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Molecular Design of Efficient Chlorine- and Carboxylate-
Functionalized Donor Polymers for Nonfullerene Organic
Solar Cells Enabling Processing with Eco-Friendly Solvent

in Air

Sung Jae Jeon, Young Hoon Kim, Dong Hyun Hong, Nam Gyu Yang,

Yong Woon Han, and Doo Kyung Moon*

Realizing the commercial applications of nonfullerene organic solar cells
(NFOSCs) require a balanced of power conversion efficiency (PCE), production
cost, and stability. However, because most high-performance NFOSC devices
contain air-sensitive donor polymers that have low solubility in eco-friendly
solvents, their fabrication requires halogenated solvents and an inert atmo-
sphere. Herein, an air-processed inverted NFOSC device is developed using a
relatively cost-effective chlorine- and carboxylate-functionalized bithiophene-
based donor polymer, P(F-BiT)-COOBOCI(out). When blended with 3,9-
bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-indanone))-5,5,11,
11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2,3’-d']-s-indaceno[1,2-b:5,6-b]
dithiophene (IT-4F), the resultant device yields a high PCE of 11.91%, with good
shelf-life stability and photostability under ambient conditions without encap-
sulation, and less performance degradation than most reported NFOSCs.
Importantly, when the polymer blend is processed in air with an eco-friendly
solvent, 1,2,4-trimethylbenzene, the resultant device exhibits a reasonably high
PCE of 10.60% (certified PCE: 10.467%) without encapsulation, which is the
highest value reported to date for NFOSCs fabricated under such conditions. The
potential of this high-performance and eco-friendly processable polymer is
further demonstrated in the excellent PCE of 14.22% of a device with a P(F-BiT)-
COOBOCI(out):Y6-BO-4Cl blend prepared in o-xylene solvent. This study pro-
vides perspectives and opportunities for designing and developing efficient
photoactive materials as a new strategy for the commercialization of NFOSCs.

1. Introduction

Nonfullerene organic solar cells (NFOSCs)
offer various benefits, including cost-
effectiveness, solution processability, low
weight, flexibility, and semi-transparency;
in addition, they are ideal for large-
scale roll-to-roll processing.'® Recently,
NFOSCs have achieved very high power
conversion efficiencies (PCEs) of over
17%, both in single solar cells”~* and tan-
dem solar cells,'” and their PCEs are
expected to exceed the 20% theoretical limit
with further design improvements and
the development of superior active materi-
als."!l Although the PCEs of state-of-
the-art NFOSCs have rapidly improved,
most of these devices are fabricated using
halogenated solvents in an inert atmo-
sphere, which is not amenable to commer-
cialization. In particular, compared with
the record efficiencies reported for glove
box (GB)-processed organic solar cells
(OSCs), the performances of devices pro-
duced in air environment (Air) are compar-
atively very low.'">® This reduction in
performance is mainly attributed to the
air-sensitivity of the donor materials.
Two-dimensional (2D) benzo[1,2-b:4,
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5-b’]dithiophene (2DBDT)-based building blocks have been used
as donor units in recent years for developing high-performance
wide-bandgap polymer donor materials.®%17°! Their excellent
photovoltaic properties and chemical stability, along with easy
processability and low cost, make 2DBDT-based polymers
promising candidates for use in mass-producible OSCs.2**!
However, most acceptor units in donor—acceptor polymers still
have high synthetic complexity, with numerous synthetic and puri-
fication steps, among other issues such as high cost of raw materi-
als.[B1316719.22241 75 5 ddress these issues, many researchers have
proposed a simple design strategy with carboxylate-functionalized
heterocyclic rings as the acceptor unit.*="

The molecular structures of some recently developed
carboxylate-functionalized polymer donors are shown in
Figure 1. Choi and co-workers reported the first example of a

© 2020 Wiley-VCH GmbH


mailto:dkmoon@konkuk.ac.kr
https://doi.org/10.1002/solr.202000608
http://www.solar-rrl.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsolr.202000608&domain=pdf&date_stamp=2021-01-26

ADVANCED
SCIENCE NEWS

; ERRL

www.advancedsciencenews.com

]
R4
3MT-Th (Ry: EH, Ry: CH3)
PCE =9.73% (Toluene in GB)
Adv. Energy. Mater. 2017, 7, 1700566

PBDT-2TC (R,: EH, R,: BO)
PCE =9.35% (CB in GB) & 9.36% (TMB in GB)
PBDT-S-2TC (Ry: SEH, R,: BO)
PCE = 10.12% (CB in GB) & 9.55% (TMB in GB)
Adv. Funct. Mater. 2018, 28, 1706517

www.solar-rrl.com

—

R4
b P(F-BiT)-COOBOCI(out) (Ry: EH, Ry: BO)
PCE = 11.91% (CB in Air) & 10.60% (TMB in Air)
s 8 & 14.22% (XY in GB)
4 / & In this stud
s s y
7S
PBDT-F-2TC (R: EH, R,: HD) R,
PCE = 10.75% (CB in GB) & 10.29% (TMB in GB) P(CI) (R: EH)

PBDT-SF-2TC (Ry: SEH, R,: BO)
PCE = 11.07% (CB in GB) & 10.39% (TMB in GB)
Macromol. Rapid. Commun. 2019, 40, 1800906

PCE = 11.40% (CB in GB)
Sol. RRL 2019, 3, 1900094

Figure 1. Molecular structures of carboxylate- or chlorine-functionalized polymer donors and the new polymer, P(F-BiT)-COOBOCI(out), developed in
this study. EH: 2-ethylhexyl, BO: 2-butyloctyl, HD: 2-hexyldecyl, and XY: o-xylene; GB and Air refer to devices fabricated in GB and air environments,

respectively.

