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Developing non-fused-ring electron acceptors (NFREAs) is a promising strategy toward high-efficiency and
low-cost organic solar cells (OSCs), for which an in-depth understanding of the donor:acceptor (D:A)
pairing principles is essential. Herein, we designed and synthesized a tetra-thiophene-cored NFREA with
outward branched alkyl chains, BO-4T, and performed a systematic study by mapping four polymer
donors, namely D18, PM6, PBDB-T, and J52, with BO-4T to investigate the carrier dynamics and
molecular packing. It was unveiled that the narrowed energetic offset and broadened absorption
coverage of the D:A blends were favorable for maximizing the voltage and photocurrent of OSCs,

respectively, and the suitable phase separation induced by the miscibility between the D:A couple was
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Accepted 16th January 2023 critical for achieving high crystallinity and good charge-transport properties. Finally, with lower energy
loss and less charge recombination, PM6 worked the best with BO-4T, demonstrating a high efficiency

DOI: 10.1035/d2ta09500a of 14.33%, which is among the best for OSCs based on NFREAs. Therefore, this work provides valuable
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Introduction

As a kind of clean energy utilization technology, organic solar
cells (OSCs) have received increasing attention in recent years
due to their unique characteristics, such as flexibility, color-
fulness, and translucency.'” For efficient OSCs, the photoactive
layer mainly adopts a bulk-heterojunction (BH]J) structure,
consisting of a p-type compound as the electron donor (D) and
n-type compound as the electron acceptor (A).** With both
efforts in developing wide bandgap donors, e.g., PM6 and D18,
and narrow bandgap non-fullerene acceptors (NFAs), e.g., Y6
and L8-BO, single-junction OSCs have shown their potential in
achieving power conversion efficiencies (PCEs) of over 19%,
thus  showing  promise toward commercialization
applications.®"” However, to realize the economic benefits of
commercial applications the applied photoactive materials
should possess both high efficiency and low cost,'®*® while the
current champion efficiencies were achieved with complicated
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guidelines for selecting polymer donors to match NFREAs.

fused-ring Y-series NFAs, thus building barriers toward large-
scale applications.”® Based on this, relative to fused-ring elec-
tron acceptors (FREAs), non-fused-ring electron acceptors
(NFREAs) with broken fused-ring structures and easier
synthesis procedures have caught the attention of
researchers.'®?>*

Early in 2018, our group proposed an approach involving
utilizing noncovalent intramolecular interactions, e.g., F---H
interactions, for replacing the fused structure to design
NFREAs, yielding DF-PCIC with an efficiency over 10% and high
thermal stability.>* Such a design also reduced the synthetic
steps, thus lowering the material costs. Later, a more simplified
NFREA, ICTP consisting of only one benzene ring and two
thiophene rings as the molecular backbone and O---H intra-
molecular interaction, was also designed by our group. Further
modifications of an outward linear alkyl chain on the thiophene
ring and fluorination on the terminals led to a PCE of over 10%
in such a completely non-fused structure.**® Bo et al. also re-
ported tetra-thiophene rings as a feasible choice for construct-
ing NFREAs and an efficiency over 12% could be achieved by
altering the substituted alkyl chains on the four thiophene
rings.”” Very recently, based on a tetra-thiophene ring backbone,
Hou et al. introduced rigid 2,4,6-triisopropylphenyl as the
substituent for the central bi-thiophene rings, yielding A4T-16.
Such an arrangement enabled a 3D-interpenetrated crystalline
structure, leading to a high PCE of 15.2% with an outstanding
fill factor (FF) of 0.798.> Continuous efforts have investigated
NFREAs for higher efficiencies, but mainly focus on how the
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molecular structures of NFREAs affect the device
performance.'®**¢ Less attention has been devoted to the
polymer donors mapping with a NFREA, which is critical, since
the crystallization dynamics in the BHJ photoactive layer are
controlled by the both donor and acceptor.**” An understanding
of how varied polymer donors regulate the crystalline packing of
the photoactive layer with a NFREA is essential to guide the
future design of highly efficient OSCs based on low-cost
NFREAs.

