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ABSTRACT: The realization of 7-deficient acceptors and their donor— =

acceptor copolymers has become a key research focus for the realization of o s Lo

versatile organic optoelectronic materials and devices. Herein, we M e

demonstrate the theoretical design, synthesis, and physicochemical/
optoelectronic characterization of two meso-z-extended/deficient BOD-
IPY building blocks (20D—T2BDY and 20D—TTzBDY) and a library of
donor—acceptor copolymers with low band gap (E, = 1.30—1.35 eV)
based on these building blocks. These building blocks, to the best of our

knowledge, are the first examples of BODIPYs with meso-z-extension. A ~ ® A

library of BODIPY building blocks with varied meso units/substituents is N\ N YN TR
studied to reveal the meso effects on the semiconducting BODIPY’s ;B<

optoelectronic properties. The building blocks showed favorable z- F F

acceptor electronic/structural properties with meso-7-delocalized and

stabilized LUMOs (ca. —3.6 eV) and large ground-state dipole moments

of 49-5.5 D. Consistent with the theoretical/experimental 7-electronic structures, all copolymers functioned as p-type
semiconductors in field-effect transistors and as donor materials in the bulk heterojunction organic photovoltaics. Power conversion
efficiencies of up to 4.4% with a short-circuit current of 12.07 mA cm™* were achieved. This study demonstrates a unique meso-z-
extension strategy to realize BODIPYs with favorable m-acceptor properties, and our findings could open up future materials design
avenues in various organic optoelectronic applications.
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H INTRODUCTION blocks are ester-functionalized thieno[3,4—17]thiophene,26
diketopyrrolopyrrole,””** benzo[1,2-c:4,5-¢']dithiophene-4,8-

Solution-processed bulk heterojunction (BHJ) films of hole-
P ) (BE) dione,””*° benzo[d][1,2,3]triazole,*"** and thieno[3,4-c]-

transporting z-conjugated polymers and electron-transporting

L 33,34 . .
low-LUMO small molecules are indispensable components of pyrrole-4,6-dione. Therefore, the design and synthesis of
organic solar cells possessing the desirable features of being 7-electron-deficient acceptor units and their D—A copolymers
lightweight and flexible and having roll-to-roll processabil- with proper structural and optoelectronic characteristics are
ity.'"~'° A three-dimensional cocontinuous network of these important, especially considering the recent development of
semiconducting materials in BH]J layers has been demonstrated many D—A copolymer donors and nonfullerene small
to yield high photon-to-current conversion efficiencies in molecule/polymer acceptors leading to significant structural

. . 1,11-14 ) . . . 12,14,35—47
organic photovoltaics (BHJ-OPVs). Early studies prior versatility and performance improvements. " In

to 2010"° focused on using functionalized/substituted'®
derivatives of readily available benchmark polymeric z-systems
(e.g, poly(thiophene)'”'® and poly(phenylenevinylene)'**°)
having a single type of m-electron-rich aromatic unit. Recent
studies in the past decade revealed that donor—acceptor (D—
A)-type polymer architectures give the best z-electronic
structures with regard to optical absorption, exciton dynamics,
and charge transport,'"*"** leading to remarkable enhance-
ments of the power conversion efficiencies (PCEs) of over
17%.>%*37% Nevertheless, 7-deficient acceptor building blocks
in the efficient D—A copolymers still span a limited number of
n-frameworks. Some examples of these acceptor building

addition, n-deficient acceptor units and their low-band-gap
D—A copolymers could also offer great potential for use in
other organic optoelectronic technologies such as near-infrared

organic photodetectors and ambipolar transistors.**>*
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Figure 1. (A) Monomeric models for C11-BDY and 20D—TBDY developed in our previous studies’’® and meso-bithiophene-substituted
20D—T2BDY and meso-thiazole-thiophene-substituted 20D—TTzBDY developed in this study. Effect of aromatic substitutions and increasing z-
extension/electron deficiency at BODIPY’s meso positions on the frontier molecular orbital (HOMO/LUMO) energy levels and topographies,
dihedral angles (O pearar); and molecular dipole moments (u) of the BODIPY x core (B3LYP/6-31G** level of theory). Design rationales of the
current meso-7-extended BODIPY—BDT donor—acceptor copolymers and representative HOMO—LUMO topographies for the tetramer model
of P(T2BDY-TBDT) (B3LYP/6-31G** level of theory). (B) Chemical structures of the donor—acceptor copolymers P(T2BDY—TBDT),
P(T2BDY-OBDT), P(T2BDY-TBDT,,—OBDT,;), P(T2BDY-T), P(TTzBDY-TBDT), P(TTzBDY—OBDT), P(TTzBDY-TBDT,,—

OBDT, ), and P(TTzBDY—T) developed in this study.

4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) com-
pounds were first synthesized more than five decades ago, and
they have been a key building block in the last 20 years for the
realization of functional molecules
sensing and bioimaging applications.”” Nonetheless, they
have not played a critical role in organic photovoltaics until
very recently. In the past few years, significant progress has
been made in BODIPY-based D—A copolymers and their
implementation in high-performance BHJ-OPVs. Compared to
simple alkyl-substituted BODIPYs, meso-(hetero)aryl function-
alization has provided key advantages. Following the report by
Chochos et al. and Kim and Ma et al. giving PCEs of 1—

in fluorescence-based

1992

29%°*"7 and our study with PCEs of up to 6.2%,”* Liu et al.>’
and Bucher et al.*’ very recently demonstrated PCEs of ~9—
10% using meso-(hetero)aryl-functionalized BODIPY-based
acceptor units in D—A copolymers (Table S1 for the full list
of BODIPY-based copolymers in BHJ-OPVs). Previous
studies, including our works,"*®" have demonstrated that
BODIPYs yield efficient electron-transport characteristics upon
m-conjugation from their meso positions, while 2,6-7-
conjugation leads to hole transport. Therefore, meso-heteroaryl
BODIPY stands out as an ideal monomer for D—A copolymers
with a low band gap, yielding a hole-transporting polymer 7-
backbone upon copolymerization through the 2,6 positions
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with electrons delocalizing only on the meso-heteroaryl
BODIPYs.