methyl carboxylate thiophene-2DBDT-based polymer (3MT-Th;
Figure 1a) in 2017.1%! It exhibited a deep-lying highest occupied
molecular orbital (HOMO) level of —5.42 eV and good solubility
in nonhalogenated solvents. When blended with 3,9-bis(2-meth-
ylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis (4-
hexylphenyl)-dithieno[2,3-d:2’,3'-d']-s-indaceno[1,2-b:5,6-b’]
dithiophene (ITIC) and processed in toluene, the resultant OSC
achieved a high PCE of 9.73% with a high open-circuit voltage
(Vo) of 0.95V, and also excellent shelf-life stability over 1000 h.
In 2018, Chen and co-workers reported two high-performance
polymers (PBDT-2TC and PBDT-S-2TC; Figure 1b) based on
asymmetric bithiophene with one carboxylate group, formed
by a facile synthetic approach without halogenated solvents.*®!
Among these, PBDT-S-2TC blended with ITIC reached a high
PCE of 10.12% when processed in chlorobenzene (CB) and
9.55% PCE using 1,2,4-trimethylbenzene (TMB). In 2019,
Chen and co-workers reported enhanced asymmetric polymers
(PBDT-F-2TC and PBDT-SF-2TC; Figure 1c) by introducing
fluorine and sulfur atoms on the 2DBDT unit, which efficiently
lowered the HOMO level and increased the molar coeffi-
cient.””! Optimized devices based on PBDT-SF-2TC blended
with 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-
indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2",3"-
d’]-s-indaceno[1,2-b:5,6-b’|dithiophene (IT-4F) showed PCEs of
11.07% and 10.29% when processed in CB and TMB, respec-
tively. In the same year, our group reported a low-cost
wide-bandgap donor polymer (P(Cl); Figure 1d) based on
chlorine-substituted thiophene, which was synthesized in only
one step.’?! A blend of P(Cl) with 3,9-bis(2-methylene-(3-(1,1-
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dicyanomethylene)11,11-tetrakis(4-hexylthienyl)-thiethieno[2,3-d:
2',3'-d']-s-indaceno[1,2-b:4,5-b'dithiophene (ITIC-Th) exhibited
high performance with a PCE of 11.4%, of which 91% was main-
tained after 2000 h of storage. However, despite the good perfor-
mance and low synthetic complexity of P(Cl), it is hard to
efficiently modify it without extending the conjugated length
or engineering the side chains, as increasing the molecular
weight decreases the solubility. Consequently, this approach
presents a trade-off between performance and cost. In addition,
chlorine thiophene-based polymers are not soluble in eco-
friendly solvents such as toluene, o-xylene (XY), and TMB.%3*

In this study, two new 2DBDT-based donor polymers,
P(F-BiT)-COOBOCI(in) and P(F-BiT)-COOBOCI(out) (Figure 1le),
were designed and synthesized with relatively low synthetic
complexity by simultaneous functionalization of the bithiophene
unit with chlorine and carboxylate groups. “In” and “out” refer
to the inward- and outward-facing direction of the Cl group on
the bithiophene unit, respectively. In P(F-BiT)-COOBOCI(out),
the synergistic effects of chlorine and carboxylate functionalization
showed many advantages, including small dihedral angles
between adjacent units, a strong dipole moment, deep-lying
HOMO level, and superior air stability. Due to these advantages,
the optimized device with IT-4F achieved a PCE of 11.8% with a
Voc 0£0.899 V; the air-processed device showed the highest PCE of
11.9% with a surprisingly high fill factor (FF) of ~70%. The high
air-processability of the P(F-BiT)-COOBOCI(out):IT-4F cell reflects
its potential as an active material for roll-to-roll processing (which
inevitably exposes the device to moisture and oxygen). Moreover,
when processed using the eco-friendly solvent TMB in air, the
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device yielded a relatively high PCE of 10.60% (certified PCE:
10.47% from the Nano Convergence Practical Application
Center (NCPAC) in Korea), which is the maximum reported value
for NFOSCs fabricated using an eco-friendly solvent in an air envi-
ronment so far.'>% The corresponding P(F-BiT)-COOBOCI(out)-
based OCSs, without encapsulation, showed excellent stability
during long-term storage (for 1000h) and light-exposure tests
(for 100 h).[>1416:23.25.32.3438]

To further demonstrate the applicability of this eco-friendly
process, high-performance devices were fabricated using a
blend of P(F-BiT)-COOBOCl(out) and a near-infrared (NIR)
acceptor unit, 2,2’-((2Z,2' Z)-((12,13-bis(2-butyloctyl)-3,9-diundecyl-
12,13-dihydro-[1,2,5]thiadiazolo[3,4-¢]thieno[2”,3":4,5 "|thieno
[27,37:4,5]pyrrolo[3,2-glthieno[2’,3":4,5]thieno[3,2-b]indole-2,10-diyl)
bis(methanylylidene))bis(5,6-dichloro-3-ox0-2,3-dihydro-1 H-
indene-2,1-diylidene))dimalononitrile (Y6-BO-4Cl). The P(F-BiT)-
COOBOCl(out):Y6-BO-4Cl blended device with a conventional
structure reached a high PCE of 14.22% when processed using
XY. The results demonstrate that the functionalization of bithio-
phene with both chlorine and carboxylate groups is a promising
strategy for producing weak electron-accepting building blocks
for wide-bandgap polymers with great potential for use in high-
performance NFOSCs, which is expected to benefit the commer-
cialization of OSC devices.

2. Results and Discussion

2.1. Material Design and Synthesis, Physical and Thermal
Properties, and Theoretical Calculations

The synthetic routes for producing chlorine- and carboxylate-
functionalized bithiophene monomers and their donor polymers
are summarized in Scheme 1, and the details are described in
Figure S1-S6, Supporting Information. As shown in Scheme S1
and S2, Supporting Information, the newly designed routes for
each target compound have relatively low synthetic complexity
compared with other possible synthetic routes.?”***% As a
result, the two brominated monomers BiT-COOBOCI(in) and
BiT-COOBOClI(out) were successfully obtained with high overall
yields (60.4% and 65.4%, respectively) via straightforward
four-step processes. The polymers were prepared via a typical
Stille coupling reaction between the brominated monomers and
F-2DBDT, and then purified by successive Soxhlet extraction.
The polymer structures were confirmed by NMR (Figure S7
and S8, Supporting Information).

Both P(F-BiT)-COOBOCI(in) and P(F-BiT)-COOBOCI(out)
exhibited good solubility in common organic solvents including
chloroform, toluene, XY, CB, and TMB. The molecular weights
of the polymers were determined by gel permeation chromatog-
raphy (GPC). Comparable number-average molecular weights
(My) of 14.5 and 52.2kDa with polydispersity indices (PDI)
of 1.67 and 1.78 were obtained for P(F-BiT)-COOBOCI(in)
and P(F-BiT)-COOBOCl(out), respectively. The results of
thermogravimetric analyses (TGA) confirmed that the decom-
position temperature (Ty; temperature at which 5% sample
weight loss occurred) for each polymer was above 300°C
(Figure S9, Supporting Information). In addition, differential
scanning calorimetry (DSC) measurements revealed that
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P(F-BiT)-COOBOCI(in) had a high melting temperature (Ty,)
of 252°C, whereas P(F-BiT)-COOBOCI(out) showed no clear
thermal transitions, except a glass transition between 30 and
300 °C (Figure S$10, Supporting Information).*"*? Details of
the thermal and physical properties of the donor polymers
are summarized in Table 1.