Under the above backgrounds, we here performed a study on
mapping the polymer donors with a NFREA. First, based on the
tetra-thiophene ring backbone, we designed and synthesized
a NFREA with high steric 2,4,6-triisopropylphenyl as the
substituents on the central bi-thiophene rings and outward
branched alkyl chains, 2-butyloctyl (2-BO), as the substituents
on another two thiophene rings, yielding BO-4T (Fig. 1). The
crystalline packing structure study of BO-4T via single-crystal
analysis revealed condensed m-m stacking and a predominant
face-on molecular orientation, beneficial for superior charge
transport in the acceptor domains. Then, four wide bandgap
polymer donors of D18, PM6, PBDB-T, and J52 were selected to
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pair with BO-4T for a systematical study on D-A matching in
NFREA-based OSCs (see Fig. 1a for the chemical structures). The
effects of the polymer donors' energetics, absorption, and
aggregation properties on the carrier dynamics and crystalliza-
tion behaviors, and thus the whole device performances were
investigated. With more benefits in voltage and FF, the D-A
combination of PM6:BO-4T demonstrated the highest PCE of
14.33%, representing one of the highest efficiencies for NFREA-
based OSCs. When evaluating the cost and performance of the
materials, BO-4T possessed a prominent figure-of-merit (FOM)
value of 23.25 among several representative acceptors, indi-
cating its advantage in terms of low material costs.

Results and discussion
Molecular design and quantum chemistry calculations

The synthetic route for the non-fused acceptor BO-4T is shown
in Fig. 1b. Compound 2 was obtained via a Suzuki coupling of
brominated dithiophene and (2,4,6-triisopropylphenyl)boronic
acid. Then the two a-hydrogen atoms of 2 were replaced by
bromine atoms, thus obtaining compound 3. Compound 4 was
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Fig.1 (a) Chemical structures of D18, PM6, PBDB-T, and J52. (b) Synthetic route for BO-4T. (c) Internal rotation barrier of TP-BO. (d) Internal
rotation barrier of BO-IC. (e) ESP distribution for BO-4T at the B3LYP/6-31 G(d,p) level.
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derived from the Stille coupling of 3 and tributyl(4-(2-butyloctyl)
thiophen-2-yl)stannane. Afterwards, the dialdehyde interme-
diate 5 was obtained by a Vilsmeier-Haack reaction. Finally, the
Knoevenagel condensation of 5 and 2-(5,6-difluoro-3-oxo-2,3-
dihydro-1H-inden-1-ylidene)malononitrile derived the target
molecule BO-4T. BO-4T exhibited excellent solubility in
common solvents like CH,Cl, and CHCIl;, and the chemical
structure was verified by "H NMR, >C NMR spectroscopy, and
matrix-assisted laser desorption/ionization time of flight
(MALDI-TOF) mass spectrometry (Fig. S1-S7T). The detailed
synthesis and characterization of BO-4F can be found in the
ESLT

Density functional theory (DFT) theoretical calculations were
performed at the B3LYP/6-31 G(d,p) level for obtaining the
optimal geometry, and showed a planar conformation for BO-4T
(Fig. S8t), favoring the packing of adjacent molecules. To verify
the effects of 2,4,6-triisopropylphenyl and 2-BO substituents on
the geometry, the internal rotation barrier between two adjacent
structural units was calculated (Fig. 1c and d). TP-BO was the
molecular fragment composed of the thiophene unit in the core
and m-bridge, and BO-IC was composed of a r-bridge and
terminal. It was found that the trans conformation of two
thiophene rings was the more stable state than the cis confor-
mation for TP-BO. As for BO-IC, the outward branched alkyl
chains induced strong steric hindrance effects, making the
conformation with the formation of O---S noncovalent interac-
tion the stable state and inducing an especially large rotation
barrier (~45.0 k] mol ') from the stable state to the meta-stable
state (Es—ms). Besides, 2,4,6-triisopropylphenyl and 2-BO
substituents helped endow BO-4T with a planar geometry,

O
O

(d)

—— BO-4T sol

iy BO-4T film /\
/
08 /

/

024\ /.
4 \
0.0 D———
T T T T
400 600 800 1000 (e)
Wavelength (nm)

Normalized Absorbance (a.u.)

