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Near-infrared (NIR) organic photovoltaic molecules are usually restricted by the “energy-gap law”,

making it greatly challenging to simultaneously achieve organic solar cells (OSCs) with a high open-

circuit voltage (VOC) and NIR absorption. Herein, a synergistic strategy involving the hybrid central

substitution on acceptors with an electron-donating methyl/methoxy group was developed, allowing

NIR absorption with the electron-withdrawing bromine inducing favorable molecular packing. Single-

crystal analysis revealed the rarely observed OC–H/S non-covalent interaction and potentially

beneficial entanglement of alkyl chains in CH29 with a central methoxy group. Consequently, an OSC

fabricated with CH29 achieved an excellent VOC of 884 mV and a short-circuit current density of

28.30 mA cm−2 under a quite narrow optical bandgap of z1.33 eV while showing an almost minimal

energy loss. Our successful attempt at hybrid central substitution provides a feasible pathway to

construct high-performance NIR acceptors, which are essential to obtaining record-breaking OSCs,

especially for the rear cells of tandem devices that simultaneously require high VOC and a broad

photoelectric response.
Introduction

Benetting from the unremitting innovation of novel small
molecular acceptors (SMAs),1,2 organic solar cells (OSCs) with an
amazing power conversion efficiency (PCE) exceeding 20% have
been developed.3–13 Among the multiple factors that determine
the photoelectric characteristics of SMAs, such as the frontier
orbital energy level alignment, molecular planarity and packing
behavior, a delicately tuned absorption that is more consistent
with the solar spectrum carries great signicance.14–19 However,
near-infrared (NIR) organic molecules are typically constrained
by the “energy-gap law”,20 which results in severe non-radiative
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recombination in organic photovoltaic devices by intensifying
the exciton-vibration coupling or electron-vibration coupling
between the charge transfer (CT) and ground states.21–23 This
insurmountable challenge confronted by NIR-SMAs limits the
simultaneous achievement of a small bandgap and large open-
circuit voltage (VOC) in OSCs.24–26

In view of harvesting sufficient low-energy photons from
sunlight, the exploration of high-performance NIR-SMAs is
quite essential, particularly considering the great success of
commercial silicon cells with absorption of up to 1100 nm.27

Furthermore, NIR-SMAs are expected to enable champion
tandem devices by means of reducing transmission and ther-
malization losses in single-junction OSCs.28–35 Currently, the
emergence of Y-series SMAs has provided a new opportunity to
develop high-performance NIR-SMAs that can overcome the
constraints of the “energy-gap law” to some extent.2 The
breakthrough point may lie in the more compact and ordered
three-dimensional (3D) molecular packing network of SMAs,
which could efficiently delocalize the vibration of photo-
generated excitons on neighboring stacked molecules, thus
weakening the coupling between the molecular excited and
ground states.14,36–38 It is worth noting that these advantages
could be greatly amplied if we could further strengthen the
intermolecular interactions of SMAs by extending their central
units to two dimensions (such as CH6 and CH22).15,39 More
importantly, the additional active sites on such two-
dimensional (2D) central units make it possible to regulate
J. Mater. Chem. A
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the absorption of SMAs by means of simple central substitution
rather than requiring the structural reconstruction of S, N-
heteroacene.39–42

Herein, we developed a hybrid central substitution strategy,
with the aim of further boosting the absorption of SMAs
towards the NIR region while maintaining the desired molec-
ular crystallinity and packing. Specically, on the basis of
a high-performance molecular skeleton of CH22, a moderate or
strong electron-donating group (methyl or methoxy) was
incorporated into one active site on the central unit, while the
inclusion of a bromine atom at another position promoted
ordered molecular packing, leading to an improved crystallinity
of the active layer (Fig. 1a). This approach allowed the electron-
donating methyl or methoxy group to extend the absorption of
SMAs towards the NIR region, while Br inclusion induced
a favorable molecular packing and lm morphology, thereby
achieving a good balance between NIR absorption and the
desired molecular crystallinity. By maximizing the advantages
of methoxy and bromine, an OSC based on CH29 achieved an
excellent PCE of 19.12%, along with the highest VOC (884 mV)
reported to date for materials with comparable bandgaps.2,43 A
systematic analysis, including single-crystal and nanoscale
morphology analyses, underscored the signicant potential of
hybrid central substitution for constructing NIR acceptors.
These advances are particularly crucial for the future integra-
tion of NIR-OSCs into tandem solar cells, in which high effi-
ciency, large VOC and broad spectral absorption are
essential.44,45
Fig. 1 (a) Chemical structures of CH22, CH28 and CH29. (b) Diagram o
frontier orbital charge density differences (DQ).