We envision that more synthetic effort could be placed on
developing meso-heteroaryl BODIPYs to further explore their
optoelectronic properties and roles in donor—acceptor
polymers. Our current research direction herein is to further
7 extend this meso-heteroaryl unit and introduce additional 7-
electron deficiency by employing 2,2’-bithiophene and 2-
(thiophen-2-yl)thiazole conjugation units. Two highly soluble
BODIPY-based building blocks (Figure 1, 20D—T2BDY and
20D-TTzBDY) with strong z-acceptor and favorable
structural/electronic properties (e.g., stabilized/delocalized
LUMO, large dipole, and meso-z-coplanarity) were designed,
synthesized, and fully characterized. These building blocks
were synthesized as 2,6-dibromo-substituted monomers to
yield hole-transporting D—A copolymers in linear backbone
geometries. Upon copolymerization with three different donor
comonomers, 2,6-bis(trimethytin)-4,8-bis(5-(2-ethylhexyl)-
thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene (Me;Sn-
(2EHT),BDT-SnMe;), 4,8-bis[(2-ethylhexyl)oxy]-2,6-bis-
(trimethylstannyl)benzo[1,2-b:4,5-b’|dithiophene (Me;Sn-
(2EHO),BDT-SnMe;), and 2,5-bis(trimethylstannyl)-
thiophene (Me;Sn—T-SnMe;), eight different D—A copoly-
mers were prepared. Four of them, P(T2BDY-TBDT),
P(T2BDY-TBDT,,—OBDT, ), P(TTzBDY-TBDT), and
P(TTzBDY-TBDT,,—OBDT,;), were highly soluble in
common organic solvents, showed low optical band gaps (E,
1.30—1.35 eV), and were fully characterized. The semi-
conducting features were investigated in organic field-effect
transistors (OFETs) in a bottom-gate/top-contact geometry,
which revealed clear p-type charge transport for all copolymers.
Photovoltaic devices consisting of these copolymers as donor
materials in the BH]J layer showed PCEs of up to 4.40% with a
J, value of 12.07 mA cm ™2 To the best of our knowledge, this
study shows the first example of meso-7-extended BODIPYs as
potential building blocks for developing low-band-gap D—A
copolymers for use in photovoltaic and other organic
optoelectronic applications. To our knowledge, among the
reported BODIPY monomers, the LUMOs (from —3.50 to
—3.58 eV) of the current building blocks are the lowest.

B RESULTS AND DISCUSSION

Computational Design of the Meso-z-Extended/
Deficient BODIPY Acceptors and D—A Copolymers.
Meso-n-extended building blocks, 20D—T2BDY and 20D—
TTzBDY, were studied with regard to their structural and
electronic characteristics via computational modeling prior to
their synthesis by employing isobutyl substituents to represent
2-octyldodecyl chains. Thus, to obtain a complete picture of
the structural/electronic effects of meso-heteroaryl functional-
ization and meso-n-extension/deficiency on BODIPYs, calcu-
lations ranging from C11—BDY with a meso-alkyl substitution
and 20D—-TBDY with a single thiophene unit to the current
building blocks were performed (Figure 1A). meso-Thienyl
functionalization delocalizes BODIPY’s LUMO, which is
localized mainly on the 2,2'-dipyrromethene z-system in
C11-BDY, toward the meso position and yields an energetic
stabilization of 0.12 eV. However, the HOMO wave function
topography and energy remain unchanged. Consistent with
this original trend, LUMO 7-delocalization further extends into
the meso positions when “2,2’-bithiophene” and “2-(thiophen-
2-yl)thiazole” heteroaryl units were employed, respectively, in
the building blocks 20D—T2BDY and 20D-TTzBDY. In

1993

addition, the LUMO energies decrease by ~0.1-0.2 eV
relative to 20D—TBDY having a single thiophene unit.
Minimal changes were observed in the HOMOs of C11-BDY,
20D-TBDY, and 20D-T2BDY since the corresponding
wave functions are localized only on the 2,2'-dipyrromethene
7-core with a node at the meso position. While the decrease in
LUMO going from 20D—TBDY to 20D—T2BDY originates
purely from meso-7-extension, the energetic stabilization going
from 20D—-T2BDY to 20D—TTzBDY is due to the thiazole
unit’s 7-electron deficiency.”>"®* This meso-7-electron defi-
ciency in 20D—TTzBDY even decreases the HOMO energy
by ~0.07 eV via a negative inductive (—I) effect. The meso-7-
extension/7-deficiency was observed to have a minimal effect
on the dihedral angles (Ozpeqra = 45.5—45.9°) between the
attached meso-heteroaryl unit and the highly coplanar dipyrro-
methane 7-core. This indicates that the steric interactions
between the five-membered thienyl ring adjacent to the
dipyrromethane 7-core determines the extent of this intra-
molecular z-distortion. Note that these dihedral angles are
consistent with those (Qgpedra = 44.9—48.8°) measured in the
single-crystal structures of our previously reported BODIPY-
based molecular semiconductors.’®> On the other hand, a
clear difference was observed between the meso-heteroaryl unit
coplanarities. While the 2-(thiophen-2-yl)thiazole meso unit in
20D-TTzBDY is found to adopt a highly coplanar
(Or_to(dihedral) R 0°) conformation, a larger thiophene—
thiophene dihedral angle of 20.7° exists in 20D—T2BDY.
The planarization of the 2-(thiophen-2-yl)thiazole meso unit is
most likely facilitated by replacing “C—H:--C—H” repulsions
with attractive “N---S” interactions®® and inducing intra-
molecular “conformational lock” in which, as suggested by
Bronstein et al,**®’ the thiazole nitrogen lone pair interacts
with the thiophene’s adjacent carbon—sulfur antibonding
orbital. The ground-state dipole moments of the current
BODIPY building blocks (¢ = 5.49 D for 20D—T2BDY and
4.91 D for 20D—TTzBDY) are calculated to be larger than
those of simple meso-alkyl- or -thienyl-substituted C11-BDY
(u = 3.62 D) and 20D-TBDY (4 = 4.75 D). Since the
positive ends of the dipoles are on the meso-heteroaryl units
and the dipole moment vectors point toward the 4,4'-
difluorine substituents, the increased magnitudes of the
ground-state dipole moments, which are among the highest
in the literature for a 7-acceptor monomeric unit, are clearly a
result of the increased dipolar distance and meso unit
polarizability. We note that some previous studies have
suggested that large dipoles on the m-backbone of D—A
copolymers could enhance interchain dipolar interaction
energies68 and facilitate favorable exciton/charge-separation
characteristics in photovoltaics.®’