Ci
£
3

— inplane
5 out of plane
1079 \\ 0.452 A1
139 A)
2] / 0238 A1V/\ €
10 (264 A) VO e N

10' 4. 188 A |

Intensity (a.u.)

(3344)

(9

4
10 T T
R IR R ERT

Quector (A")

05 00 05 10
Ay [A71]

15 20

View Article Online

Journal of Materials Chemistry A

which was beneficial for intramolecular charge transfer and
intermolecular charge transport. In addition, the electrostatic
potential (ESP) distribution of BO-4T was also calculated and is
depicted in Fig. 1e. The positive ESP distributions suggested its
good electron-accepting capacity.*

Molecular characterization and single-crystal structure
analysis

The optical property of BO-4T was characterized by ultraviolet-
visible (UV-vis) spectroscopy (Fig. 2a). BO-4T exhibited broad
absorption ranging from 500 to 800 nm with a peak centered at
718 nm in CHCI; solution. While in thin film, the maximal
absorption peak was red-shifted by 60 nm with an absorption
edge located at 868 nm. Besides, the film absorption peak of BO-
4T indicated strong j-aggregation, which could facilitate effi-
cient charge transport.***® The energy levels of BO-4T were
measured through cyclic voltammetry (Fig. 3b and S9%). The
lowest unoccupied molecular orbital (LUMO) and highest
occupied molecular orbital (HOMO) levels of BO-AT were —3.90
and —5.65 eV, respectively. Further, molecular stacking and
orientation of the pristine BO-4T film were analyzed through
grazing incidence wide-angle X-ray scattering (GIWAXS), as
shown in Fig. 2b and c.** A notable (001) diffraction peak at ¢, =
0.238 A~ in the in-plane (IP) direction could be distinguished,
corresponding to a lamellar stacking distance of 26.4 A, and
a weaker lamellar stacking (002) peak located at g, = 0.452 A™%,
corresponding to a lamellar stacking distance of 13.9 A. The
presence of the (001) and (002) diffraction peaks implied the
existence of long-range backbone ordering.** As for the out-of-
plane (OOP) direction, a strong (010) diffraction peak could be
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Fig.2 (a) UV-vis absorption spectra of BO-4T in CHCls solution and thin film. (b) GIWAXS scattering intensity profiles along the in-plane and out-
of-plane directions of BO-4T film. (c) 2D GIWAXS image of the pristine BO-4T film. (d) Single-crystal structure of BO-4T (CCDC: 2223269). (e)
Crystal-packing structure of BO-4T. (f—h) Multi-molecular configurations extracted from the single-crystal structure.
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observed at g, = 1.88 A™", corresponding to a compact -
stacking distance of 3.34 A. The above results indicated that BO-
4T formed condensed - stacking and mainly adopted a face-
on molecular orientation, which is beneficial to carrier
transport.*®

