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Non-fullerene acceptor materials characterized by fused ring structures have garnered considerable
attention due to their tunable molecular architectures, extensive and robust absorption spectra, and high
photoelectric conversion efficiencies. Nonetheless, these materials present challenges, such as complex
synthetic processes, elevated costs, and significant fabrication difficulties, which markedly impede their
commercial viability. In light of these challenges, exploration of non-fused ring acceptors that are easier
to synthesize and exhibit superior device characteristics has been proposed as a promising solution.
Thus, the investigation of these structural acceptor materials is of substantial significance. This study
reviews recent advances in non-fused ring acceptors for organic solar cells, guided by various
engineering modulation strategies. The effects of molecular design approaches, including non-covalent
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engineering, on device performance are examined. Finally, the mechanisms governing the behavior of
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1 Introduction

Energy crises are linked intrinsically to environmental pollu-
tion. Overreliance on energy sources, particularly non-
renewable ones such as coal, oil, and natural gas, contributes
significantly to environmental degradation.' To mitigate these
issues, the adoption of renewable green energy sources,
including nuclear, wind, and solar energy, presents a viable
solution. Among these, solar energy stands out due to its
inherent advantages, such as being clean, low in pollution, and
abundantly available, which has garnered global recognition
and support.” Solar cells represent an effective method for
harnessing solar energy, offering benefits such as lightweight
design, cost-effectiveness, and extensive coverage area.>*
Consequently, this technology has emerged as one of the most
rapidly evolving research fields in recent years.>™®
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trends and applications are anticipated.

Among solar cell technologies, inorganic solar cells that
utilize polycrystalline silicon, copper indium selenide,
cadmium telluride, and other inorganic materials have been
noted for their exceptional chemical stability and high photo-
electric conversion efficiency (PCE), securing a dominant posi-
tion in industrial production.” However, challenges such as
high production costs, complex manufacturing processes,
inflexible structures, and non-adjustable energy levels'® hinder
further development of these cells, highlighting the need for
innovative new solar cell technologies. In contrast, organic solar
cells (OSCs) have attracted considerable interest globally owing
to their associated benefits, including low production costs,
semi-transparency, and the capability to produce large-area
flexible devices, thus driving extensive research in both
academic and industrial sectors.***

Photoactive layers represent essential components in OSCs,
typically composed of a bulk heterojunction (BHJ) system
formed by a combination of p-type donor and n-type acceptor
materials.”*” The typical structure and operating principles of
OSCs are depicted in Fig. 1. During the initial phases of OSC
development, fullerenes and their derivatives emerged as
compact and isotropic fillers, offering exceptional charge
separation and transport properties attributed to their unique
spherical geometry, thereby becoming prevalent in the acceptor
material market.”® Nonetheless, the advantageous molecular
characteristics of fullerenes also present several significant
drawbacks,"** including limited structural tunability,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of the typical structure and operating principles of organic solar cells.

diminished optical stability, reduced device longevity, high
production costs, and synthesis challenges. These inherent
deficiencies associated with fullerene acceptors have impeded
the advancement of OSC technology, ultimately resulting in
a constrained PCE of approximately 12%.>*

Non-fullerene acceptors (NFAs), especially those with fused
ring structures, have demonstrated a capacity to effectively
address the limitations associated with fullerene acceptors
owing to their adjustable structures and energy levels, broad
spectral absorption range,”*** minimal energy loss, and high
PCE.>*?* This advancement has significantly accelerated the
development of OSCs.””"*" In 2015, Zhan et al.* first reported the
fused-ring electron acceptor ITIC, which exhibited broad spec-
tral absorption, balanced charge carrier transport, excellent
compatibility with PTB7-Th donor polymer, and optimized
phase separation morphology in blend films. These superior
characteristics enabled a remarkable PCE of 6.8%, setting a new
record for NFA-based solar cells at that time. This ground-
breaking work not only opened a new era for NFA materials
research but also represented a pioneering achievement in the
evolution of fused-ring acceptors (FRAs). In 2016, Hou et al.*?
made significant progress by blending the donor polymer
PBDB-T with ITIC, achieving devices that demonstrated both
excellent thermal stability and substantially enhanced efficiency
of 11.21%. A groundbreaking advancement in FRAs occurred in
2019, when Zou et al.*® constructed an innovative acceptor, Y6,
featuring a fused-ring electron-deficient benzothiadiazole core.
When paired with PM6 donor polymer, this system achieved an
unprecedented PCE of 15.7%, marking a major milestone in the
field. Through continuous material optimization and device
structure innovation, Y-series-based OSCs have achieved
remarkable PCEs exceeding 19%.%*** For instance, in 2025,
Wang et al.** designed two Y-series acceptors (BTP-TC6 and
BTP-TC4Ph). The phenyl-terminated side-chain substitution in
BTP-TC4Ph optimized the interfacial properties with donor D18
and accelerated the film-forming kinetics, resulting in