In order to understand whether the favorable electronic
properties of the current BODIPY building blocks could be
translated into D—A type polymer s-backbones, DFT
calculations were performed using the benzodithiophene
donor unit for oligomeric model compounds. On the basis
of our calculations, the electronic properties of the D—A 7-
backbone were found to saturate at the tetramer level (Figure
S31); thus, we focus on (D—A), oligomeric models. As shown
in Figures 1A, 4D, S31, and S32, consistent with all of our
design rationales discussed earlier and p- vs n-type semi-
conductivities observed with BODIPYs in the literature,®"’
the polymer 7-backbones show an extensive delocalization for
the HOMO over a number of boron-dipyrromethene and
benzodithiophene units whereas the LUMOs are found to be
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Scheme 1. Synthesis of Meso-z-Extended/Deficient BODIPY Monomers 20D—T2BDY—Br, and 20D—-TTzBDY—Br,
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localized on BODIPY with significant contributions from the
meso-heteroaryl units. This spatial separation observed for the
frontier orbital wave functions along with the large dipoles of
the BODIPY units and the intrinsic charge-transport character-
istics of the BODIPY z-systems (i.e., hole transport along the
polymer z-backbone direction and electron transport along the
meso-7-direction) are expected to lower the exciton Coulomb
binding energy on the polymer backbone and to lead to
effective charge-transfer/hole-transport dynamics in bulk
heterojunction photovoltaics.”””" Going from the BODIPY
m-acceptor building blocks to the D—A polymers, while the
HOMOs are calculated to increase considerably by ~0.7 eV,
the LUMOs decrease only by ~0.2 eV (Figures 1A and S32),
suggesting a band-gap reduction of ~0.5 eV after polymer-
ization. These energetic changes are consistent with the
polymer wave function topographies indicating the significant
contribution of z-electron-rich donor units in the HOMOs.
Finally, in the structural design of the current building blocks,
sterically encumbered swallow-tailed 2-octyldodecyl substitu-
ents are positioned further away from the semiconducting D—
A 7-system as a natural outcome of the meso-7-extension. The
physical separation between o-insulating alkyl chains and D—A
7-system via side-chain engineering has been demonstrated to
yield very efficient charge-transport characteristics in semi-
conducting copolymers.”

Synthesis and Structural—-Optoelectronic Character-
ization of the Meso-n-Extended/Deficient BODIPY
Acceptors. The syntheses of the building blocks 20D—
T2BDY and 20D-TTzBDY and their corresponding
dibromo-functionalized monomers are shown in Scheme 1.
The carboxaldehyde compound 20D—T2-COH was prepared
in two steps from readily available 2,2’-bithiophene by first
substituting the 5’ position with 2-octyldodecyl via lithiation/
alkylation (5 in 43.9% yield) and then functionalizing the §
position of § with carboxaldehyde via lithiation/DMF (20D—
T2-COH in 63.4% vyield). The synthesis of the other
carboxaldehyde, 20D—TTz-COH, involved more steps due
to its asymmetrical chemical structure. The synthesis of this
carboxaldehyde started with lithiation/alkylation of readily

1994

available thiophene at the S position (1 in 41% yield), which
was then stannylated at the 2 position to give 2 in 96% yield.
Compound 2 was next coupled with 2-bromothiazole via a
Stille cross-coupling reaction using Pd(PPh,),Cl,/chloroben-
zene as the catalyst/solvent system, which yielded 3 in 58%
yield. At this point, we initially attempted the synthesis of
20D-TTz-COH directly from 3 via lithiation/DMF.
However, a mixture of carboxaldehyde-functionalized com-
pounds (three different —COH peaks in the 'H NMR
spectrum) was obtained, which was found to be inseparable
to yield the desired product. This is attributed to the
asymmetrical structure of 3 and the presence of an electron-
withdrawing sp*-hybridized nitrogen activating several carbon
sites for lithiation as previously reported.”* Therefore, first, a
highly selective electrophilic bromination was employed on 3
with NBS to obtain 4 (84% yield), which was then lithiated at
—78 °C via a metal—halogen exchange reaction and reacted
with DMF to yield 20D—TTz-COH (33% yield). The
boron—dipyrromethene 7-cores 20D—T2BDY and 20D—
TTzBDY were prepared in 19—24% yields by reacting 20D—
T2-COH and 20D—TTz-COH, respectively, with 2-methyl-
pyrrole in trifluoroacetic acid (TFA) (catalytic amount),
followed by subsequent oxidation with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) and coordination with
trifluoroborane dietherate (BF;-OEt,). Highly selective 2,6-
dibrominations on the BODIPY z-cores were realized with N-
bromosuccinimide (NBS) to afford 20D—T2BDY—Br, and
20D—TTzBDY—Br, in 86% and 61% yields, respectively. The
molecular structures/purities of the intermediate compounds
and the BODIPY monomers were evaluated by '"H/**C NMR
spectroscopy (Figures S$1-S6, S8, S9, S11—S17, S19, and S20,
Supporting Information), atmospheric pressure chemical
ionization mass spectrometry (APCI-MS) (Figures S7, S10,
S$18, and S21, Supporting Information), and elemental analysis.
To reveal the optoelectronic effects of meso-z-extension/
deficiency in the current z-acceptor building blocks and to
make delicate comparisons, we also synthesized our previously
reported BODIPY 7-acceptor building blocks C11-BDY and
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Figure 2. (A) Optical absorption spectra in dichloromethane (1.0 X 10~ M), (B) photoluminescence spectra (Ao & A,,™™) in dichloromethane
(1.0 X 107° M) and calculated fluorescence quantum yields (@), (C) transient photoluminescence decay profiles measured in dichloromethane
(1.0 X 107> M) at 620 nm upon excitation at 390 nm and measured fluorescence lifetimes (z;), (D) cyclic voltammograms vs Ag/AgCl (3.0 M
NaCl) (in 0.1 M Bu,N*PF,~ dichloromethane, scan rate = 50 mV s™'), and (E) experimentally determined frontier molecular orbital energies for
C11-BDY, 20D-TBDY, 20D—T2BDY, and 20D—TTzBDY. (Insets in A and B) Optical images of BODIPY z-acceptor molecules in
dichloromethane solution under room light and optical excitation, respectively.
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Figure 3. Optical absorption spectra of C11-BDY, 20D—TBDY, 20D—T2BDY, and 20D—TTzBDY in dichloromethane (1.0 X 107> M)
showing higher energy optical transitions in the ~390—540 nm spectral region next to the main 7 — #* transitions, and the corresponding
HOMO-1, HOMO, LUMO, and LUMO+1 molecular orbital energies and wave function topographies (B3LYP/6-31G** level of theory). The
red dashed line is a guide to the eye to illustrate the HOMO—1 destabilization for C11-BDY — 20D-TBDY — 20D-TTzBDY — 20D—

T2BDY.