To better understand the structure—property relationships,
density functional theory (DFT) calculations were performed
using Gaussian 09 for carboxylate-substituted (BiT-COOMe)
and carboxylate-/chlorine-substituted (BiT-COOMeCl(in) and
BiT-COOMeCl(out)) bithiophene moieties (Figure S11,
Supporting Information). For these calculations, the side chains
were substituted with methyl (Me) groups to shorten the compu-
tation time. Details of the DFT calculation results are summa-
rized in Table S1, Supporting Information. As shown in
Figure S11, Supporting Information, both BiT-COOMe and
BiT-COOMeCl(out) exhibited planar structures with small dihe-
dral angles of approximately 20°, whereas BiT-COOMeCl(in) had
a large torsion angle of over 70° due to steric hindrance between
the carboxylate and chlorine functional groups. This large
torsion angle may reduce the probability of reactions during
polymerization, resulting in the lower molecular weight of
P(F-BiT)-COOBOCI(in).**** The dipole moments and HOMO
levels improved with the introduction of chlorine (1.69 D and
—6.24 eV for BiT-COOMeCl(in) and 3.22 D and —5.90eV for
BiT-COOMeCl(out) vs 1.37 D and —5.67 eV for BiT-COOMe).
As a result, we can expect the chlorine- and carboxylate-
substituted moieties to have a stronger charge separation and
lower HOMO level relative to that of reported polymers.?”’

To more precisely predict the polymer backbone geometries,
electronic structures, and frontier molecular energy levels, theo-
retical calculations were performed using DFT for polymers with
2 repeating units (n = 2), again substituting the side groups with
methyl groups to simplify the calculations. As shown in Figure 2,
the optimized geometries of the P(F-BiT)-COOBOCI(in) and
P(F-BiT)-COOBOClI(out) dimers exhibited very different curva-
tures. The respective dihedral angles (6;, 6,, 65, 64, and 6s)
between the adjacent carboxylated thiophene, chlorinated thio-
phene, and F-2DBDT motifs for the n=2 polymers were
10.7°, 65.2°, 15.3°, 10.7°, and 67.5° for P(F-BiT)-COOBOClI(in)
and 11.5°, 14.5°, 19.9°, 9.4°, and 19.1° for P(F-BiT)-
COOBOCI(out). Thus, P(F-BiT)-COOBOCI(out) likely exhibits
greater planarity. This suggests that the chlorine substitution
position in the polymer backbone can significantly influence
the molecular packing order.

The molecular electrostatic potential (ESP) distribution and
dipole moments are also directly related to the chlorine and car-
boxylate groups. Both polymers show negative ESP values across
most of the conjugated backbone, especially around the carbox-
ylate and chlorine groups, which have strong electronegativity.
This is expected to increase the intermolecular interaction with
IT-4F, which has a relatively positive surface.*>*¢! However, for
P(F-BiT)-COOBOClI(in), the partially strong negative surfaces are
shielded on the conjugated backbone due to the large tilting
between adjacent units, which may interrupt the charge transfer
with IT-4F. The net dipole moment of P(F-BiT)-COOBOCI(out)
was higher than that of P(F-BiT)-COOBOClI(in) (6.67 vs 2.86 D),
which is expected to improve the charge separation of the former
device.*’!
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Scheme 1. Synthetic routes to chlorine- and carboxylate-functionalized a) bithiophene monomers and b) donor polymers.

Table 1. Physical and thermal properties of donor polymers.

Polymer Yield %] M, [kDa]¥ M, [kDa] PDI¥ T4[C”
P(F-BiT)-COOBOCI(in) 74.0 14.5 242 1.67 348
P(F-BiT)-COOBOCI(out) 89.0 52.2 93.0 1.78 361

BParameters (M,,: number-average molecular weight; M,,: weight-average molecular
weight; PDI: polydispersity index) determined by GPC in chloroform using
polystyrene standards; ®Temperature corresponding to 5% weight loss.

The HOMO and lowest unoccupied molecular orbital (LUMO)
energy levels and bandgaps were also estimated for each model
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compound, as shown in Figure S12, Supporting Information.
The results and trends are similar to those of previous calcula-
tions for bithiophene moieties.

2.2. Optical and Electrochemical Properties

The optical and electrochemical properties of the polymers were
investigated through UV-vis spectroscopy and cyclic voltamme-
try (CV). The results are summarized in Table 2. Both polymers
exhibited absorption bands at around 350 nm and 400-600 nm,
corresponding to the n—n* transition and intramolecular charge
transfer (ICT), respectively; these are complementary with
IT-4F, which has a strong absorption band in range of
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Figure 2. Calculated ESP surfaces of the polymers at n = 2: a) top views with dihedral angles (61, 8,, 85, 6,4, and 6s) and dipole moment and b) their side
views (Yellow: sulfur, Green: chlorine, Red: oxygen, Sky blue: fluorine, White: hydrogen, and Gray: carbon).

Table 2. Optical and electrochemical properties of donor polymers.

Polymer Solution Amax [nM]  Molar coefficient & [M~' cm "] at Amax ["M]  Film Amay [nM] Eg°p‘ VY Eo™ V]  Enowmo [e\/]b) Erumo [eV]?
P(F-BiT)-COOBOCI(in) 349, 449 12908 (349), 18176 (449) 461 2.15 1.48 —-5.71 —3.56
P(F-BiT)-COOBOCI(out) 347, 541 37206 (347), 82496 (541) 370, 549, 581 1.92 1.43 —5.66 —3.74

Calculated from the intersection of the tangent on the low energetic edge of the absorption spectrum with the baseline; ® Eyiomo = —4.8 — [Eo™ (vs Ag/AgCl) —
Evja(Fe/Fc™ vs Ag/AgCl)] (Evja(Fe/Fc™ vs Ag/AgCl) = 0.57 eV); VE umo = Eg° — Enomo-

600-800 nm. [18:19:27:29-31.33.34] A ¢ chown in Figure 3a, the molar
absorption coefficients (¢) were calculated using the Beer—
Lambert equation®~?** from the UV-vis data recorded in
chloroform solutions with different concentrations on the order
of 10 °M. The maximum e values were 1.82 x 10* and
8.25x 10*M 'cm ™' for P(F-BiT)-COOBOCI(in) and P(F-BiT)-
COOBOCI](out), respectively. The extinction coefficient of
P(F-BiT)-COOBOCI(out) is higher than that reported for many
efficient  wide-bandgap  polymers.P2*293134471  p(E_BiT)-
COOBOCI(in) exhibits a relatively low ¢ because of its low molec-
ular weight and small dipole moment.

Based on their absorption onsets in the film state, P(F-BiT)-
COOBOCI(in) and P(F-BiT)-COOBOCI(out) showed wide optical
bandgaps (E;°?") of 2.15 and 1.92 eV, respectively (see Figure 3b).
The solution and film states of P(F-BiT)-COOBOClI(in) exhibited
drastic differences in the ICT wavelength region due to the high
steric hindrance between intramolecular units.*>** However,
P(F-BiT)-COOBOCI(out) exhibited a broader absorption spectra
with a 40 nm red-shifted shoulder peak in the film state. This red-
shiftis indicative of strong n—x stacking, which leads to enhanced
absorption properties.