The single crystal of BO-4T was obtained via the liquid
diffusion method in order to gain an in-depth understanding of
the molecular geometry and intermolecular stacking. The
molecular configuration is shown in Fig. 2d. The two thio-
phenes in the core were in the same plane with a dihedral angle
close to 0°. While the dihedral angle between the core and the
attached thiophene m-bridge was 7.58°, and the dihedral angle
between the 7-bridge and terminal was 3.18°. The distance
between the sulfur atom in the m-bridge and the oxygen atom in
the end group was 2.66 A, smaller than the sum of the S and O
van der Waals radii (3.32 A), indicating the formation of O---S
interaction. Meanwhile, the rigid group in the core was almost
perpendicular to the thiophene ring, which was able to inhibit
over-sized intermolecular aggregation. Both the conformation
in the single crystal and the geometry obtained via the DFT
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calculations mentioned above verified the good planarity of BO-
4T. Furthermore, it can be seen from Fig. 2e that effective -7
stacking was formed between the end groups, and the w-m
stacking distances between the end groups were 3.37 and 3.34
A, agreeing well with the GIWAXS results. The small -
stacking distances may be ascribed to the good molecular
planarity. The value of lamellar packing distance calculated
from the GIWAXS scattering profile could also be found in the
single-crystal diffraction analysis (Fig. 2f), which revealed that
the crystalline nature of BO-4T could be maintained in the spin-
coated film to some extent.*»** As shown in Fig. 2g and h, the
intermolecular stacking of BO-4T was highly regular with
effective J-aggregation, which was consistent with the J-aggre-
gation observed in film absorption, which is conducive to the
formation of effective intermolecular charge-transfer chan-
nels.** The above results indicate that through rational struc-
ture design, the obtained BO-4T had a defined molecular
conformation and favorable stacking behaviors with a face-on
molecular orientation in the thin film, which provides a good
case for rationally designing NFREAs.

(a) (b) 4 -2.99 (c) [1]]
-3.44 a P
-3.47 3.58 - € —&—D18:B0-4T
s 3.90 G 5| —&—PMB:BO4T
224 < PBDB-T:BO4T
3 —5— J52:B04T
N 2-10
- [}
> =) =
() - [0
A S 0 -154
w i P
o g
[11] 5-20 ?—B
o
534 52 2] —
N 00 02 04 06 08 10
5.52 -5.65
Voltage (V)
(d) 15
F7 D18:B0-4T e
14 $> ! v!vJPMS:BO-4T o= o
PBDBTBOAT | _ 1 A SN YT D e
- [ 1J52:B04T
&
w 12
O X
g =
114 qg : le Pdiss  Peoll
= 1= .4 : D18:BO4T —&—D18:804T 94.60% 71.86%
104 Y pMe:BO4T Ls —o—PM6:BO4T  97.62% 80.41%
10 o PBDB-T:BO-4T 14 PBDB-T:BO4T 96.24% 72.44%
152-BO4T —5—J52:B0-4T 96.41% 80.40%
9 0 22y T T T T T 0
0.1 1
PCE Statistics 300 400 500 600 700 800 900
Wavelength (nm) Ver (V)
PCE (%)
(9) R (h) (i)
2 0 D18:BO-4T (1.22KTle) 0 D18:BO4T (a = 0.987)
Jse O PM6:BO-4T (1.05 kT/e) &« ) PM6:BO-4T (o = 0.997)
2 247" FF 1.0 PBDB-T:BO-4T (1.11KkTle) £ PBDB-T:BO-4T (a = 0.986)
(mA cm™) ‘ ] v J52:BO4T (1.12kT/e) % v J52:BOAT (a = 0.992) A4
H H y
: H oo < 10 ;
E E 2 2
: : s §
H H gos8 (=] Vi
X L B £ 7
« 4 07 o //‘?//?/G/V 2 /
Voo (V) TS " Pegu (%) : - 3 14 '
—o—D18:B0-4T
—o—PM6:BO-4T 0.6 : : - T
PBDB-T:BO-4T 10 100 10 100

—e—J52:BO-4T

Eyoss (€V)

Fig. 3

Light intensity (mW cm)

Light intensity (mW cm?)

(a) Schematic illustration of the conventional device structure. (b) Schematic energy level alignment of the studied materials. (c) J-V

curves of the optimal devices. (d) PCE statistics of 20 cells for each blend. (e) EQE curves and integral current curves of the optimal devices. (f)
Jon—Vesr curves of the optimal devices. () Radar graph of the average photovoltaic parameters of the optimal devices. (h) Dependencies of the
voltage on the light intensity of the optimal devices. (i) Dependencies of the current density on the light intensity of the optimal devices.
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Photovoltaic properties and recombination mechanism