J. Mater. Chem. A
Results and discussions

Fig. 1a and Scheme S1† display the chemical structures of the
three SMAs and their synthetic routes, respectively. Due to the
nearly identical molecular backbones of CH22, CH28 and
CH29, it could be observed that they had similar planar
congurations and frontier molecular orbital distributions
(Fig. S1†). With respect to the Br atom, the methyl and methoxy
groups exhibited a distinctive electron-donating feature
according to the ESP maps (Fig. S2†). Therefore, the highest
occupied molecular orbital (HOMO) energy levels of CH28 and
CH29 were greatly upshied by z90 meV, resulting in
a decreased bandgap of z2.02 eV for both CH28 and CH29
compared with that of z2.04 eV for CH22 (Fig. 1b). All three
SMAs exhibited a clear acceptor–donor–acceptor (A–D–A) char-
acteristic (Fig. 1c), which has been proven to render superior
charge-transfer/transport capabilities in the resulting
OSCs.2,46–48 As indicated by the peaks and valleys that swayed
and uctuated along the molecular skeletons (Fig. 1c), the
electron-donating and withdrawing centers of CH28 and CH29
deviated from those of CH22. Therefore, the dipole direction of
unsymmetrical CH28 and CH29 became almost parallel to the
longest molecular skeleton, rather than perpendicular to that in
CH22 (Fig. S2†). This change in dipole moment was likely
caused by the hybrid central substitution and would enhance
electron migration from the central donor to the terminal
acceptor aer the photoexcitation of SMAs.49,50 Larger relative
dielectric constants (3r) for CH22 (5.45) and CH29 (5.60) could
f the theoretically calculated energy levels. (c) Theoretically calculated

This journal is © The Royal Society of Chemistry 2025
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be observed compared with that of CH28 (3.06) (Fig. S3†), which
would be benecial for promoting charge transfer/transport in
semiconductors.51,52

By adopting electron-donating methyl or methoxy groups as
an energy level regulator, the measured HOMOs of CH28 and
CH29 (−5.64 eV), derived from cyclic voltammetry (Fig. S4 and
Table S1†), showed a noticeable upshi compared with that of
CH22 (−5.69 eV). This was well consistent with DFT simulations
and contributed to the smaller optical bandgaps of CH28
(z1.35 eV) and CH29 (z1.33 eV) with respect to CH22 (z1.39
eV), as shown in Fig. 2a. Additionally, the maximum absorption
peaks of the three SMAs in lms exhibited an apparent red shi
compared with those in solutions, with peak wavelength
changes (Dl) of 83, 71 and 73 nm for CH22, CH28 and CH29,
respectively (Fig. S5 and Table S2†). The decrease in Dl from
CH22 to CH28/CH29 suggests a molecular packing preference
variation aer introducing the sterically hindered methyl or
methoxy group on the central unit. Moreover, CH28 and CH29
showed slightly larger molar absorption coefficients ofz1.76 ×

105 L mol−1 cm−1 compared with the 1.65 × 105 L mol−1 cm−1

of CH22 (Fig. S6†). The exciton dissociation energy barriers
(similar to the exciton binding energy, Eb) of CH28 and CH29
were roughly estimated to be z118 and 106 meV (Fig. 2b)
Fig. 2 (a) UV-vis absorption spectra of PM6 and the three SMAs in sol
luminescence measurements. (c) Current density–voltage curves of PM
variation based on 15 independent devices. (f) Statistical analysis of the e