Next, the frontier molecular energy levels of the polymers were
determined from CV measurements. As shown in Figure 3c,
P(F-BiT)-COOBOCI(in) exhibited an unstable oxidation peak
and negligible reduction peak, whereas P(E-BiT)-COOBOCI(out)
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had distinct oxidation and reduction peaks.>23293134471 The
measured HOMO energy levels (Egomo) of both polymers
were determined from the onset oxidation potential (E,,>"*)
and E," — Eyomo, Tespectively, and by using the following elec-
trochemical equation: Epomo = —4.8 — (Eo’™" — E; J2,ferrocene)s
where Ej; ferrocene €quals 0.57 eV (measured data). The HOMO
energy levels of P(F-BiT)-COOBOCl(in) and P(F-BiT)-
COOBOCl(out) (Egomo = —5.71 and —5.66 eV, respectively) were
in good agreement with the DFT calculation results.

As shown in Figure 3d, it was expected that when the polymers
are blended with IT-4F, and the energy levels are well-aligned, the
Voc 0of P(E-BiT)-COOBOCI(in) would be higher than that of
P(F-BiT)-COOBOCl(out). However, there is no energy offset
between the HOMO levels of P(F-BiT)-COOBOCIl(in) and
IT-4F, so if the driving force is insufficient, there may be a
high probability of charge recombination.***¥! In contrast, the
HOMO level of P(F-BiT)-COOBOCl(out) is slightly higher
(by 0.05 V) than that of IT-4F, which is favorable for photovoltaic
performance.

2.3. Photovoltaic Performance

To get the best performance from each polymer, all devices were
fabricated and optimized with IT-4F and an inverted device

© 2020 Wiley-VCH GmbH
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Figure 3. UV-vis absorption spectra, CV curves, and energy band diagrams of the polymers: a) average molar absorption coefficients in chloroform
(measured using 107> M chloroform solutions); b) UV-vis absorption spectra of chloroform solutions (S) and thin films (F); ¢) CV curves of thin films;

and d) energy band diagrams with IT-4F in an inverted structure.

structure (ITO/ZnO/polymer:IT-4F/MoOs/Ag). This improves
the device stability compared with conventional devices that
use a high work-function metal anode.*”) To optimize each
active layer, polymer:IT-4F (1:1, w/w) blended solutions were
dissolved in CB or TMB, with 0.5vol% of 1,8-diiodooctane
(DIO) additive, then spin-coated onto the ZnO-coated ITO
glass in an air or N, atmosphere, followed by annealing. The
thickness of the polymer:IT-4F layer was controlled to ~90 nm
by tuning the spinning rate during the spin-coating process.
The photovoltaic parameters for the optimized polymer
blends are summarized in Table 3, and detailed information
for the P(F-BiT)-COOBOCI(out)-based devices is given in the

Supporting Information; specifically, the current density—voltage
(J-V) curves and their parameters for inverted OSCs with
respect to the amount of DIO additive (Figure S13 and Table S2,
Supporting Information) and post-annealing temperature
(Figure S14 and Table S3, Supporting Information).

As shown in Figure 4a, the CB-processed device with P(F-BiT)-
COOBOCI(in):IT-4F exhibited a very low PCE of 1.0% due to
the extremely low short-circuit current density (Js) and FF
value. In contrast, the CB-processed device containing P(F-BiT)-
COOBOCI(out):IT-4F showed a remarkably high PCE of 11.8%
with a V. of 0.899V, J, of 19.1mA cm 2, and FF of 68.9%.
This high efficiency may result from the optimal HOMO offset

Table 3. Photovoltaic performance of optimized polymer blends for inverted OSCs with respect to process.

Active layer® Conditions® Vee M Jse [MAcm ™7 FF [9%] PCE max/PCEave [%6]°
P(F-BiT)-COOBOCI(in):IT-4F (1:1, w/w) CB in GB 0.963 2.0 49.8 1.0/0.9 +0.06
P(F-BiT)-COOBOCI (out):IT-4F (1:1, w/w) CB in GB 0.899 19.1 68.9 11.8/11.6 £0.23
P(F-BiT)-COOBOCI (out):IT-4F (1:1, w/w) CB in Air 0.899 18.9 70.3 11.9/11.6 +0.31
P(F-BiT)-COOBOCI (out):IT-4F (1:1, w/w) TMB in Air 0.879 19.9 60.7 10.6/10.4 +0.21
P(F-BiT)-COOBOCI (out):IT-4F (1:1, w/w) TMB in Air? 0.859 19.919 61.187 10.467

a)Post-annealing at 140 °C for 10 min; ®Solutions contain 0.5% DIO additive; c)Average PCE values calculated from 10 independent cells; 9 Certification result from the NCPAC,

Republic of Korea (No. TP-20S-0758).
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Figure 4. a,c) J-V and b,d) EQE curves of the optimized devices for the polymer blends processed with different conditions: a,b) GB and c,d) air

environments.

difference between the donor and acceptor units, and from the
minimized energy loss (Egs), increasing the probability of
charge carrier separation.’®** Ey is an important parameter
in the evaluation of photovoltaic performance. It can be esti-
mated by the equation Fioss = Eg”" — eV, where E,°™ is the
smallest optical bandgap of the donor and acceptor.
Considering that E,°P' is 1.56 eV for IT-4F with onset absorption
794nm and eV, is 0.899eV in the P(F-BiT)-COOBOCI(out):
IT-4F blend, Ess is calculated as 0.66 V. Ejss values reported
in the literature typically range from 0.7 to 1.0 eV;®*'53 thus,
the Eoss of 0.66V is smaller than that of most 0SCs.>®
External quantum efficiency (EQE) curves of the CB-processed
devices containing P(F-BiT)-COOBOCI(in):IT-4F and P(F-BiT)-
COOBOCI(out):IT-4F are shown in Figure 4b. The EQE of the
P(F-BiT)-COOBOClI(in):IT-4F device was very low over the entire
wavelength range, similarly to the J-V results. In contrast, the
P(F-BiT)-COOBOCI(out):IT-4F device displayed a broad EQE
response from 300 to 850 nm, and the EQE in the absorption
range from 550 to 850nm reached ~70%, indicating that
both donor and acceptor units contributed greatly to light har-
vesting. Interestingly, the Ej. calculated from the EQE curve
for P(F-BiT)-COOBOCI(out):IT-4F device is 0.56 eV, due to the
smaller E,°P' of 1.46 eV with onset absorption at 850 nm; thus,
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it achieved a smaller Ej. relative to the empirical threshold of
0.60 eV.1%1331 Syuch a small Ep is critical for achieving high
PCEs in P(F-BiT)-COOBOCI(out)-based NFOSCs.P"

To evaluate the large-scale processability of the P(F-BiT)-
COOBOCIl(out) donor polymer, we fabricated a device by spin-
coating in air. As shown in Figure 4c,d, the air-processed device
containing P(F-BiT)-COOBOCI(out):IT-4F had a slightly higher
PCE (11.9%) and FF (70.3%) than the equivalent GB (Nj)-
processed device. The EQE curve was very similar to that of
the GB-processed device. Reliability tests were conducted on
devices processed under different relative humidity (RH) condi-
tions (40%, 50%, 61%, and 69% RH). The devices exhibited an
average PCE of 11.7% with excellent stability (Figure S15 and
Table S4, Supporting Information).