© 2025 The Author(s). Published by the Royal Society of Chemistry

a uniform fibrous phase-separated morphology. This
morphology significantly enhanced the exciton dissociation
and charge transport, ultimately achieving an impressive PCE of
19.65%, surpassing that of the BTP-TC6 systems (PCE =
18.47%). As FRA systems have matured, novel acceptor designs
have diversified. Wang et al®*® introduced two T-conjugated
solid-state additives (C6Ph/C5Ph) to enhance device perfor-
mance. Among them, the C5Ph additive not only increased the
PCE to 18.02% but also significantly improved the mechanical
stability. By constructing a pseudo-planar heterojunction
(PPH]) structure, a further improved PCE of 19.01% was ach-
ieved. Concurrently, Sun et al.®” reported a large-sized star-
shaped oligomer, 3QY, with a high glass transition tempera-
ture (Ty). When blended with PM6, the OSCs achieved an
outstanding PCE of 19.27%.

Despite significant progress in fused-ring NFAs, their
commercialization in OSCs remains hindered by their complex
synthetic routes and high production costs (Fig. 2a).>*® To
address these challenges, innovative molecular design strate-
gies are urgently needed to develop novel NFAs that combine
high photovoltaic performance with cost-effectiveness. In this
context, Chen's group® pioneered non-fused-ring acceptors
(NFRAs) as a promising solution through a “structural decon-
struction-functional reconstruction” approach. Conceptually,
NFRAs represent a structural simplification of traditional fused-
ring systems by replacing polycyclic frameworks with three-ring
or simpler mono-/bi-cyclic units connected via single bonds.****
This topological redesign eliminates energy-intensive intra-
molecular cyclization steps while minimizing byproduct
formation and purification difficulties associated with ring-
closure reactions, thereby substantially reducing the
manufacturing costs (Fig. 2a). Remarkably, a recent break-
through has demonstrated NFRA-based OSCs achieved a record
efficiency of 19.02%,* rivaling the performance of fused-ring
counterparts. This rapid advancement underscores the critical
importance of systematically reviewing research progress in this
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field, for both fundamental scientific understanding and prac-
tical applications.

While existing reviews on NFRAs**™** predominantly focus on
elucidating the evolutionary trajectory of molecular structures,
this work innovatively presents a systematic overview of
research progress from the perspective of molecular engi-
neering strategies (Fig. 2b). Specifically addressing the confor-
mational distortion induced by C-C single bond rotation,** the
developed noncovalent conformational lock (NoCL) strategy
effectively restricts bond rotation and achieves rigid planariza-
tion of molecular backbones through intramolecular interac-
tions (S-+*N, S---O, F---H) enabled by N/S/O/F atoms etc., thereby
optimizing material packing and optoelectronic properties.*”
Furthermore, the introduction of sterically hindered side chains
serves as another effective approach for modulating NFRA
conformations, which enhances conformational stability by
suppressing intramolecular bond rotation while simultaneously
reducing unfavorable intermolecular packing to facilitate
planar conjugated structures.”® At the molecular design level,
core engineering optimizes the energy levels and optoelectronic
performance through conjugated backbone modification,
whereas substituent engineering regulates intermolecular
interactions and packing behavior via functional/steric group
modifications.* Notably, the synergistic implementation of
these strategies enables balanced optimization of material
solubility, molecular planarity, and charge transport properties,
ultimately improving device efficiency and stability. Within this
framework, our work systematically consolidates the design

14040 | Chem. Sci, 2025, 16, 14038-14080

_"

View Article Online

Review

>

y.
2
Ll
o]

4l (ga

&

&

= High Planarity and Rigidity
® Broad-Spectrum Absorption

C

= Ordered Molecular Packing
= Efficient and Balanced Charge
Transport

Substituent = Low Energy Loss
engineering = Controlled Crystallization and Phase
Separation

= Optimized Active Layer Morphology

nnn

= Preferable Device Stability

”,
et
o %,

(a) Comparison between NFRAs and FRAs. (b) Impact of engineering strategies on NFRAs' performance.

principles of NFRAs through noncovalent conformational
locking, core engineering, side-chain engineering, substituent
engineering, and their synergistic effects. By comprehensively
analyzing representative achievements in this field, we establish
fundamental structure-property relationships between various
design strategies and device performance, thereby providing
critical guidance for developing superior NFRAs.