With BO-4T as the acceptor, we selected D18 and PM6 with
a fluorinated benzodithiophene (BDT) unit as well as PBDB-T
and J52 with a non-fluorinated BDT unit, as polymer donors
to perform a comparable study.®”***¢ These four polymer
donors possessed complementary absorption to BO-4T
(Fig. S101) and gradually lifted HOMO levels from —5.52 eV
for D18 to —5.21 eV for ]J52 (Fig. 3b). We then fabricated the
devices with a conventional structure to characterize the
photovoltaic properties (Fig. 3a). The device preparation
conditions were well optimized and are summarized in Table
S1f. The current density-voltage (J-V) curves of the optimal
OSCs are shown in Fig. 3c, and the photovoltaic parameters are
listed in Table 1. Fig. 3d shows the PCE data statistics. The
open-circuit voltage (Voc) was reduced from 0.964 V and 0.897 V
for D18:BO-4T-based and PM6:BO-4T-based devices to 0.820 V
and 0.741 V for PBDB-T:BO-4T-based and J52:BO-4T-based
devices, in line with the gradually lifted HOMO levels for
these polymer donors. As a result, the calculated energy losses
for D18:BO-4T, PM6:BO-4T, PBDB-T:BO-4T, and J52:BO-4T-
based devices were 0.524, 0.596, 0.678, and 0.756 eV, respec-
tively, indicating that reducing the HOMO offset between the
donor and acceptor is a feasible way to lower the energy loss.*”

For the short-circuit current density (Jsc), except for the
D18:BO-4T system, all the other three systems demonstrated
high Jsc values of ~23 mA cm ™2, illustrating that lowering the
driving force was not the main barrier to achieving efficient
charge separation in the non-fullerene systems. However, the
D18:BO-4T system exhibited a significantly lower Jsc of 19.97
mA cm > despite it having the lowest energy loss, which was
related with an unfavorable blend morphology and severe
charge recombination, as discussed below. The highest Jsc of
the J52:BO-4T system benefited from a broader absorption
coverage in the short-wavelength range (Fig. 3e), which was
consistent with the absorption spectrum of the blend films
(Fig. s11+).

As for the FF, it varied largely. The highest FF of 0.70 was
achieved for the PM6:BO-4T-based device, and the second
highest FF of 0.68 was achieved for J52:BO-4T-based device. For
comparison, a worse FF of 0.58 was presented in both D18:BO-
4T-based and PBDB-T:BO-4T-based devices. These observations
implied there may exist significant differences in the blend
morphology or crystalline behaviors among these four
systems.*"*®

Combining all the above, the PM6:BO-4T system performed
well in terms of all three device parameters, thus resulting in

Table 1 Photovoltaic parameters of OPVs based on different donors
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the best PCE of 14.33%, while the other three systems showed
worse performances, with PCEs varying between 10.80-11.63%,
due to shortcomings either in the voltage or fill factor.

Next, external quantum efficiency (EQE) tests were carried
out to cross-check the photocurrent generation, and the results
are shown in Fig. 3e and Table 1. Except for the D18:BO-4T-
based device, the other three devices exhibited an over 80%
photon-to-electron response from 500 to 800 nm. The inte-
grated J., values from the EQE curves were 19.56, 22.37, 22.12,
and 22.60 mA cm ™2 for OSCs based on D18:BO-4T, PM6:BO-4T,
PBDB-T:BO-4T, and J52:BO-4T, respectively, in accordance with
those derived from their J-V curves.