This journal is © The Royal Society of Chemistry 2025
according to the temperature-dependent PL spectra (Fig. S7†),
which rank among the relatively lower categories in high-
performance SMAs.15

To unveil the effects of hybrid central substitution on the
photovoltaic properties, OSCs with a typical structure of ITO/
2PACz/PM6:SMAs/PNDIT-F3N/Ag were fabricated. The chem-
ical structure of PM6 is depicted in Fig. S8† and the device
parameters under different processing conditions are summa-
rized in Tables S3–S5.† Based on the best current density–
voltage (J–V) curves and photovoltaic parameters presented in
Fig. 2c and Table 1, respectively, the CH22-based binary OSC
displayed an outstanding PCE of 18.84%, with a VOC of 0.887 V,
short-current (JSC) of 26.69 mA cm−2, and ll factor (FF) of
79.67%. Although the bandgap of the SMAs decreased signi-
cantly aer replacing one Br atom with a methyl or methoxy
group, an almost undiminished VOC could be achieved, unex-
pectedly, especially for the CH29-based OSCs. Moreover,
compared with CH22, the CH29-based OSCs possessed
comparable external quantum efficiencies (EQEs) in the range
of 400–800 nm; however, they also showed an obviously
broadened photoelectric response (Fig. 2d), which was well
consistent with the UV–vis absorption spectra of the blend lms
(Fig. S9†). This gave rise to a greatly improved JSC of 28.30 mA
id films. (b) Eb of SMAs derived from temperature-dependent photo-
6:SMA-based OSCs. (d) EQE plots and integrated JSC curves. (e) PCE
nergy losses on binary OSCs with efficiencies over 19%.

J. Mater. Chem. A

https://doi.org/10.1039/d5ta00677e


Table 1 Summary of the device parameters for optimized OSCs

Active layer VOC [V] JSC [mA cm−2] JcalSC [mA cm−2] FF [%] PCE [%]

PM6:CH22 0.887 (0.884 � 0.003) 26.69 (26.49 � 0.19) 26.05 79.67 (79.15 � 0.82) 18.84 (18.53 � 0.27)
PM6:CH28 0.882 (0.881 � 0.007) 26.99 (26.50 � 0.39) 25.97 76.14 (76.84 � 0.70) 18.22 (17.95 � 0.18)
PM6:CH29 0.884 (0.884 � 0.005) 28.30 (27.89 � 0.30) 27.09 76.46 (76.98 � 0.55) 19.12 (18.96 � 0.08)
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cm−2 for the CH29-based OSCs, along with an excellent and
statistically improved PCE of 19.12% (Fig. 2e). The CH29-based
OSCs showed a similar and even smaller optical bandgap with
the classic Y6 or BTP-eC9, but rendered a signicantly
decreased energy loss ofz0.499 eV. Note that this is almost the
smallest energy loss reported to date in high-performance
binary OSC systems with a PCE over 19% (Fig. 2f). We further
carried out a detailed energy loss analysis based on the Shock-
ley–Queisser (SQ) limit theory53 (Fig. S10–S13†) and summarize
the related parameters in Table S6.† The reduced energy loss of
the CH29-based device should mainly originate from the miti-
gated non-radiative recombination,54 which was experimentally
supported by its larger electroluminescence external quantum
efficiency (EQEEL) compared with the CH22- and CH28-based
devices (Fig. S9†). Additionally, the CH28- and CH29-based
devices could retain over z80% of their initial PCE aer
400 h of heat treatment at 65 °C andmore than 95% aer 1600 h
at room temperature (Fig. S14†), indicating their good thermal
tolerance and excellent long-term storage stability. These
results manifest the feasibility of electron-donating and -with-
drawing hybrid central substitutions for constructing high-
performance NIR-OSC systems. In addition, we further
explored the potential of CH28- and CH29-based devices for
future commercial scale-up production, where constrains of
usable solvents and allowed active layer thickness exist. As
summarized in Table S7,† the PM6:CH28 and PM6:CH29
devices processed using the environmentally friendly solvent o-
xylene achieved PCEs of 17.43% and 17.85%, respectively.
Moreover, as shown in Table S8,† the PM6:CH29 device ach-
ieved a PCE of 14.79% with an active layer thickness of
z410 nm, demonstrating potential for future commercial OSC
production, where the use of green solvents and a higher
thickness tolerance is essential.