Moreover, to test the processability in an eco-friendly solvent, a
TMB-processed P(F-BiT)-COOBOCI(out):IT-4F device was fabri-
cated in air. This device achieved a high PCE 0f 10.6% and a J,. of
19.9mA cm ™2 (maximized EQE of 77.6% at 660 nm), which, to
our knowledge, is among the highest PCEs reported to date
for NFOSCs processed with an eco-friendly solvent in air.l>12¢!
To confirm the reliability of the raw state, we sent the cell without
any encapsulation to the NCPAC, Republic of Korea and
requested a certified measurement. A certified PCE of
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10.467% (No. TP-20S-0758) was recorded (Figure S16,
Supporting Information). These results demonstrate that the
chlorine- and carboxylate-functionalized polymer, P(F-BiT)-
COOBOCl(out), is stable against oxygen and moisture in air,
due to the deep-lying HOMO level according to the E,,°"*" of
1.43 eV 11216

2.4. Charge Transport Properties

The charge transfer properties between the donor and acceptor
units in the polymer blends must be investigated to clarify their
contribution to device performance. Photoluminescence (PL)
measurements are a convenient method of probing the charge
transfer or energy transfer between materials; thus, PL measure-
ments were performed on films of the pristine polymers and
optimized polymer blends.>?23* The results are shown in
Figure S17, Supporting Information. Each material exhibited a
pronounced PL emission peak in the ranges of 560-900 and
660-900 nm when excited at 500 and 600 nm, respectively; in
all the polymer blends, PL quenching (PLQ) was clearly observed
in the range of 700-850 nm. The PLQ values and energy-level
offsets are summarized in Table S5, Supporting Information.

For the P(F-BiT)-COOBOCI(in):IT-4F blend, the donor to
blend (D—B) and acceptor to blend (A—B) PL emissions were
partially quenched, with PLQp_,5 of 66.8% and PLQa_.g of
47.9% under excitation at 500 nm and PLQp_.p of 66.2% and
PLQa . of 58.5% under excitation at 600 nm. This partial
quenching implies that the photoexcited charge carriers are
not transferred well between the constituent parts. This result
is consistent with the minimal HOMO offset (0eV) between
P(F-BiT)-COOBOCI(in) and IT-4F in the CV results, which
can be caused by charge carrier recombination.®*!

In contrast, there was considerable PLQ between P(F-BiT)-
COOBOCl(out) and IT-4F, regardless of the processing
conditions, indicating that there was highly efficient exciton disso-
ciation in the bulk heterojunction structure. Notably, the maxi-
mized PLQp .5 and PLQa_.p rates for P(F-BiT)-COOBOCI(out):
IT-4F (CB in GB) and P(F-BiT)-COOBOCI(out):IT-4F (CB in air)
were nearly identical, at 93.0% and 92.4% (PLQp_.5) and 91.2%
and 90.8% (PLQa_.p), respectively, under excitation at 500 nm.
The P(F-BiT)-COOBOCl(out):IT-4F (TMB in air) film showed
slightly different PLQ behavior to that of (F-BiT)-COOBOCI(out):
IT-4F (CB in air), as the former exhibited a lower PLQ_.p rate
under excitation at 500 nm. These results are in good agreement
with the HOMO offsets and energy loss values, which supports the
evaluated photovoltaic parameters for each optimized device.

Next, we measured the space-charge-limited current (SCLC)
characteristics of hole-only and electron-only devices to verify the
charge transport properties in optimized devices for P(F-BiT)-
COOBOCI(in):IT-4F (CB in GB), P(F-BiT)-COOBOCI(out):
IT-4F (CB in GB), P(F-BiT)-COOBOCI(out):IT-4F (CB in air),
and P(F-BiT)-COOBOCl(out):IT-4F (TMB in air) (Figure S18,
Supporting Information).**323*%¢! The electron and hole
mobilities (u. and py, respectively) and their balance (u./pyn) were
calculated using the modified Mott-Gurney equation and sum-
marized in Table S6, Supporting Information. The P(F-BiT)-
COOBOCI(in):IT-4F (CB in GB) device showed lower hole and
electron mobilities (8.39 x 10~> and 1.29 x 10™°, respectively)
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and a lower charge transport balance (65.04) than the other
devices.*?® This may be due to the extremely weak exciton
dissociation properties revealed by the PL measurement. For
P(F-BiT)-COOBOCI(out):IT-4F, devices prepared using all three
sets of conditions (CB in GB, CB in air, TMB in air) showed sim-
ilar charge transport properties (ue: 1.79 x 10 to 3.08 x 102,
pn: 277 X 1077 to 7.05 x 107>, and pye/un: 3.87-6.46). These
results imply that blends of IT-4F and P(F-BiT)-COOBOCI(out)
perform well, facilitating charge transport and extraction

even when processed in air. This is consistent with the former
data [12:16:57]

2.5. Polymer Blend Morphology

The surface morphologies of the optimized polymer blends
of P(F-BiT)-COOBOCI(in):IT-4F (CB in GB), P(F-BiT)-
COOBOCI(out):IT-4F (CB in GB), P(F-BiT)-COOBOCI(out):
IT-4F (CB in air), and P(F-BiT)-COOBOCI(out):IT-4F (TMB in
air) were investigated using atomic force microscopy (AFM)
(see Figure 5). The blended films were prepared under the same
conditions as the optimized devices. The P(F-BiT)-COOBOCI(in):
IT-4F (CB in GB) film exhibited bulk phase separation and large
domains with a root-mean-square (RMS, Ry) roughness of
0.60nm and maximum height difference in the z-direction
(R,™) of 7.26 nm. This rough morphology may increase the
probability of charge recombination before the charge carriers
can reach the donor-acceptor interface, resulting in poor
performance.>122%28321

In contrast, all three P(F-BiT)-COOBOCl(out):IT-4F films had
relatively smooth and uniform features. The topographies of
the P(F-BiT)-COOBOCl(out):IT-4F (CB in GB) and P(F-BiT)-
COOBOCI(out):IT-4F (CB in air) films were similar, despite
the difference in processing environment, with nanoscale
bicontinuous phase separation. These interpenetrating donor—
acceptor networks are beneficial for exciton dissociation and
charge transport. Although the maximum height difference of
the P(F-BiT)-COOBOCIl(out):IT-4F (CB in air) film was high
(R, =24.53nm), the RMS roughness was lower than that
of P(F-BiT)-COOBOCI(out):IT-4F (CB in GB) (Ry=2.31 vs
2.57nm). The lower RMS roughness should enable defect-
free contact with the MoOs layer, resulting in increased FF
values.!"®®! Furthermore, the P(F-BiT)-COOBOCI(out):IT-4F
(TMB in air) film, which is processed with an eco-friendly solvent
in air, exhibited fiber-like domains and more distinct phase sep-
aration, which is beneficial to high J,.*”*"! Nevertheless, there
were some excessive aggregated defects and larger domains with
Ry of 3.60 nm and R,™ of 32.92 nm in the nanoscale network,
which may reduce the FF.*% These results correspond well with
the PL and SCLC parameters of the photovoltaic devices.