The optical and electrochemical characteristics of the meso-

20D—-TBDY in accordance with the earlier procedures m-extended/deficient BODIPY s-acceptor building blocks

(Supporting Information for synthesis details).”®”"

20D-T2BDY and 20D—-TTzBDY in combination with the
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Scheme 2. Synthesis of D—A Copolymers P(T2BDY—TBDT), P(T2BDY—OBDT), P(T2BDY—T), P(T2BDY—TBDT, ,—
OBDT, ), P(TTzBDY—TBDT), P(TTzBDY—OBDT), P(TTzBDY-T), and P(TTzBDY—TBDT, ,—~OBDT, ;) from the Meso-
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meso-alkyl- and -heteroaryl-functionalized counterparts C11—
BDY and 20D-TBDY were studied in solution (dichloro-
methane, 1.0 X 107 M) by UV—vis absorption and steady-
state/time-resolved photoluminescence spectroscopies and
cyclic voltammetry. As shown in Figure 2A, the current
building blocks exhibit the characteristic intense z7—z* (S, —
S,) absorption peak of the BODIPY z-system with 4,,,, values
at 526 (e = 1.60 X 10* M~! cm™) and 531 nm (e = 1.50 x 10*
M™' cm™), respectively, and the out-of-plane vibronic features
(Aabso-1) and  Ag0—2)) at ~1100—1200 cm™! from the
absorption maxima (4,us(0-0)). The optical band gaps (E,*)
are estimated from the low-energy band edges as 2.24 and 2.18
eV, respectively. Most importantly, in addition to BODIPY’s
main absorption peaks at 526—531 nm, relatively intense
absorption bands with 4, at 455 and 472 nm (& ~ 30—35%
of the main absorption peak), respectively, appear in the
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current BODIPY building blocks. Note that the meso-alkyl
substituent in C11-BDY yields the second relatively low
intensity (¢ < 7% of the main absorption peak) absorption
peak below 370 nm, and the meso-thienyl unit (ie., a single
heteroaryl ring) in 20D—TBDY was able to shift this
absorption only to a A, value of 415 nm.

In order to reveal the origin of the optical absorption
extension in the ~390—540 nm spectral region, detailed
analysis of the frontier molecular orbitals including the
HOMO-1 and LUMO+1 was performed. As shown in Figure
3, since the LUMO+1 orbitals lie at very high energies relative
to the LUMOs (AE = 1.1-2.0 eV), they could yield optical
transitions only at <350—400 nm. However, the HOMO—1
orbitals are identified to be energetically close (AE = 0.15—
0.35 eV) to the HOMOs. Since the HOMO—1 wave functions
are exclusively on the meso-heteroaryl units, they are largely
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destabilized as compared to C11-BDY and 20D—TBDY and
involved in the formation of optical transitions in the ~390—
540 nm spectral region.74 As shown in Figure 3, while the
HOMO/HOMO-1 energy difference in 20D—T2BDY is
0.15 eV, m-electron deficiency of the thiazole unit in 20D—
TTzBDY stabilizes the HOMO-—1, yielding an energetic
separation of 0.35 eV with the HOMO level. It is amazing that
the HOMO/HOMO-1 energy differences in the current
building blocks coincide well with the observed absorption
peaks at 455 (0.37 eV from the main absorption peak of
20D—-TTzBDY at 531 nm) and at 472 nm (0.19 eV from the
main absorption peak of 20D—T2BDY at 526 nm). When
compared with C11-BDY and 20D-TBDY, the optical
transitions and the band gaps of 20D—T2BDY and 20D—
TTzBDY are bathochromically shifted by ~0.10—0.25 eV, and
relatively strong optical transitions are formed in the ~390—
540 nm spectral region, which are undoubtedly the result of
meso-7-extension in the current BODIPYs and indicate
favorable optical absorption characteristics for use in photo-
voltaics.

The electrochemical properties were studied via cyclic
voltammetry. In order to grasp subtle energetic changes, all
four BODIPY building blocks were studied in the same
electrochemical setup in 0.1 M TBAPF; dichloromethane
solution against Ag/AgCl (3.0 M NaCl) reference electrode.
While C11-BDY and 20D—TBDY show reversible reduction
peaks at —1.14 and —0.98 V, respectively, anodically shifted
(AV = 0.08—0.32 V) reversible reductions are observed for
20D-T2BDY (Eredl/z = —0.90 V vs Ag/AgCl) and 20D—
TTzBDY (E™¢, 5, = —0.82 V vs Ag/AgCl) as a result of their
better m-acceptor characteristics. Significantly low LUMO
energies (E ypo’s) of —3.50 and —3.58 eV, respectively, are
estimated. The low E;yyo's and the reversibility of the
reduction processes indicate the highly stable n-doping/
undoping behavior of the current building blocks. The
HOMO energies (Eyopmo) are estimated either using measured
Erumo/E,™" values in the “Eyoyo = Epymo — Eg™" equation
or measuring irreversible oxidation peaks (Figure $24), both of
which give comparable values. The HOMOs are estimated to
be —5.74 and —5.76 eV for 20D—T2BDY and 20D—
TTzBDY, respectively. The electrochemical band gaps are
measured to be 2.19 (E,* = 2.24 eV) and 2.16 eV (E,*" =
2.18 eV) for 20D—T2BDY and 20D—TTzBDY, respectively.
Finally, steady-state and time-resolved photoluminescence
studies were performed to understand the excited-state
behaviors. The photoluminescence spectra of 20D—T2BDY
and 20D—TTzBDY in dichloromethane (¢ = 8.93) solutions
(Figure 2B) exhibit very low intensity broad emission peaks
with maxima at ~620 nm (very large Stokes shifts of ~90—100
nm), and the corresponding fluorescence quantum yields (®r)
are measured to be very low (®p < 0.01). These emission
characteristics remain the same even in nonpolar solvents such
as cyclohexanes (¢ = 2.02) and toluene (¢ = 2.38). The
transient photoluminescence decay profiles in dichloro-
methane solutions at 620 nm (.. = 390 nm) (Figure 2C)
show a single-exponential decay with very short lifetimes of
0.32 (for 20D—T2BDY) and 0.34 ns (for 20D—TTzBDY).
On the other hand, 20D—TBDY with one meso-heteroaryl
unit shows two emission peaks in dichloromethane at 540
(Stokes shift ~ 23 nm) and 620 nm (Stokes shift ~ 103 nm).
The relatively stronger emission peak observed at 540 nm
indicates that the LE-dominated excited state is still radiative
when a single heteroaryl unit is meso attached to BODIPY, and
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the corresponding fluorescence quantum yield is relatively
larger (g 0.05) as compared to the current meso-z-
extended BODIPYs. When the meso-heteroaryl unit is
completely removed and the alkyl chain is placed instead, a
very intense fluorescence emission (®p = 0.95) with a small
Stokes shift of ~7 nm is observed for C11—-BDY, which
originates from a purely LE-dominated excited state.”> The
observed significantly red-shifted broad emission peaks, very
low quantum yields, and fast decay kinetics are very different
than those of characteristic BODIPY emissions.”’ These
observations together clearly indicate that meso-7-extension/
deficiency facilitates CT-excited-state formation and could
induce a very favorable exciton dissociation pathway in the
excited state as compared with single-heteroaryl and alkyl
meso-substituted BODIPYs. Amazingly, all optoelectronic
characterization results are in line with the aforementioned
theoretical calculations (Figure 1) and point to the favorable 7-
acceptor characteristics of the current building blocks for use in
D—A copolymers in BHJ-OPVs.