It is worth noting that highly efficient photodynamic
processes, including exciton dissociation, charge transport and
collection (Fig. S15–S18†), were achieved by the CH28- and
CH29-based OSCs, despite the signicantly decreased driving
forces. This should also be the prerequisite for simultaneously
attaining excellent VOC and JSC values in CH29-based OSCs
(Fig. S19†). However, an emerging drawback of CH28- and
CH29-based OSCs is their inferior FFs, which decreased
signicantly fromz80% toz76% (Table 1). These tangled and
somewhat contradictory outcomes were likely due to the reba-
lancing of multiple photodynamic processes and were deter-
mined by the molecular packing mode and lm morphology
changes aer introducing the electron-donating and steric
methyl or methoxy groups. Therefore, CH28 and CH29 crystals
were rst cultivated (deposited in CCDC with numbers 2386133
for CH28; 2386134 for CH29†) and analyzed using single-crystal
J. Mater. Chem. A
X-ray diffraction (XRD) measurements (Table S9 and Fig. S20
and S21†). As shown in Fig. S22,† all three SMAs exhibited
helical and C-shaped molecular geometries. The N–S distance
between phenazine and the connected thiophene was 3.3–3.4 Å
(Fig. S22†), which was slightly shorter than the van der Waals
radii addition of S and N atoms (z3.55 Å).55 This intramolecular
non-covalent interaction could render the conjugated backbone
with higher rigidity, thus resulting in a more favorable molec-
ular packing.15 In addition, all the SMAs formed a typical 3D
molecular packing network (Fig. S23†), which has been proven
to facilitate charge separation/transport while suppressing
charge recombination in OSCs.36,56,57 Notably, CH29 possessed
a rectangular void with an approximate size of 15.77 × 13.89 Å,
slightly smaller than that of CH22 (z15.37× 14.96 Å) and CH28
(z16.66 × 14.03 Å). Moreover, CH29 had the largest molecular
packing coefficient of 65.4%, compared with that of 64.3% for
CH28 and 62.2% for CH22, suggesting its potentially more
compact molecular packing.58,59