In order to investigate the charge-transport properties of the
blend films, space-charge-limited current (SCLC) tests were
conducted in hole-only devices (ITO/PEDOT:PSS/active layer/
MoO;/Ag) and electron-only devices (ITO/ZnO/active layer/
PDINN/Ag) to measure the hole and electron mobilities
(Fig. S127). The PM6:BO-4T blend possessed the highest elec-
tron mobility (uc) of 9.40 x 107* em® V' s7" and the highest
hole mobility (uy,) of 8.65 x 10™* em® V™' s, giving the most
balanced w/uy ratio of 1.09. The J52:BO-4T blend was the next
best, with a u. of 7.49 x 10™* em® V™' s and a u;, of 4.33 x
107" em? V! 57!, giving a uc/uy ratio of 1.73. The high carrier
mobility and balanced u./up ratio contributed to the excellent
Jscs and FFs of PM6:BO-4T- and J52:BO-4T-based OSCs. In
contrast, the D18:BO-4T blend exhibited the lowest u, of 2.32 x
10~* em® V' s and a relatively low uy, of 1.33 x 10 * em> V!
s, giving a u./uy, ratio of 2.13, while the PBDB-T:BO-4T blend
possessed a relatively high g, of 6.40 x 10™* ecm? V™' s7' but an
extremely low wj, of 0.25 x 10~* cm® V™' s, resulting in the
least balanced u./u, ratio of 25.13, which led to awful Js¢ and FF
values for devices based on D18:BO-4T and PBDB-T:BO-4T.

To further explore the photon-to-electron process for
understanding the differences in the device parameters, we
studied the relationship between the photocurrent density and
effective voltage of the OSCs (Fig. 3f) to explore the bias-
dependent exciton-dissociation and charge-collection behav-
iors. Photocurrent density (J,n) versus effective voltage (Veg)
curves were used to evaluate the exciton-dissociation efficien-
cies (PgissS) and charge-collection efficiencies (P.oys) in OSCs.*
The results showed that the OSC based on PM6:BO-4T
possessed the highest Pgiss (97.62%) and P.op (80.41%), fol-
lowed by the J52:BO-4T-based device, which was consistent with
the high Jsc and FF values in the PM6:BO-4T and ]52:BO-4T
systems. By contrast, the Pyjss and P.o; of the D18:BO-4T-
based OSC were the lowest (94.60% and 71.86%, respectively),

Active layer Voc (V) Jsc (mA ecm™?) Jea® (MA cm™?) FF PCE? (%) Ejoss’ (€V)
D18:BO-4T 0.964 (0.958 + 0.007) 19.97 (20.14 + 0.36) 19.56 0.58 (0.56 + 0.01) 11.24 (10.83 + 0.23) 0.524
PM6:BO-AT 0.897 (0.896 + 0.002) 22.94 (22.79 + 0.13) 22.37 0.70 (0.69 = 0.00) 14.33 (14.09 + 0.12) 0.596
PBDB-T:BO-4T  0.820 (0.821 + 0.004) 22.62 (22.46 + 0.30) 22.12 0.58 (0.56 + 0.01) 10.80 (10.29 + 0.28) 0.678
J52:BO-4T 0.741 (0.745 + 0.003) 23.11 (23.02 + 0.35) 22.60 0.68 (0.67 & 0.01) 11.63 (11.47 + 0.16) 0.756

“ Integrated current densities from EQE curves. b Average PCEs from 20 devices. © Energy loss was calculated via the equation of Ejoss = E; — qVoc.

This journal is © The Royal Society of Chemistry 2023
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which indicated an inefficient charge generation for the lower
Jsc and FF, and so it was for the PBDB-T:BO-4T system. From the
radar plots of six device parameters (Fig. 3g), we could easily
identify that the D18, PBDB-T, and J52-based systems have both
merits and demerits, while the PM6-based system performed
the most comprehensively.

Furthermore, the dependences of Jsc and V¢ on the light
intensity (Pjgn) were tested to explore the charge recombination
in devices. The slopes (n) obtained from the equation Voc «
nkT/qIn(Pjign) could be used as an indicator for identifying the
recombination behavior, where a larger n represents a higher
proportion of monomolecular recombination.*® It was found
that the D18:BO-4T blend exhibited the highest proportion of
monomolecular recombination, which may be due to the
formation of large phase-separation domains, while PM6:BO-4T
could suppress the monomolecular recombination. The rela-
tionship between Jsc and Pyg: could be described as Jsc o«
Piight”, where the closer the « value is to 1, the lower a compo-
nent of bimolecular recombination exists.** It is worth
mentioning that the « of the PM6:BO-4T-based OSC was the
highest (0.997), implying the least extent of bimolecular
recombination. The recombination situations verified the best
performance of the PM6:BO-4T system.