Synthesis and Structural—Physicochemical-Optoe-
lectronic Characterization of the D—A Copolymers. As
shown in Scheme 2, eight different donor—acceptor copoly-
mers P(T2BDY-TBDT), P(T2BDY—OBDT), P(T2BDY—
T), P(T2BDY-TBDT,,—OBDT,;), P(TTzBDY—TBDT),
P(TTzBDY—OBDT), P(TTzBDY-T), and P(TTzBDY—
TBDT,,—OBDT,;) based on the current meso-7-extended/
deficient BODIPY acceptor building blocks were synthesized
via Stille copolymerization reactions of 20D—TTzBDY—Br,
and 20D—T2BDY—Br, with three different donor monomers,
2,6-bis(trimethytin)-4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-
benzo[1,2-b:4,5-b']dithiophene (Me;Sn-(2EHT),BDT-
SnMe,), 4,8-bis[(2-ethylhexyl)oxy]-2,6-bis(trimethylstannyl)-
benzo[1,2-b:4,5-b']dithiophene (Me;Sn-(2EHO),BDT-
SnMe;), and 2,5-bis(trimethylstannyl)thiophene (Me;Sn—T-
SnMe;). The reactions were carried out in toluene using
Pd,(dba);/P(o-tolyl); (catalyst/ligand) at 120 °C, and the
copolymers were obtained after Soxhlet extractions as dark-
colored solids. The solubility behaviors of the copolymers were
found to be completely different for (2EHT),BDT and
(2EHO),BDT donors. When (2EHT),BDT is used as the
comonomer, P(T2BDY-TBDT) and P(TTzBDY-TBDT)
were obtained in 72% and 80% yields, respectively, as highly
soluble solids; however, (2EHO),BDT and T comonomers
yielded completely insoluble copolymers (i.e, P(T2BDY—
OBDT), P(T2BDY-T), P(TTzBDY-OBDT), and P-
(TTzBDY-T)). Even aromatic solvents such as toluene and
chlorobenzene did not dissolve these copolymers at elevated
temperatures (>100 °C). When the solubility of P(T2BDY—
T) is compared with our previously reported copolymer
P(TBDY-T)>* that has the same donor/substituent system, it
is evident that meso-7-extension on the BODIPY acceptor unit
significantly decreases the solubility. On the other hand, the
observed sharp decrease in solubility going from TBDT
comonomer to OBDT, despite the presence of the same 2-
ethylhexyl chains, most likely reflects the absence of flexible,
polarizable thienyl units at the 4,8 positions of the BDT unit
and formation of a stronger donor—acceptor -electronic
structure in P(T2BDY—OBDT) and P(TTzBDY—OBDT).
Therefore, in order to incorporate the s-electron-rich
(2EHO),BDT donor unit into the D—A copolymer backbone,
random copolymerizations’> were performed using the
aforementioned copolymerization protocol with 0.7 equiv of
(2EHT),BDT and 0.3 equiv of (2EHO),BDT. Soluble
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Figure 4. (A) Optical absorption spectra in chloroform (1.0 X 1075 M). (B) Temperature-dependent (from 25 to 70 °C) UV—vis absorption
spectra in toluene solutions (peak intensities in P(T2BDY—TBDT) and P(TTzBDY—TBDT) are intentionally modified to clarify the spectra at
different temperatures). (C) Cyclic voltammograms as thin films vs Ag/AgCl (3.0 M NaCl) (in 0.1 M Bu,N*PF,~ acetonitrile, scan rate = S0 mV
s™'). (D) Energy diagrams showing theoretically calculated (light colors) and experimentally estimated (dark colors) HOMO—LUMO frontier
orbital energy levels and topographies for the tetramer model compounds for P(T2BDY—TBDT), P(TTzBDY—TBDT), P(T2BDY-TBDT,,,—
OBDT,;), and P(TTzBDY-TBDT,,—OBDT,). Note that P(TBDY—T)>® in B is our previously reported BODIPY-based copolymer, and its
temperature-dependent UV—vis absorption spectra are shown here for comparison. (Inset in A) Optical images of P(T2BDY—TBDT) (completely
dissolved) and P(T2BDY—OBDT) (suspended as a solid) polymers in chloroform solution.

