposed
molecule POR1-POR5 respectively. TDM analysis confirm that
coherence of charge density in reference POR and developed
POR1-POR4 molecules is almost similar with strong charge
density on central donor unit porphyrin ring. Charge transfer
analysis proved the charge transfer from HOMOpg, 1, to
LUMOgups in PTB7-Th:POR5 blend. All proposed compounds
except POR1 exhibit lower binding energy values than POR
indicating the strong hole and electron columbic interaction.
The energy gap, excitation energy, 4., 4, values are observed in
order of: POR5 < POR4 <POR3 <POR1<POR2<POR which is
exactly inverse to 4, and V,. decreasing order: POR5 > POR4 >
POR3 >POR1>POR2 >POR. As a whole, the designed mole-
cules POR1-POR5 especially POR5 exhibit superior optoelec-
tronic properties than reference POR. Thus, proposed porphyr-
in-based NIR sensitive NFA derivatives are recommended to be
used in panchromatic organic solar cells applications.
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