In order to evaluate the photoelectric performance versus the
synthetic complexity (SC) of BO-4T-based OSCs, we calculated
the figure-of-merit (FOM = PCE/SC) value of BO-4T and
compared it with those of some other classic acceptors (Y6, BTP-
eC9, IT-4F, ITIC, and DF-PCIC), and the detailed calculation

(a) water

n_gltﬁ‘]oﬂ&eso

diiodomethane

47.9° el

BO-4T D18
(b)

RMS =0.975

Fig. 4
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process is listed in the ESI (Fig. S13-5S18 and Table S27). The
result showed that BO-4T had the highest FOM owing to its
lowest SC, which indicated the potential of BO-4T in the fabri-
cation of OSCs with high efficiency and low cost.

Morphological characteristics

To identify the morphological characteristics in terms of the
miscibility, phase separation, crystallinity, and molecular
packing for these four systems, a series of tests were performed.
First, we dropped water and diiodomethane on the surface of
the materials and measured their contact angles to explore the
miscibility between the donors and acceptor (Fig. 4a), so as to
calculate the surface tension (y) of each material. After that, the
Flory-Huggins interaction parameter x”*, which could be used
to quantify the miscibility between a donor and acceptor, was
calculated via the equation of xP* = (\/¥p — \/7a )’,***> where
a smaller x” value means better miscibility. As shown in Table
2, the x°™ values were 1.09 between D18 and BO-4T, 1.03
between PM6 and BO-4T, 0.66 between PBDB-T and BO-4T, and
0.83 between J52 and BO-4T, which means the miscibility of
these four donors with BO-4T was in the order: PBDB-T > J52 >
PM6 > D18. Over-mixing is not conducive to the formation of
phase separation, leading to a greater risk of bimolecular
recombination, while poor miscibility may tend to form over-
large phase regions, leading to a greater risk of mono-
molecular recombination.

We then carried out atomic force microscopy (AFM)
measurements to investigate the top surface morphological

101.09:ﬁ103.oz° 103.79°

63.26° 61.59° 63.04°
PMé PBDB-T J52

PBDBLT:B0-4T

1 1% deg

J52:BO-4T.

(a) Contact angle images of BO-4T, D18, PM6, PBDB-T, J52 films with water and a diiodomethane droplet on top. (b) AFM height (top) and

phase (bottom) images of D18:BO-4T, PM6:BO-4T, PBDB-T:BO-4T, J52:BO-4T films.
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Table 2 Summary of the contact angles (6), surface tensions (y), and
Flory—Huggins interaction parameters (x) for BO-4T, D18, PM6, PBDB-
T, and J52 films

Surface Owater (°) Opm (°) v (mNm™) e
BO-4T 94.51 47.9 57.34 —
D18 103.65 64.53 42.59 1.09
PM6 101.09 63.26 43.03 1.03
PBDB-T 103.02 61.59 45.70 0.66
J52 103.79 63.04 44.35 0.83

“ The Flory-Huggins interaction parameter between the donor and
acceptor was calculated through the equation of x> = (/75 — /72 )