As was demonstrated in our previous work,15,40,41,60 both the
phenazine central unit and 3-(1,1-dicyanomethylene)-5,6-
diuoro-1-indanone (IC-2F) terminal are deeply involved in
constructing the desired 3D molecular packing network.
Moreover, even a minor structural modication on phenazine
may cause quite different molecular stacking modes of SMAs.
Therefore, the intermolecular packing modes with intermolec-
ular potential energies exceeding 75 kJ mol−1 are summarized
in Fig. 3a–c and the detailed data are enumerated in Table S10.†
In general, the classication of packing modes reveals that all
the SMAs had a typical “E/E”mode, similar to ITIC1 and Y-series
SMAs.47,61,62 Moreover, the unique “E/C” and dual “C/b” modes,
which rarely exist in other series of SMAs, could also be afforded
in the three systems. From a more microscopic perspective,
their p–p stacking distance (dp–p), intermolecular potential
energy (EIP), and charge-transfer integration (VE) varied signi-
cantly due to their markedly different hyperne molecular
packing structures. To be specic, the dp–p decreased from
CH22 (3.35 Å), CH28 (3.28 Å) to CH29 (3.16 Å) in the typical “E/
E”mode, contributing to the gradually enlarged EIP values from
129.9, 173.5 to 230.7 kJ mol−1, respectively. Disappointingly, the
DFT-calculated VEs values of the “E/E” packings did not increase
with the dp–ps decrease, being 54.7 meV for CH22, 43.8 meV for
CH28 and 19.1 meV for CH29. The decreased VEs of the “E/E”
modes will exert a negative effect on the FF of CH28- and CH29-
based OSCs (Table 1). In terms of the “E/C” mode, the dp–p of
CH28 was increased to 3.38 Å from the 3.31 Å of CH22, due to
the enlarged steric hindrance on the central unit of phenazine
aer introducing the methyl group. Interestingly, the dp–p of
CH29 was reduced to 3.32 Å again, which should be attributed
to a newly observed intermolecular non-covalent interaction
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Intermolecular packing modes and p–p stacking distances of (a) CH22, (b) CH28, and (c) CH29. Red, gray and blue colors mark the end
“E”, bridge “b” and central “C” units, respectively. (d) C–H and S non-covalent interaction existing in the CH29 crystal. (e) Dual “E/C” packingmode
with a very large distance.
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between the alkoxy C–H and S atom near the terminals (Fig. 3d).
This non-covalent interaction was characterized by an H–S
distance of 2.97 Å, which was much shorter than the sum of the
van der Waals radii of H and S (z3.09 Å).55 However, a similar
feature was not observed in the same packing mode of CH28 or
other reported SMAs,63 in spite of the existence of a methyl
group (C–H) on the central unit. This inducement may originate
from the unique orientation of the methoxy group caused by the
large bond angle of aryl C–O–CH3 (z109.5°). Assisted by such
a non-covalent interaction in CH29, the largest EIP value of
142.2 kJ mol−1 and VE of 13.6 meV among the “E/C” modes of
the three SMAs were achieved. Additionally, the desirable
molecular packing of CH29 facilitated achieving an electron
mobility of its neat lm of 7.84 × 10−4 cm2 V−1 s−1, compared
with 6.67 × 10−4 cm2 V−1 s−1 for CH22 and 7.84 × 10−4 cm2 V−1

s−1 for CH28 (Table S11†). Therefore, as mentioned above, the
more compact p–p packing endowed CH29 with great potential
for efficient photodynamic processes, even when driven by
a small driving force.

Another interesting nding was that the EIP of the dual “E/C”
mode in CH29 was 149.3 kJ mol−1, while the dp–p was as large as
7.82 Å (Fig. 3e). This value is signicantly larger than the typical
p–p stacking distances (3.3–3.8 Å), suggesting that the strong
intermolecular interaction was induced by the entanglement of
alkyl chains rather than the p–p stacking of the conjugated
This journal is © The Royal Society of Chemistry 2025
planes. Therefore, it was reasonable to observe a very small VE of
2.32 meV in the dual “E/C”mode of CH29. For CH22 and CH28,
conventional dual “E/C” modes with relatively high p–p stack-
ing area ratios (p–p stacking area relative to its overall molec-
ular area) could be observed, thus rendering quite large EIP
values of 195.5 and 413.1 kJ mol−1, respectively. Although we
lack knowledge about the cause of this rare “E/C” stacking
mode in the CH29 crystal or fail to directly correlate this to
several specic structural elements, such an interesting nding
highlights the importance of alkyl chains screening in con-
structing a desirable molecular stacking network, especially at
the single-molecular-stacking level. This may also be one of the
main reasons why plenty of side-chain engineering approaches
(such as changing Y6 to L8-BO, BTP-eC9, etc.) can signicantly
regulate the molecular stacking of SMAs, in addition to the
optimization of conjugated backbones.

To sum up, aer introducing a steric methyl and methoxy
group on the phenazine central unit, the average dp–p showed
an unexpected decrease from CH22 to CH29, especially for the
typical “E/E” packing mode. However, the obviously reduced dp–
p did not lead to improved VE values for CH28 and CH29, which
may partially account for their inferior FFs compared with that
of CH22. In addition, a distinctive non-covalent interaction
between the alkoxy C–H and S atom existed in the “E/C”mode of
CH29, contributing to its largest EIP of 142.9 kJ mol−1 and VE of
J. Mater. Chem. A
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13.6 meV among the “E/C” modes of all three SMAs. This
unveils the great capacity of methoxy groups to enhance the
intermolecular interactions of SMAs by forming desirable non-
covalent bonds. Finally, for the rst time, an unconventional “E/
C” stacking mode in CH29, featuring a relatively large EIP due to
the entanglement of alkyl chains rather than the p–p stacking
of conjugated planes, was revealed and discussed. This may
help explain the underlying reason why the side-chain engi-
neering of SMAs could successfully regulate the molecular
stacking of SMAs, further providing a guideline for designing
SMAs with better photovoltaic outcomes.