2.6. Nanostructural Analysis

To better understand the nanoscale structures of the pristine pol-
ymers and optimized polymer blend films, two-dimensional
grazing-incidence X-ray diffraction (2D GIWAXS) measure-
ments were conducted.”?*2629313447] The results are shown
in Figure 6. The corresponding line-cut profiles were obtained
for all films in the out-of-pane (OOP; along g,,) and in-plane
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Figure 5. AFM height and phase images (5 pm x 5 um) for optimized polymer blends processed under different conditions. a,e) P(F-BiT)-COOBOCI(in):
IT-4F (CB in GB), b,f) P(F-BiT)-COOBOCI(out):IT-4F (CB in GB), c,g) P(F-BiT)-COOBOCI(out):IT-4F (CB in air), and d,h) P(F-BiT)-COOBOCI(out):IT-4F

(TMB in air).

(IP; along g, directions (Figure S19a-d, Supporting
Information). In addition, intensity-integrated azimuthal pole
figure plots were constructed for the (100) scattering peaks of
the pristine and blended polymer films (Figure S19e and
S19f, Supporting Information). The integrated areas within
the azimuthal angle (y) in the ranges of 0-45° (A,) and
45-90° (A,,) are defined as the corresponding fractions of
face-on and edge-on structures, respectively, and the face-on
to edge-on structure ratio, A,,/A;, was also calculated. Finally,
the (100) and (010) crystal coherence lengths (CCL199) and
CCLo10), respectively) in the OOP direction were calculated from
the full width at half maximum (FWHM) value using the
Scherrer equation. The details of all parameters are summarized
in Table 4 and Table S7, Supporting Information.

For P(F-BiT)-COOBOCI(in) (CB), a single intense (100) peak
was observed with a lamellar distance (d(10¢)) of 25.83 A, indicat-
ing the dominant crystalline nature of the polymer, as shown in
the profiles of the OOP and IP directions. The P(F-BiI)-
COOBOCI(in):IT-4F (CB) blend also exhibited a single (100) peak
with di100) of 25.63 A. The absence of interchain n—r stacking in
P(F-BiT)-COOBOClI(in) (CB) and its blend is attributed to its
largely distorted conformational backbone. Upon detailed inves-
tigation, P(F-BiT)-COOBOCI(in):IT-4F (CB) was identified to
have a A,,/A, ratio of 0.53 and CCL ;o) of 87.455 A, which con-
firms that the edge-on structure was more dominant. This result
agrees well with the DSC analysis and photovoltaic performance.

In contrast, P(F-BiT)-COOBOCI(out) (CB) exhibited a strong
n—7 stacking (010) diffraction peak in the OOP direction with
a m-7 stacking distance (di10)) of 3.86 A, A, /A, ratio of 1.49,
and CCLiq of 24.107 A, indicating a preferential face-on
orientation with tight and pure co-facial packing. The strong
n—7 stacking suggests that the coplanar polymer backbone of
P(F-BiT)-COOBOCI(out) (CB) is favorable for ordered molecular
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packing, which will benefit intermolecular charge transport
in the vertical direction. This is correlated with the high hole
mobility of the polymer.”***** The (100) and (300) interlamellar
distances (d(300)) of P(F-BiT)-COOBOCI(out) (CB) were calculated
to be 20.11 and 7.23 A, respectively, with a CCL(100) of 99.295 A,
revealing its high crystallinity. For the P(F-BiT)-COOBOCI(out):
IT-4F (CB) blend, an amorphous ring appeared at around
1.4-1.5 A~ due to the inherent IT-4F stacking properties.?*%%
The P(F-BiT)-COOBOCI(out):IT-4F (CB) blend showed four dis-
tinct peaks of (100), (200), (300), and (010), demonstrating both
the long-range regularity and high n—rn stacking. Furthermore,
the P(F-BiT)-COOBOCI(out):IT-4F (CB) blend reached the clos-
est -7 stacking distance (3.61 A) between (010) planes and bal-
ance between the edge-on and face-on structures (A,,/A, = 1.00).
The balanced molecular orientation of P(F-BiT)-COOBOCI(out):
IT-4F (CB) may be the cause of the high efficiency and reliability
of the devices processed in both GB and air.l***>7-6162

When P(F-BiT)-COOBOCl(out) was processed with an
eco-friendly solvent (TMB) in air, the diffraction patterns for
the pristine polymer and blended films were similar to those of
the CB-processed films, indicating that P(F-BiT)-COOBOCI(out)
maintains its inherent stacking properties, regardless of the
solvent used for processing. In comparison to P(F-BiT)-
COOBOCl(out) (CB), the pristine P(F-BiT)-COOBOCI(out)
(TMB) polymer showed enhanced crystallinity, with d100) of
19.98 A and dizo0) of 7.10 A, and a closer n—n stacking
distance of 3.73 A. Remarkably, the A,,/A, ratio of P(F-BiT)-
COOBOCl(out) (TMB) was decreased to 0.96, almost without
variation of the CCL values. Therefore, it is likely that TMB
processing helps to form a high crystalline structure, maintain-
ing crystal quality in both the (100) and (010) directions.
However, the P(F-BiT)-COOBOCI(out):IT-4F (TMB) blend exhib-
ited low (100) crystal quality and distant n—n stacking, which
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Figure 6. 2D GIWAXS data for films of a,c,e) pristine polymers and b,d,f) their optimized blends processed with different conditions: a) P(F-BiT)-
COOBOCI(in) (CB) and b) its blend processed in GB; c) P(F-BiT)-COOBOCI(out) (CB) and d) its blend processed in air; and e) P(F-BiT)-

COOBOCl(out) (TMB) and f) its blend processed in air.

prevent charge transport in both the vertical and horizontal direc-
tions. This leads to a reduction in photovoltaic performance and
FF compared with those of P(F-BiT)-COOBOCI(out):IT-4F
(CB).1®® Nevertheless, the eco-friendly solvent and air-processed
device successfully reached a PCE of over 10%, with enhanced
lamellar packing in both the (100) and (200) directions.