2 Research progress of NFRAs with
different engineering control strategies

2.1 NFRAs regulated by non-covalent conformational

locking engineering

The C-C single bonds connecting the various components of
NFRAs generally exhibit free rotation, which disrupts the
planarity of the molecules. To enable NFRAs to maintain
a coplanar framework similar to that of FRAs, it is essential to
incorporate a non-covalent bond “conformational lock”* into
the molecular design, thereby fixing the molecular geometry.
Typically, heteroatom-containing units, such as O, S, N, and F,
are integrated into NFRAs to facilitate the formation of intra-
molecular hydrogen bonds between these electronegative atoms
and adjacent hydrogen atoms. Furthermore, non-covalent
conformational sites are created using five- or six-membered
rings.*® This tactic, in one respect, can strengthen intra-
molecular interactions and promote charge transfer, leading to
improved charge mobility. In another respect, it can effectively
reduce the number of fused rings, streamline synthetic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pathways, and lower production costs.*>*> Herein, this section
systematically summarizes the pivotal research advances in
modulating NFRAs via non-covalent conformational locking
engineering, primarily elaborated from three aspects: the initial
exploration of NoCLs, the quantitative regulation of NoCLs, and
the synergistic effects of multiple non-covalent interactions.
The relevant data and chemical structures appear in Table 1 and
Fig. 3, respectively.

2.1.1 Early-stage investigations of NoCLs. In 2018, Li et al.*
successfully synthesized a novel NFRA (Ph-IC) based on an
alkoxyphenyl structural unit. This material achieved a highly
coplanar molecular framework through conformational locking
effects induced by O---H and S---H non-covalent interactions,
resulting in significantly reduced energy gap and enhanced
electron mobility. Upon blending with donor PBFTZ, the
devices achieved an efficiency of 5.68%. Meantime, Chen's
group®® developed DF-PCIC, a new NFRA that achieved a near-
planar geometry through F---H NoCLs. While maintaining
absorption characteristics similar to those of ITIC, this material
exhibited optimized energy level alignment. Importantly, the
PBDB-T:DF-PCIC-based OSCs demonstrated a remarkable PCE
of 10.14% with a high FF of 72.00%, representing the leading

View Article Online

Chemical Science

performance among NFRAs at that time. Notably, the unique D-
core structure constructed via non-covalent interactions in DF-
PCIC effectively stabilized the molecular conformation, result-
ing in significant advantages in blend film morphology and
device stability (Fig. 4a). This system demonstrated clear
improvements over traditional PC,;BM- and ITIC-based
devices.

In 2019, the nonfused-ring acceptor ICTP was developed by
Zhang et al.>* via a three-step synthetic approach. The molecular
conformation was stabilized through O---H and O---S non-
covalent interactions, yielding a planar and rigid backbone
comparable to FRAs. This structural configuration significantly
enhanced intramolecular charge transfer (ICT), resulting in
a narrowed bandgap and optimized energy level alignment that
well-matched medium-bandgap donor PBDB-T. While the
limited conjugation length led to a relatively low charge
mobility, with a DIO-optimized device exhibiting a modest PCE
of 4.43%, further extension of the conjugated system could
potentially improve its photovoltaic performance. Concurrently,
Wang et al.** synthesized a new acceptor (DFPCBR) featuring
a strong electron-donating group and an extended t-conjugated
central core. The F---H non-covalent interactions facilitated an

Table 1 Photovoltaic data of NFRA-based devices regulated by non-covalent conformational locking engineering®