P(T2BDY-TBDT, ,—OBDT,,) and P(TTzBDY-—
TBDT,,—OBDT,;) copolymer solids were then obtained in
46% and 14% yields, respectively. It is noteworthy that the
yields for the obtained soluble copolymer solids become much
lower (from 72—80% to 14—46%) when the TBDT
comonomer is replaced with OBDT. The copolymer purities
were evaluated by 'H NMR spectroscopy (Figures S25, S26,
$27, and $28) and elemental analysis. The molecular weights
were determined in THF by gel permeation chromatography
(GPC) against polystyrene standards. Number-average molec-
ular weights (M,) of 30073 (PDI = 2.83), 29720 (PDI =
4.15), 10815 (PDI = 2.54), and 9650 Da (PDI = 2.31) were
measured for P(T2BDY—TBDT), P(TTzBDY—TBDT), P-
(T2BDY-TBDT,,—OBDT, ), and P(TTzBDY—TBDT,,—
OBDT, ), respectively. The good solubility of these
copolymers has enabled the solution-based fabrication of
bulk heterojunction thin films for use in photovoltaic devices.
The thermal decomposition onset temperatures (5% mass loss
based on thermogravimetric analysis) were measured at 320—
371 °C for all copolymers (Figure S29), which indicates good
thermal stabilities. No evident phase transitions were observed
for all copolymers by differential scanning calorimetry (DSC),
which is consistent with our previously developed BODIPY
copolymers.>®

The optical absorption properties of the copolymers were
evaluated by UV—vis absorption spectroscopy in chloroform
solution (1.0 X 107> M) and as thin films. As shown in Figure
4A, the copolymers exhibit two low-energy absorption maxima
in the near-IR spectral region at 793/731 nm for P(T2BDY—
TBDT), 826/748 nm for P(TTzBDY—TBDT), 780/721 nm
for P(T2BDY—TBDT,,—OBDT,;), and 807/743 nm for
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P(TTzBDY-TBDT,,—OBDT,;) in chloroform solution,
which were found to remain the same with varied solvent
polarities (Figure S30A). When the origin of the two-peak
absorption profiles was studied via temperature-dependent
(Figures 4B and S30B) and solvent—nonsolvent (chloroform—
ethanol) mixture (Figure S30D) UV—vis absorption spectra,
while no spectral changes were observed for P(T2BDY—
TBDT) and P(TTzBDY-TBDT), random copolymers P-
(T2BDY-TBDT,,—OBDT,;) and P(TTzBDY—TBDT,,—
OBDT, ;) showed changes in the relative intensities of the two
peaks. The low-energy peaks for these two random copolymers
were found to decrease with temperature and increase by
adding nonsolvent. Similar to our previously reported
copolymer P(TBDY—T) (spectra on the right in Figures 4B
and S30D), the low-energy peaks for (T2BDY-TBDT,,—
OBDT,;) and P(TTzBDY-TBDT,,—OBDT, ;) are assigned
to electronic transitions in the aggregated (enhanced z-
coherence) polymer chains.”® On the basis of these UV—vis
absorption profiles, it is evident that the addition of 7-electron-
rich OBDT units into P(T2BDY—TBDT) and P(TTzBDY—
TBDT) enhances the 7-aggregation tendency of the polymer
backbones in the random copolymers. This is also consistent
with the observed decreases in solubility going from the TBDT
to the OBDT donor unit. On the other hand, for P(T2BDY—
TBDT) and P(TTzBDY—TBDT), the low-energy peaks are
assigned to the 7—z* (S; — S;) transition of the disaggregated
(isolated) polymer chains and the shoulder peaks (at ~1100—
1200 cm™ from the absorption maxima) to the vibronic
teatures. The optical band gaps (Eg’s) in solution are estimated
from the low-energy band edges as 1.38—1.41 eV for all
copolymers. Note that matching with the 20D—TTzBDY’s
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Figure 5. (A) 0—20 X-ray diffraction (XRD) profiles and (B) AFM topographic images for thin films of P(T2BDY—TBDT), P(TTzBDY—
TBDT), P(T2BDY-TBDT,,—OBDT,;), and P(TTzBDY-TBDT,,—OBDT,;). (C) Transfer curves showing p-type characteristics (Vg =
—100 V) for (BG/TC) OFET devices fabricated with spin-coated copolymer thin films.

stronger 7-electron deficiency, bathochromically shifted
absorption profiles are recorded in P(TTzBDY—TBDT) and
P(TTzBDY-TBDT,,—OBDT,;) as compared with P-
(T2BDY-TBDT) and P(T2BDY-TBDT,,—OBDT, ;).
When the current copolymers are compared with our
previously reported structurally related copolymer P(TBDY—
T), the absorption maxima are significantly red shifted (A,
= 58 and 91 nm) and the optical band gaps are lower (Eg for
P(TBDY-T) = 1.54 eV). This points to the favorable
electronic/structural properties of the current meso-z-
extended/deficient BODIPY acceptors and z-electron-rich
TBDT/OBDT donor units. Upon copolymerization through
the BODIPY’s 2,6 positions, the optical absorption profiles
shift to the near-IR region (A4, ~ 270—300 nm and AE, ~
0.8—0.9 eV), indicating highly extended 7-electronic commu-
nication in the current copolymer 7-backbones with a strong
donor—acceptor nature. Also, both the HOMO and the
LUMO energies are (de)stabilized by ~0.4—0.5 eV upon
copolymerization (vide infra). Introduction of the z-electron
rich OBDT donors into the P(T2BDY—TBDT) and
P(TTzBDY—TBDT) backbones resulted in higher relative
absorptions for the peaks located to the higher energy end of
the main absorption peaks. This leads to more favorable
absorption profiles in the visible spectral region for the random
copolymers. The absorption maxima for polymer thin films are
~14—26 nm red shifted as compared to those in solution
(Figure S30C), and the solid-state optical band gaps are
estimated to be 1.35, 1.30, 1.34, and 1.31 eV for P(T2BDY—
TBDT), P(TTzBDY-TBDT), P(T2BDY-TBDT,,—
OBDT,;), and P(TTzBDY-TBDT,,—OBDT,;), respec-
tively. As shown in Figure 4C, electrochemical characterization
of the drop-casted copolymer films on platinum electrodes
shows nonreversible oxidation peaks with onset potentials of
0.95 (vs Ag/AgCl) and 1.01 V (vs Ag/AgCl) for P(T2BDY—
TBDT) and P(TTzBDY-TBDT), respectively. When z-
electron-rich OBDT units are introduced, the onset potentials
shift to 0.92 (vs Ag/AgCl) and 0.98 V (vs Ag/AgCl) for
P(T2BDY-TBDT, ,—OBDT,,) and P(TTzBDY—
TBDT,,—OBDT,;), respectively. The solid-state HOMO/
LUMO energies are estimated to be —5.35/—4.00, —5.41/—
4.11, —5.32/-3.98, and —5.38/—4.07 eV, respectively. All of
these results correlate well with the theoretically calculated
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frontier orbital energies on the tetramer model compounds and
also reflect the structural changes in the BODIPY’s meso
position and the polymer 7-backbones (Figures 4D and S32).