properties of the blend films (Fig. 4b). From the height images,
we could find out that the root mean square (RMS) roughness
values of the D18:BO-4T and PM6:BO-4T blend films were larger
than that of the PBDB-T:BO-4T and ]52:BO-4T blend films,
which could be attributed to the fluorinated BDT unit enabling
D18 and PM6 to have stronger crystallinity, thus resulting in
stronger intermolecular aggregation. From the phase images, it
could be identified that the PBDB-T:BO-4T and J52:BO-4T blend
films showed well-mixed homogeneous surfaces due to the
good miscibility between the donor and acceptor, which is
conducive to the dissociation process, but with the risk of
bimolecular recombination. This was, to some extent, the
reason for the low FF of PBDB-T:BO-4T. This risk was also
present for J52:BO-4T, but was compensated by the orientation
and crystallization, as discussed later. While for D18:BO-4T and
PM6:BO-4T films with reduced miscibility between the donor
and acceptor, an obvious nanoscale phase-separation structure
could be observed. However, relative to the PM6:BO-4T film, the
phase separation in the D18:BO-4T film may be too large for
mitigating monomolecular recombination and assisting
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exciton dissociation, thus resulting in the low Jsc and FF.
Besides, PM6 had suitable miscibility with BO-4T to form suit-
able phase separation, which was conducive to exciton disso-
ciation and the charge-transfer process, resulting in the best
device performance.

Furthermore, GIWAXS characterization was performed to
investigate the crystallinity and orientation of the blend films
(Fig. 5 and Table S37).** All the blend films exhibited dominant
(010) diffraction peaks at g, = 1.84 A~ (d = 3.40 A) in the OOP
direction, and the differences in -7 stacking distance among
them were not significant. However, there were differences in
the crystal coherence length (CCL). Among them, PM6:BO-4T
and ]52:BO-4T possessed relatively larger CCLs (29.2 A and
29.1 A, respectively), indicating the better crystallinity, which
contributed to their higher FFs. While PBDB-T:BO-4T had the
smallest CCL, which was not conducive to charge transport,
corresponding to its lowest FF. In the IP direction, the (001)
diffraction peaks could be observed at g, = 0.276 A™* (d = 22.8
A) for PM6:BO-4T and J52:BO-4T blends, and the PBDB-T:BO-4T
blend was stacked a little closer with the (001) peak at g, = 0.330
A" (d = 19.0 A). While the D18:BO-4T blend exhibited the
largest lamellar spacing with the (001) peak at ¢, = 0.268 A™* (d
= 23.4 A), which may give support to its lowest voltage loss as
aforementioned.” It is noteworthy that the (002) peak, which
originally appeared at g, = 0.452 A™* (d = 13.9 A) for the pristine
acceptor, could also be found in the blend films, roughly as
shown in the second dashed line in Fig. 5b, reflecting that the
strong crystallization ability of the BO-4T allowed its stacking
characteristics to be preserved to some extent in the blend film.
In addition, the above films all exhibited a large proportion of
face-on orientation characteristics, which was favorable for the
charge transport and could, to some extent, be attributed to the
face-on orientation of the BO-4T itself. The above results
provide proof that the crystallization and orientation behavior
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Fig. 5 (a) 2D GIWAXS images of the blend films. (b) GIWAXS intensity profiles of the corresponding films along the in-plane (blue lines) and out-

of-plane (red lines) directions.
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of the active layer can be effectively regulated by the rational
structure design of the acceptors and carefully selected polymer
donors.

Conclusions

We designed and synthesized a fully non-fused electron
acceptor of BO-4T with a tetra-thiophene backbone and outward
branched alkyl chains, based on which a systematic study was
performed by mapping four polymer donors (D18, PM6, PBDB-
T, J52) with BO-4T. The crystalline structure revealed that BO-4T
possessed a planar skeleton and predominant face-on molec-
ular orientation. As for D-A pairing principles, it was unveiled
that, in an acceptable range, the narrowing energetic offsets
were favorable for maximizing the voltage; with sufficient
charge separation, the broadening absorption coverage in the
short-wavelength range was beneficial for enlarging the photo-
current; besides, the relatively reduced miscibility between the
donor and acceptor should be preferred for achieving phase
separation for high crystallinity, but over-large domains must
be avoided. Among the four polymer donors, PM6 worked the
best with BO-4T, due to its greater benefits in voltage and FF. As
a result, a high PCE of 14.33% was achieved for PM6:BO-4T-
based OSCs, which is one of the highest efficiencies for OSCs
based on NFREAs. This work may help researchers better
understand the crystallization behaviors for NFREA-based
blends, thus guiding the future design of highly efficient
NFREAs.
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