Acceptor Donor Vool V Jse/(mA cm™?) FF/% PCE/% Eloss/€V Ref.
Ph-IC PBFTZ 0.89 12.37 21.50 5.68 — 53
DF-PCIC PBDB-T 0.91 15.66 72.00 10.14 0.68 39
ICTP PBDB-T 0.97 8.29 55.00 4.43 — 54
DFPCBR P3HT 0.80 10.39 64.39 5.34 0.79 55
NOCG6F-1 PBDB-T 0.95 17.08 65.79 10.62 — 56
NOC6F-2 PBDB-T 0.96 13.21 53.26 6.74 —_ 56
PTICH PBDB-TF 0.92 8.22 54.00 4.08 0.68 57
PTIC PBDB-TF 0.93 16.73 66.00 10.27 0.58 57
PTICO PBDB-TF 1.01 12.60 52.00 6.62 0.55 57
DOC6-IC PBDB-T 0.91 19.21 60.11 10.52 —_ 58
DOCS-IC PBDB-T 0.92 17.74 57.65 9.41 — 58
DOC2C6-IC PBDB-T 0.93 18.85 63.33 11.10 —_ 58
DC6-IC PBDB-T 0.99 11.19 62.21 6.87 — 58
DOC2C6-2F PBDB-T 0.85 21.35 73.15 13.24 —_ 58
AOT1 PCE 10 0.74 7.31 60.00 3.31 — 59
AOT2 PCE 10 0.70 10.50 54.00 4.06 —_ 59
AOT3 PCE 10 0.62 17.63 59.00 6.59 — 59
PTO-4F PBDB-T 0.85 13.45 59.00 6.81 —_ 60
PDO-4F PBDB-T 0.91 8.76 51.00 4.06 — 60
PDS-4F PBDB-T 0.86 9.64 62.00 5.14 —_ 60
PTS-4F PBDB-T 0.82 9.58 51.00 4.06 — 60
2T2CSi-4F PBDB-T 0.84 19.50 61.29 10.04 —_ 61
4T2CSi-4F PBDB-T 0.82 8.46 52.32 3.63 — 61
Tz-H PM6 0.83 15.74 48.57 6.41 — 62
Tz-Cl PM6 0.84 20.71 63.72 11.10 — 62
TT-O-2F D18 0.90 19.66 58.85 10.43 0.60 63
TT-S-2F D18 0.83 24.23 76.10 15.29 0.66 63
TT-Se-2F D18 0.76 23.82 67.50 12.23 0.66 63
FOC6-IC PBDB-T 0.93 17.64 65.80 10.80 —_ 64
FOC6-FIC PBDB-T 0.89 19.18 70.90 12.08 —_ 64
FOC2C6-2FIC PBDB-T 0.87 19.66 72.10 12.36 — 64
TPT4F PBDB-TF 1.00 13.36 57.00 7.67 — 65
TPT4Cl PBDB-TF 1.04 15.77 62.00 10.16 e 65

“ Note: PBDB-TF and PM6 denote identical donor polymer materials in this context.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Chemical structures of NFRAs regulated by non-covalent conformational locking engineering.

ideal planar configuration, which not only improved the
morphological compatibility with P3HT donor, but also ach-
ieved favorable energy level matching and complementary
absorption spectra. The P3HT:DFPCBR-based OSCs demon-
strated a PCE of 5.34%, with additional advantages of thickness-
insensitive performance and low energy loss. These character-
istics render this material system particularly promising for
commercial applications. Subsequently, Zheng et al.*® reported
two naphthalene-based positional isomeric NFRAs, NOC6F-1
and NOC6F-2. The 2,6-linked NOC6F-1 adopted a near-perfect
planar conformation due to reduced B-position steric
hindrance and intramolecular S---O interactions. This superior
planarity endowed NOC6F-1 with tighter - stacking, more
extended conjugation, and a pronounced spectral redshift.
When mixed with PBDB-T, NOC6F-1 demonstrated ordered
molecular packing in both the in-plane and out-of-plane
orientations, yielding devices with a remarkable PCE of
10.62%, significantly outperforming the NOC6F-2-based devices
(6.74%). Concurrently, Yu et al.*” developed fully NFRAs (PTICH,
PTIC, and PTICO) featuring O---H NoCL effects that substan-
tially reduced the rotational energy barrier between central
cores and end-groups, resulting in more planar molecular

14042 | Chem. Sci, 2025, 16, 14038-14080

conformations. Notably, these materials maintained dynamic
rotatable conformations in solution (ensuring good process-
ability) while spontaneously assembling into highly ordered
planar stacking structures via intramolecular noncovalent
interactions in the solid-state films. Among them, PTIC
exhibited a low synthetic complexity index, and the derived
OSCs demonstrated exceptional stability under continuous
illumination (Fig. 4b), achieving outstanding PCEs of 10.27%
(single-junction) and 13.97% (tandem). This study fundamen-
tally elucidated the potential of noncovalent conformational
locking engineering in
molecular conformation transitions.