Thin-Film Fabrication, Characterization, and Field-
Effect Transistor Devices. In order to reveal the charge-
transport characteristics of the four BODIPY-based D—A
copolymers P(T2BDY—TBDT), P(TTzBDY-TBDT), P-
(T2BDY-TBDT,,—OBDT,;), and P(TTzBDY—TBDT,,—
OBDT,;), OFETs in a bottom-gate/top-contact (BG/TC)
device architecture were fabricated and studied. The polymer
thin films (~50—60 nm) were deposited onto PS-brush-treated
n**-8i/Si0, (300 nm) via spin-coating polymer solutions (5
mg/mL) in chloroform. PS-brush-modified substrates were
employed in order to realize an efficient interface between the
semiconductor and the dielectric layers.””’”” The surface
morphology and thin-film microstructure of the spin-coated
polymeric semiconductor thin films were studied by atomic
force microscopy (AFM) and 0—26 X-ray diffraction (XRD).
As shown in Figure SA, no distinct diffraction peaks were
observed, especially in the low-angle region (20 < 10°), for all
copolymer thin films, which indicates the lack of long-range
ordering and lamellar stacking in the out-of-plane direction,
most likely due to the presence of bulky swallow-tailed alkyl
substituents both on the BODIPY (2-octyldodecyl) and on the
donor 7-units (2-ethylhexyl).® Consistent with the XRD
characterization results, thin films of P(T2BDY—TBDT) and
P(TTzBDY—-TBDT) exhibited homogeneous morphologies of
highly interconnected nodular-like domains (~60—200 nm)
with a low root-mean-square (rms) roughness of ~0.6 nm (for
a 5.0 ym X 5.0 um scan area). On the other hand, thin films of
P(T2BDY-TBDT, ,~OBDT, ;) and P(TTzBDY—
TBDT,,—OBDT,;) exhibited relatively smooth surfaces
with a few small agglomerates and a slightly larger rms
roughness of ~1.7 nm (Figure SB). The current—voltage
characterizations performed under ambient conditions showed
that all of the current BODIPY-based D—A copolymers are p-
type semiconductors with clear hole-transport characteristics.
This is consistent with the design rationales of these
copolymers (i.e., 2,6-7-extension along the D—A backbone)
and their HOMO energy levels (from —5.41 to —5.29 eV). As
shown in Figure SC, the alternating copolymers P(T2BDY—
TBDT) and P(TTzBDY—TBDT) showed hole mobilities of
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Figure 6. (A) Current density—voltage (J—V) curves, (B) external quantum efficiency (EQE) curves, (C) exciton dissociation probabilities (P(E,T)
s), and (D) Pygn-dependent V. characteristics for BHJ solar cells fabricated with P(T2BDY-TBDT), P(TTzBDY-TBDT), P(T2BDY—
TBDT,,—OBDT,;), and P(TTzBDY—TBDT,,—OBDT, ;) donor polymers.

Table 1. Photovoltaic Characteristics of the BODIPY-Based D—A Copolymers

copolymer V,. [V] Joo [mA cm™2]
P(TZBDY—TBDT) 0.78 12.07
P(TTZBDY-TBDT) 0.80 7.71
P(T2BDY—TBDT, ,—~OBDT, ) 075 3.80
P(TTzBDY-TBDT,,~OBDT, ;) 0.77 523

caled J,.* [mA cm™2] FF PCE,,, (PCE,,)" [%]
12.53 0.47 4.40 (4.02)
7.90 0.40 2.49 (2.37)
3.84 0.37 1.06 (1.02)
5.37 0.39 1.58 (1.51)

“Calculated from the integral of the corresponding EQE spectrum. bAverage value of at least 15 different solar cell devices for each copolymer.

0.0002 (I,,/I¢ ~ 10*~10%) and 0.0001 cm?/(V s) (I,/I 4 =~
10°—10%), respectively, whereas the random copolymers
P(T2BDY-TBDT, ,—OBDT,;) and P(TTzBDY-
TBDT,,—OBDT,;) exhibited relatively lower hole mobilities
of ~3—4 x 1075 em?/(V s) (I,,/I& =~ 10°—10*). The observed
relatively low charge carrier mobilities for the current
copolymers are mainly due to poor thin-film microstructural
ordering, which lacks the required in-plane 77— interactions
for charge transport. On the other hand, in addition to their
slightly deteriorated surface morphologies, the lower hole
mobilities measured for the random copolymers might
originate from their lower molecular weights (M, = 9650
and 10815 Da vs 29720 and 30073 Da) and random 7-
backbone structures deterring short-range ordering as
compared with alternating copolymers.”® Despite the low
LUMOs (from —4.11 to —3.98 eV) measured for the current
copolymers, the lack of n-type semiconductivity, even under
vacuum, suggests that LUMO z-electron density localization
on specific BODIPY units (Figure 4D) impedes electron
transport.””*" The current copolymers are an excellent
example of a z-system in which frontier orbital z-topographies
govern charge-transport type rather than the energetics.
Bulk-Heterojunction Solar Cell Devices. The photo-
voltaic properties and device performances of the four
BODIPY-based D—A copolymers P(T2BDY-TBDT), P-
(TTzBDY-TBDT), P(T2BDY-TBDT,,—OBDT,;), and
P(TTzBDY-TBDT,,—OBDT,;) were studied in BHJ-
OPVs. The solar cells were fabricated in a conventional device
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architecture of ITO/PEDOT:PSS/active layer/PNDIT-F3N—
Br/Ag in which the active layer was fabricated by blending a
BODIPY-based D—A copolymer with PC,BM acceptor (see
the Experimental Section in the Supporting Information for
device fabrication details).®" Relying on the good solubility of
the current copolymers, chloroform was employed as the
processing solvent and the optimal polymer:fullerene blend
weight ratio was determined to be 1:1.8 (w/w) (Table S2). A
1.0 vol % amount of DIO was added into the blend solutions,
which optimized the film morphology and enhanced the PCEs
of the OPVs (Table S$2).°° All of the BHJ layers were
fabricated following the same procedure in order to elucidate
the correlation between the BODIPY copolymer structures and
the OPV performance.