2.7. Storage Lifetime and Photostability

In general, the photoactive organic materials in air-processed
OSC devices degrade when exposed to oxygen or moisture,
which decreases the device performance over time.'>'® To
evaluate the industrial processability of the air-processed
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Table 4. GIWAXS results for the pristine polymers and blend films in the out-of-plane (OOP) direction.

Polymer/polymer blend

Solvent® do0) [A] at (100) A" dyo0) [A] at (200) [A]P diso0) [A] at (300) [A™"1Y dioig) [A] at (010) AP A /A0

P(F-BIT)-COOBOCI(in) (CB) cB 25.83 at 0.243
P(F-BiT)-COOBOCI(out) (CB) cB 2011 at 0.312
P(F-BIT)-COOBOCI(out) (TMB) TMB 19.98 at 0.314
P(F-BiT)-COOBOCI(in):IT-4F (1:1, w/w) cB 25.63 at 0.245
P(F-BiT)-COOBOCI(out):IT-4F (1:1, wjw)  CB 20.61 at 0.305
P(F-BiT)-COOBOCI (out):IT-4F (1:1, w/w)  TMB 17.06 at 0.368

- - - 0.88
- 7.23 at 0.869 3.86 at 1.629 1.49
- 7.10 at 0.885 3.73 at 1.685 0.96
- - - 0.53
10.68 at 0.588 7.13 at 0.881 3.61 at 1.739 1.00
10.517 at 0.598 - 4.00 at 1.572 0.92

ASolutions contain 0.5% DIO additive;
correspond to the face-on and edge-on fractions, respectively.

P(F-BiT)-COOBOCl(out):IT-4F ~ (CB)  and  P(E-BiT)-
COOBOCI(out):IT-4F (TMB) devices, the shelf-life and photo-
stability were investigated (without encapsulation). The shelf-life
stability was studied by storing the devices at room temperature
(RT) of 25 °C in an air environment with a RH of 40-50% for up
to 1000 h. These conditions are in line with the International
Summit on OSC Stability (ISOS) shelf protocol (ISOS-
D-1).51416.23,25,32343538] 11 addition, the photostability tests

(@ 11
10+

0.9
08 e ﬁ'\"‘\,_,
0.7 4
0.6
0.5+
0.4

P(F-BiT)-COOBOCI(out):IT-4F=1:1 CB in Air (w/o encap.)
03+ —=— V“c

Normalized parameters

024—*—J

0.1

00 T T T T T T II!II T T T T T
0 100 200 300 400 500950 960 970 980 990 1000
Time (h)

©)

11

hoto-stability test (in air @ 40-50 °C, RH 40-50%)
1.0+

0.9
0.8
0.7 4

0.6
0.5+
0.4

{P(F-BiT)-COOBOCI(out):IT-4F=1:1 CB in Air (w/o encap.)
034 —=— Voc

Normalized parameters

024—e—J_

01{——FF

{—+—PCE

00 T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

Time (h)

Gy (OF q,) = 2/d 010y (0F dinooy); “Ratio of face-on to edge-on orientation determined by the pole figure analysis, where A,, and A,

were performed according to the ISOS-L-1 protocol under con-
tinuous AM 1.5 G illumination at 1 sun at 40-50°C (without a
cooling system) in air with RH 40-50%.12>%>3>374 The results
are shown in Figure 7.

As shown in Figure 7a, the P(F-BiT)-COOBOCI(out):IT-4F
(CB in air) device had an initial PCE of 11.51% with a V,. of
0.879V, Ji of 18.8mA cm™? and FF of 69.8%. After 12h,
the PCE increased to its maximum value of 11.9% without
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Figure 7. a,b) Storage lifetime (obtained using the 1ISOS-D-1 shelf protocol; dark, in air, RT, 25 °C, 40-50% RH) and c,d) photostability (obtained using
the ISOS-L-1 protocol under continuous AM 1.5G illumination at 1 sun; in air, 40-50 °C, 40-50% RH) for the P(F-BiT)-COOBOCI(out)-based optimized

devices without encapsulation: a,c) P(F-BiT)-COOBOCI(out):IT-4F (CB in air) and b,d)
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any burn-in loss. The CB-processed device showed excellent
air-stability for 1000 h, maintaining approximately 80% of its
initial PCE (PCEjpoon =9.14%, with a V,. of 0.879V, J. of
17.5mA cm™2, and FF of 59.4%). Even compared to the
GB-processed device, there was only a 10% difference in
efficiency up to 1000 h (Figure S20, Supporting Information).
We believe the high stability of the air-processed device is primar-
ily due to the balanced face-on to edge-on structure ratio and
morphology close to the thermodynamic equilibrium state.**!

Moreover, as shown in Figure 7b, when the P(F-BiT)-
COOBOCI(out):IT-4F device was processed with an eco-friendly
solvent (TMB) in air, it still maintained 72.3% of its initial
PCE up to 1000h (PCEjgoon = 10.6%, with a V,. of 0.879V,
Jse of 19.9mA cm™?, and FF of 60.7%). This result suggests
that the chlorine- and carboxylate-functionalized P(F-BiT)-
COOBOCl(out)-based bulk heterojunction 1is sufficiently
stable for long time in air, regardless of the processing
solvent [12:1416.23.25,32,34,35,38)

The photostability results are shown in Figure 7c,d. The per-
formance of both devices decreased rapidly during the first 5h
of operation, which is associated with burn-in loss due to strong
UV damage®*® and spinodal demixing of the donor and acceptor
phases.*? Subsequently, the PCEs remain relatively steady
up to 100 h. In short, both devices maintained PCEs of over
63% of their initial values for 100h, suggesting reasonable

photostability of the photoactive materials and NFOSC
devices, [23:2535:37.66.67]

2.8. Potential for High-Performance Devices Fabricated
by Eco-Friendly Process with NIR Acceptor

To further demonstrate the applicability of the eco-friendly
process, the latest popular NIR nonfullerene acceptor unit,
Y6-BO-4Cl (also known as BTP-BO-4Cl), was used to prepare
polymer blends instead of IT-4F. Among the Y6 derivatives,
Y6-BO-4Cl offers high solubility in solvents with low toxicity,
enabling its use in eco-friendly processes.®®®”! The molecular
structures and energy levels of P(F-BiT)-COOBOCl(out) and
Y6-BO-4Cl are shown in Figure 8a. Similar to the P(F-BiT)-
COOBOCl(in):IT-4F blend, there is zero HOMO offset between
the donor and acceptor units in a P(F-BiT)-COOBOCI(out):

www.solar-rrl.com

Y6-BO-4Cl blend. Therefore, if the driving force is insufficient,
the charge recombination is expected to be high. However, as
shown in Figure 8b, Y6-BO-4Cl-based devices with a conven-
tional structure exhibited unexpectedly high PCEs of 12.26%
and 14.22% when prepared using halogenated (CB with 0.5%
DIO) and nonhalogenated (XY with 0.25% 1-phenylnaphthalene
(PN)) solvents, respectively. The high PCEs are probably due to
the reasonably enhanced V,. and J,. values derived from the
extremely low Ej.g of approximately 0.44—0.45 eV, which contrib-
utes to fast and efficient charge separation, compared with
IT-4F-based devices.”” As shown in Figure 8c, the correspond-
ing EQE curves exhibited suitable responses in the NIR region of
800-950 nm. Moreover, the experimental values show a small
deviation with ~4% mismatch compared with the calculated
Jsc values.