The noncovalent conformational locking strategy, enabled
by intramolecular interactions such as O---H, S---O, etc., effec-
tively stabilizes the planar conformations of NFRAs. This
approach significantly enhances conjugated backbone
ordering, optimizes energy levels, induces an absorption
redshift, and improves electron mobility. Furthermore, it
permits precise control over solution-to-solid-state conforma-
tional transitions to facilitate tight -7 stacking. The resulting
synergistic enhancement in both device efficiency and stability

controlling solution-to-solid-state

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Thermal annealing effects on morphology and PCE of PBDB-T:DF-PCIC and PBDB-T:PC,,BM blends. Reproduced with permission.
Copyright 2017, John Wiley and Sons. (b) Stabilities of encapsulated devices under metal halide lamp illumination (non-UV-filtered). Reproduced
with permission.?” Copyright 2019, Springer Nature. (c) Molecular absorption spectra in films vs. chloroform solutions. Reproduced with
permission.*® Copyright 2019, Springer Nature. (d) Calculated molecular properties of 2T2CSi-4F and 4T2CSi-4F: geometries, ESP surfaces, and
FMO distributions. Reproduced with permission.®* Copyright 2022, American Chemical Society. (e) GIWAXS patterns of PM6:Tz-H and PM6:Tz-Cl
blend films and the corresponding scattering profiles in the out-of-plane (solid line) and in-plane (dashed line) directions. Reproduced with
permission.®? Copyright 2023, John Wiley and Sons. (f) Molecular conformation and single-crystal packing (top view) of TT-X-2F (X = O, S, Se).
Reproduced with permission.®* Copyright 2022, Elsevier.

establishes an effective pathway for balancing the performance
with synthetic complexity.

2.1.2 Quantitative modulation of NoCLs. With the
progressive development of NFRAs' research, investigative
priorities have systematically shifted toward quantitative
modulation of NoCLs and their structure-property relation-
ships. Huang et al.’® constructed several non-fused ring non-
fullerene acceptors (DOC6-IC, DOCS-IC, DOC2C6-2F, and

© 2025 The Author(s). Published by the Royal Society of Chemistry

DOC2C6-IC) by utilizing S---O non-covalent interactions. These
acceptors exhibited broadened near-infrared light absorption
(Fig. 4c) along with superior electron mobility, while their
conformational locking restricted the rotation of molecular
backbones, thereby reducing energy loss. Compared to DC6-IC
(which lacks conformational locking), organic solar cells
incorporating the newly synthesized acceptors—particularly
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DOC2C6-IC and DOC2C6-2F—exhibited higher PCEs, with
device efficiencies reaching 11.10% and 13.24%, respectively.

In 2021, Yao et al.* designed three NFRAs (AOTX, X = 1-3)
that were isomers of one another. The AOT3 molecule with the
largest number of O---S non-covalent bonds exhibited brilliant
properties, not only with extended absorption spectra,
enhanced rigid planar structure, and strong crystallinity, but
also with efficient charge transport and high charge mobility.
Hence, the photovoltaic device blended with PCE 10 had the
highest efficiency of 6.59%. Subsequently, through precise
control of the sulfur/oxygen atomic positioning and stoichi-
ometry, the research team synthesized four simplified unfused-
ring electron acceptors (PTS-4F, PDS-4F, PDO-4F, and PTO-4F).*°
Characterization results demonstrated that increasing oxygen
content (from PTS-4F to PTO-4F) significantly enhanced both
the quantity and strength of intramolecular O---S/O---H NoClLs,
leading to (i) progressively more planar molecular backbones,
(ii) redshifted absorption maxima, and (iii) elevated HOMO
energy levels. In contrast, sulfur incorporation weakened these
interactions, resulting in increased molecular torsional angles.
Consequently, the device efficiencies showed a gradual
improvement from 4.06% for PTS-4F (NoCL-deficient) to 6.81%
for PTO-4F (NoCL-enriched), unequivocally demonstrating the
crucial role of NoCL population in modulating both molecular
conformation and device performance.

In 2022, Zhong et al.** developed two types of NFRAs, 4T2CSi-
4F and 2T2CSi-4F, by using non-covalent conformation locking
engineering. Both molecules formed multiple intramolecular
conformational locks under O---S non-covalent interactions.
Compared to the asymmetric 4T2CSi-4F, the multiple NoCLs
more significantly affected the symmetrically designed 2T2CSi-
4F, manifested by 2T2CSi-4F's more planar structure, longer
absorption wavelength, and narrower band gap (Fig. 4d).
Moreover, 2T2CSi-4F demonstrated enhanced charge transport
properties and superior crystallinity, ultimately enabling its
photovoltaic devices to achieve a record PCE of 10.04%.