Figure 6A and 6B shows the current density—voltage (J—V)
curves and external quantum efficiency (EQE) responses of the
solar cells under AM 1.5G illumination (100 mW cm™),
respectively, and the corresponding photovoltaic parameters
(open-circuit voltage (V,.), short-circuit current density (J.),
and fill factor (FF)) are summarized in Table 1. The highest
photovoltaic performance was obtained with the P(T2BDY—
TBDT)-based devices, which showed the maximum PCE of
4.40% with a V,_ of 0.78 V, J,. of 12.07 mA cm™2, and FF of
0.47. The P(TTzBDY—TBDT)-based devices followed with a
PCE value of 2.49% with decreased J,. and FF of 7.71 mA cm™>
and 0.40, respectively. Two random copolymers P(T2BDY—
TBDT,,—OBDT,,) and P(TTzBDY—TBDT,,—OBDT,,)
exhibited lower PCEs of 1.06 and 1.58%, respectively. To
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determine the origin of the superior ], value observed for
P(T2BDY—TBDT)-based devices, we compared the hole
mobilities of pristine and blend films based on P(T2BDY—
TBDT) and P(TTzBDY—TBDT) via the space-charge-limited
current (SCLC) method. As summarized in Table S3,
P(T2BDY-TBDT) showed better hole-transport ability
(,5"¢ = 2.59 x 107® cm? V! 57! for pristine film and 1.29
X 107 cm? V~! s7! for blend film) than P(TTzBDY—TBDT)
(1,5 = 6.54 X 1077 cm* V™! 57! for pristine film and 7.54 X
1077 cm? V™! s7* for blend film). The calculated J,. values from
the EQE spectra of all devices (Figure 6B) agreed well with the
corresponding measured J,. values from the J—V curves (Figure
6A) within an error of ~5%. Comparing the electrochemical
properties of the donor polymers with the solar cell device
characteristics, the V.. and the HOMO energy level trends
were generally consistent.

To better understand the exciton dissociation and
recombination properties of the blend films that are deeply
associated with the J. and FF trends, exciton dissociation
probabilities (P(E,T)s) and light intensity (P)-dependent V.
measurements were performed (Figure 6C and 6D). The
P(E,T) for each device was obtained from the ratio between
the photocurrent density (J,;,) at short-circuit condition and
the saturated ], value, where the effective voltage (V) is 3
V.*> Consistent with the photovoltaic performance trends,
alternating copolymers P(T2BDY—TBDT) and P(TTzBDY—
TBDT) showed higher P(E,T) values of 79.0% and 62.1%,
respectively, when compared with those of the random
copolymers (P(E,T) = 48.0—54.5%). Furthermore, the
relationships of V. vs ln(Phght) from 0.1 to 1 Sun are shown
in Figure 6D for all copolymers, including the slopes (S) with
units of kzTq ™", where kg is the Boltzmann constant, T is the
temperature, and q is the elementary charge.*” The P-
(T2BDY—TBDT)-based blend showed the smallest S value
of 1.36, while the other copolymers exhibited similar S values
of 1.45—1.48, which suggests that monomolecular recombina-
tion was most suppressed in P(T2BDY-TBDT):PC,;BM
blend. The series of superior photophysical properties
observed for P(T2BDY—TBDT) explain the origin of the
highest FF value among the current copolymers. Lastly, the
surface morphologies of the current polymer:fullerene blend
films were studied by AFM and optical microscopy (OM).
During the device fabrication process, we found that the
solubility of the blend solutions based on (P(T2BDY—TBDT)
and P(TTzBDY—TBDT)) was slightly better than that of
P(T2BDY-TBDT, ,—OBDT,,) and P(TTzBDY—
TBDT,,—OBDT,;). As shown in Figure S33, the blend
films based on P(T2BDY—TBDT) and P(TTzBDY-TBDT)
yielded relatively smooth surfaces with a low rms roughness of
~0.5—0.6 nm. However, the random copolymers were found
to form relatively large aggregates, which might limit the
charge transport and exciton dissociation properties and
decrease the ] and FF values. The relatively low PCEs for
the current BODIPY-based solar cells are mainly due to the
reduced light absorption from the use of the fullerene acceptor
and the low FFs. The ] value could be enhanced by pairing
our polymer donors with nonfullerene small molecule or
polymer acceptors that strongly absorb light in the visible and
infrared range. On the other hand, optimizing the blend
morphology by controlling the solvent type, using additives,
and thermal annealing could be an important direction to
improve the FF.
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B CONCLUSION

In summary, we demonstrated the theory-aided rational
design, challenging synthesis, and full characterization of
meso-7-extended/deficient BODIPY building blocks, 20D—
T2BDY and 20D—TTzBDY, for use in the development of
low-band-gap D—A copolymers. The building blocks showed
favorable m-acceptor electronic/structural properties with
meso-z-delocalized and stabilized LUMOs (~—3.6 eV) and
large ground-state dipole moments of 4.9—5.5 D. These
building blocks, to the best of our knowledge, are the first
examples of BODIPYs with meso-z-extension in the
optoelectronics literature. Meso-7-extension was also found
to be effective in terms of extending the optical absorption in
the visible region via the contribution of HOMO-—1 orbitals. A
copolymerization screening strategy with three different
relatively z-electron-rich comonomers was employed to yield
eight different copolymers, four of which have sufficient
solubilities in common organic solvents. The copolymers
P(T2BDY-TBDT), P(TTzBDY-TBDT), P(T2BDY—
TBDT,,—OBDT,,), and P(TTzBDY-TBDT,,—OBDT,)
showed HOMO energies from —5.3 to —5.4 eV and LUMO
energies from —4.0 to —4.1 eV, yielding optical band gaps of
1.30—1.35 eV. Consistent with the theoretical/experimental 7-
electronic structures of the current polymer backbones, all
copolymers functioned as p-type semiconductors in BG=TC
OFETs and as donor materials with the PC,BM acceptor in
the BHJ-OPVs. PCEs of up to 4.4% with J’s of up to 12.07
mA cm > were achieved. Our findings revealed that meso-7-
extension is an effective strategy to realize BODIPYs with
favorable s-acceptor properties. The BODIPYs developed
herein contribute to the structural diversity of not only
BODIPY-based structures but also z-acceptors in the
optoelectronics literature and could open up future materials
design avenues in varied organic optoelectronic applications.
Different (hetero)aryl units (e.g, pyridine, pyrimidine) or
longer meso-7-extensions (e.g., three or more units) could be
employed in future research to further explore this strategy.
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