Single-crystal analysis could reect the molecular packing
properties to some extent. However, a bias always exists owing
to the signicantly different crystallization rates between single-
crystal cultivation and lm formation.45 As displayed in Fig. 4b,
which presents the grazing incidence wide angle X-ray scat-
tering (GIWAXS) line-cut proles of neat lms, and the detailed
data summarized in Table S12,† CH22, CH28 and CH29
exhibited obvious (010) diffraction peaks located at 1.61, 1.63
and 1.65 Å−1 in the OOP direction and sharp (100) diffraction
peaks at 0.271, 0.290, 0.288 Å−1 in the IP direction, respectively.
Fig. 4 (a and c) 2D GIWAXS patterns of neat films of SMAs and blended
plane (OOP) extracted line-cut profiles of neat films of SMAs and blende

J. Mater. Chem. A
This demonstrates that all three SMAs had a preferential face-
on orientation on silicon substrates. Notably, CH29 showed
a (010) diffraction peak that was slightly shied to the higher q
region, resulting from a smaller p–p stacking distance of 3.81 Å
compared with 3.90 Å for CH22 and 3.85 Å for CH28, which
roughly aligned with the analysis of the single crystals. In
addition, a comparable but slightly larger crystal coherence
length (CCL) of 17.7 Å could be observed for the CH29 neat lm
compared with 16.4 Å for CH22 and 16.9 Å for CH28 in the OOP
directions, indicating its enhanced molecular p–p stacking
order. Note that the packing modes of the three SMAs were
observed to be well preserved in the spin-coated lms. Taking
CH29 as an example, the X-ray diffraction (XRD) pattern simu-
lated from the single-crystal structure (Fig. S24†) displayed
strong peaks at 0.357, 0.508 and 1.723 Å−1, corresponding to
packing distances of 17.58, 12.37, 3.65 Å, respectively, which
was well consistent with the GIWAXS data of the CH29 neat
lm. Alternatively, CH22 afforded a greatly enlarged CCL of 73.4
Å in the IP direction compared with 52.4 Å for CH28 and 58.3 Å
for CH29. Such a long-range order in the CH22 lm may
account for the excellent FFs of OSCs.64 Aer blending with the
films of PM6:SMAs. (b and d) Corresponding in-plane (IP) and out-of-
d films of PM6:SMAs.

This journal is © The Royal Society of Chemistry 2025
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PM6 donor, a similar tendency could also be observed (Fig. 4d),
suggesting that the molecular packing features could be well
maintained.

The morphology of blended lms of PM6:SMAs at the
nanoscale will largely determine the photovoltaic performance
of OSCs. Therefore, atomic force microscopy (AFM) was
employed to examine the surcial morphology of the blended
lms. As shown in Fig. S25,† all the blends exhibited a smooth
surface, as indicated by a root-mean-square (RMS) roughness of
z0.8 nm. As for the phase images (Fig. S26†), a brillary
morphology could be clearly observed in PM6:CH22 and
PM6:CH29, which has been regarded as one of the prerequisites
for efficient charge transport in OSCs.65

AFM coupled infrared spectroscopy (AFM-IR) allows for the
rough distinction of donor and acceptor domains by moni-
toring the characteristic IR peak at z2216 cm−1 of acceptors,
and thereby can provide a more detailed landscape of D/A
Fig. 5 (a) AFM-IR phase images of the blended films. The donor and acce
Statistical distribution of phase-separation sizes. (c) Color mapping of
evolution.