To better understand the performance of these devices, the
molar absorption coefficient profiles of the blended films were
investigated with respect to solution combination under opti-
mized device conditions (optimal thickness: 100 nm). The results
are shown in Figure S21, Supporting Information. In short, all
XY-processed films except for that with 1.0% PN showed higher
molar coefficients than the CB-processed films across the entire
absorption range, indicating that both the donor and acceptor
units contribute greatly to light harvesting in the device.
Although the XY (1.0% PN)-processed film showed the largest
red-shifted onset value due to the enhanced n—n stacking, the
ICT effect was weaker than that in other films with regard
to the molar coefficient of the acceptor. The results agree well
with the photovoltaic parameters of the fabricated devices, par-
ticularly the Ji. values.

The detailed photovoltaic performances of the fabricated
devices with P(F-BiT)-COOBOCI(out):Y6-BO-4Cl are summarized
in Table S8, Supporting Information. Most Y6-derived high-
performance wide-bandgap polymers adopt a donor-n—
acceptor—r type structure, except for PTQ10 and PTQ11.”" It prob-
ably helped to facilitate the planarity of polymer backbone in the
blend and enabling efficiently charge hopping with Y6 derivatives.
These valuable results show that P(F-BiT)-COOBOCl(out), as a
donor—acceptor or donor—n—x polymer, is highly compatible with
Y6 derivatives, and thus can be utilized in the near future in the
development of high-performance and eco- friendly NFOSCs.

® === P(F-BIT)-COOBOCI(oul) Y6-B04CI=1:1 2 (CB in GB) —s— P(F-BiT)-COOBOCI(out):Y6-BO-4CI=1:1.2 (CB in GB)
—e— P(F-BiT)-COOBOC(out):Y6-BO-4Cl=1:1.2 (XY in GB) 90 {—e— P(F-BiT)-COOBOCI(out):Y6-BO-4CI=1:1.2 (XY in GB)
o / 80 o - NIR region
T . “\," -
€ sd 704 Y od
Y6-80-4CI - 14
P(F-BIiT)-COOBOCI(out) (R = 2-butyloctyl) - __ 804
-3.68eV Zz 10 R A
-4.09eV S O 404 /
© w
g 187 30 4
s /
P(F-BiT)- 3 20 204
00BOCI(out) Y6-BO-4CI o .
PR S S
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-5.66eV = AEyomo-a) = 0 €V
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Figure 8. a,b) J-V and c) EQE curves of the optimized devices for the polymer blends processed with different conditions: a,b) GB and c,d) air

environments.
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3. Conclusion

Herein, two new chlorine- and carboxylate-functionalized
bithiophene-based wide-bandgap donor polymers were success-
fully designed and synthesized. By altering the chlorine and
carboxylate substitution topology on the bithiophene moiety,
the characterization results were considerably different for
P(F-BiT)-COOBOCI(in) and P(F-BiT)-COOBOCI(out). Both pol-
ymers exhibited high solubility in eco-friendly solvents
despite their low synthetic complexity. In particular, P(F-BiT)-
COOBOCl(out), a polymer with outward Cl on bithiophene, had
a simultaneously high molecular weight, dipole moment, molar
coefficient, planarity, and deep-lying HOMO level. When
blended with IT-4F, the resultant air-processed device reached
a very high PCE of 11.91%. In addition, the device exhibited
superior shelf-life stability and photostability in ambient atmo-
sphere without encapsulation, as well as reduced performance
loss relative to most reported NFOSCs. More surprisingly,
when prepared with an eco-friendly solvent (TMB) and proc-
essed in air, the device reached a high PCE of 10.6% (certified
PCE: 10.467%), which is, to our knowledge, among the highest
PCEs reported so far for NFOSCs processed under such condi-
tions. Finally, to further demonstrate the potential of this high-
performance polymer that can be processed using eco- friendly
conditions, we fabricated devices with latest popular NIR accep-
tor, Y6-BO-4Cl, and achieved the best PCE of 14.22% when
using XY solvent. This study gives many perspectives and
opportunities for designing and developing efficient photoac-
tive materials as a new strategy for the commercialization of
NFOSCs.

4. Experimental Section

Polymerization of poly[(2,6-(4,8-bis(5-(2-ethylhexyl)-4-fluorothiophen-
2-yl)-benzo[1,2-b:4,5-b’|dithiophene))-alt-(2-butyloctyl-5,5’-dibromo-4'-
chloro-2,2’-bithiophene-3-carboxylate)] (P(F-BiT)-COOBOCI(out)): A mixture
of F-2DBDT (94.05mg, 0.10mmol), BiT-COOBOCI(out) (57.1mg,
0.10 mmol), Pd,(dba); (3.0 mg), and P(o-toly); (10.0 mg) was added
to a 10-20 mL vial in an air environment. The vial was capped and evac-
uated for 20 min before it was refilled with nitrogen gas, after which anhy-
drous toluene (3.0 mL) was added to the mixture. The reactor was twice
degassed and refilled with nitrogen. The polymerization mixture was
stirred at 100 °C for 5 h. The polymer was end-capped by the addition
of 2-bromothiophene (56.0 mg, 0.33 mmol), and the mixture was further
heated at 140°C for 1h. After heating, 2-tributylstannyl thiophene
(31.3 mg, 0.0875 mmol) was added and the mixture was heated again
at 140 °C for 1 h. The reaction mixture was cooled to RT and poured into
methanol (300 mL) and 37% HCl (10 mL), stirred for 1 h, and then puri-
fied further using a Soxhlet extractor with methanol (24 h), acetone
(24 h), hexane (24 h), methylene chloride (24 h), and chloroform (24 h),
sequentially. The chloroform fraction of the polymer was reprecipitated
in methanol, filtered, and vacuum dried to obtain P(F-BiT)-
COOBOCl(out) (dark red solid; yield: 89%). P(F-BiT)-COOBOCI(in)
was synthesized under the same conditions with the same procedure
(orange to reddish solid; yield: 74.0%).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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