This journal is © The Royal Society of Chemistry 2025
blended lms.66 As presented in Fig. 5a, both the CH22 and
CH29 blends displayed pronounced bril D/A interpenetrating
networks, especially CH22. Moreover, the average D/A bril
diameters were statistically estimated (Fig. S27†) and are shown
in Fig. 5b, being z12.3 nm for PM6:CH22, z10.3 nm for
PM6:CH28 and z10.7 nm for PM6:CH29. Subsequently, in situ
UV–vis absorption measurements were conducted to unveil the
molecular crystallization dynamics during lm formation
(Fig. 5c and S29†). When thermal annealing starts, the stacking
molecules will transform from a metastable state to a relatively
stable one through molecular movement and rearrangements,67

typically causing an obvious redshi of the absorption peaks. As
indicated in Fig. 5d, the CH22 blends could reach a stable state
within z1.2 s, faster than the CH28 (1.8 s) and CH29 (1.4 s)
blends. These results indicate that Br atoms on the central unit
could effectively promote molecular rearrangement and induce
a relatively larger phase separation, which should be
ptor domains are distinguished by blue and red colors, respectively. (b)
in situ UV–vis absorption spectra. (d) Absorption peak wavelength

J. Mater. Chem. A

https://doi.org/10.1039/d5ta00677e


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 1
9 

M
ar

ch
 2

02
5.

 D
ow

nl
oa

de
d 

by
 N

an
ka

i U
ni

ve
rs

ity
 o

n 
4/

9/
20

25
 3

:1
7:

25
 A

M
. 

View Article Online
responsible for the superior FF of over 80% in the CH22-based
OSCs. Notably, compared with CH28, the favorable brillary
morphology could still be maintained in the CH29 lms. This
may benet from the enhanced intermolecular interactions of
CH29, caused by the non-covalent bond of OC-H/S. In short,
by employing central hybrid substitution and careful
substituted groups screening, CH29 achieved a delicate but
superior balance between high molecular crystallization and
redshied absorption, thereby allowing developing highly effi-
cient NIR-OSCs at last.

Conclusion

With the aim of boosting the absorption of SMAs to the NIR
region while simultaneously maintaining their favorable molec-
ular packing, we developed a synergistic strategy of hybrid
central substitution on 2D conjugation-extended SMAs. To be
specic, on the basis of the high-performance molecular skel-
eton of CH22, a moderate or strong electron-donating group
(methyl or methoxy) was incorporated into one active site of the
central unit, thus leaving another position for inclusion of the
bromine atom to promote ordered molecular packing. By taking
full advantage of the strong electron-rich methoxy group and
high crystallinity of bromine whilst compensating for the
emerged steric-hindrance on central units, a CH29-based OSC
achieved a quite narrow optical bandgap ofz1.33 eV (similar to
the classic BTP-eC9) but a really high VOC of 884 mV, thus
offering one of the lowest energy losses thus far reported for
high-performance OSC systems. A detailed crystal analysis of
CH29 revealed that (1) the rarely observed OC–H/S non-
covalent interaction existed in the “E/C” packing mode, which
enhanced p–p stacking interactions; (2) in addition to p–p

stacking, the entanglement of alkyl chains gave rise to a strong
long-range (over 7 Å) intermolecular interaction, which can
potentially shed light on the underlying reason at the single
molecular level as to why side-chain engineering could success-
fully regulate the molecular stacking of the SMAs. Beneting
from the above factors, the PM6:CH29 blend maintained
a brillary morphology similar to that of PM6:CH22 in spite of
the larger steric hindrance on the central unit of CH29. Finally,
CH29 achieved a superior balance between high molecular
crystallinity and redshied absorption, thus rendering highly
efficient NIR-OSCs with a PCE of 19.12%. Our work developed
a feasible strategy of hybrid central substitution for constructing
high-performance NIR-SMAs and should certainly stimulate
unremitting trials on this strategy, such as utilizing more
electron-rich amine-based groups to replace the methoxy group.
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