In 2023, Han et al.®* successfully synthesized two NFRAs, Tz-H
and Tz-Cl, through the introduction of S---N and S---Cl NoCLs.
Among these, Tz-Cl, containing multiple NoCLs (S---N and S---
Cl), exhibited a flatter molecular configuration compared to Tz-H
that possessed only S---N noncovalent interactions. As a result,
Tz-Cl allowed for tighter and more ordered stacking, which
favored the formation of well-structured thin films in the Tz-Cl-
based polymer blend (Fig. 4e). Additionally, the excellent
morphology in Tz-Cl-based devices contributed to the improved
performance in exciton dissociation, charge transfer, and
recombination, leading to a high PCE of 11.10%, which repre-
sented a substantial enhancement over the 6.41% PCE observed
for Tz-H-based OSCs. Subsequently, Zheng et al.*® designed a set
of acceptors (TT-X-2F, X = O, S, Se) by incorporating NoCLs.
Intramolecular noncovalent interactions (S--O and Se---O)
conferred a relatively planar backbone configuration to TT-Se-2F
and TT-S-2F, whereas the absence of such interactions in TT-O-2F
resulted in a twisted conformation. Notably, TT-S-2F exhibited
superior molecular packing behavior, manifesting as a larger end-
group overlap area (Fig. 4f), enhanced exciton diffusion length,
and improved blend-film morphology and crystallinity, all of
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which collectively contributed to the significantly enhanced
charge transport properties. Ultimately, the D18:TT-S-2F-based
OSCs obtained the highest PCE of 15.29%, substantially out-
performing the other systems.

Increasing the number of NoCLs effectively strengthens
intramolecular interactions, promotes backbone planarization
while simultaneously enhancing molecular packing order and
crystallinity. These structural improvements optimize the active
layer morphology, thereby boosting device performance. Criti-
cally, NoCLs incorporation must maintain compatibility with
the target molecule's structural characteristics. Symmetric
architectures typically exhibit stronger cooperative effects from
multiple NoCLs compared to asymmetric counterparts, neces-
sitating precise molecular engineering to achieve optimal
system performance.

2.1.3 Synergistic effects of multiple noncovalent interac-
tions. Multiple noncovalent interactions can synergistically
modulate the molecular planarity, crystallinity, packing arrange-
ment, and charge transport properties of NFRAs. To illustrate,
Feng et al.* reported three NFRAs (FOC2C6-2FIC, FOC6-FIC, and
FOC6-IC) featuring multiple noncovalent interactions. These
acceptors formed planar and rigid backbones through intra-
molecular NoCLs (e.g:, S:-*O and S---F interactions), while
achieving dense solid-state packing via -7 stacking and end-
group-to-core electrostatic interactions. Notably, FOC2C6-2FIC
exhibited enhanced crystallinity and blend-phase charge
mobility due to synergistic intermolecular interactions (S---F, C-
H---F, and C-H---O). Hence, the FOC2C6-2FIC-based devices
achieved a record PCE of 12.36%, outperforming FOC6-IC
(10.80%) and FOC6-FIC (12.08%) systems. Simultaneously, Wen
et al® developed two medium-bandgap NFRAs (TPT4F and
TPT4Cl) with planar rigid conformations by incorporating
multiple intramolecular noncovalent interactions (F---H, O---H,
and O---S). Both acceptors adopted planar rigid configurations in
the solid state, with TPT4Cl demonstrating superior face-on
orientation and stronger photoluminescence. The PBDB-
TF:TPT4Cl-based devices achieved a PCE of 10.16%, signifi-
cantly higher than that of TPT4F (7.67%), primarily attributed to
its narrower bandgap (1.67 eV), lower non-radiative voltage loss
(0.27 V), and higher open-circuit voltage (V,. = 1.04 V). This work
not only optimized molecular planarity and optoelectronic
performance through synergistic noncovalent interaction engi-
neering but also addressed the challenge of low voltage loss in
narrow-bandgap materials, thus providing a new strategy for cost-
effective, high-performance NFRAs.

The regulatory mechanism of multiple noncovalent interac-
tions in NFRAs operates through a hierarchical framework:
intramolecular interactions establish a planar and rigid
molecular skeleton, while intermolecular interactions enhance
the crystalline order. This multi-level interaction network
synergistically optimizes molecular packing, thereby improving
charge transport properties.

2.2 NFRAs regulated by core engineering

Core engineering serves as a pivotal strategy in the molecular
design of NFRAs, enabling systematic optimization of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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optoelectronic properties and aggregation behavior through
precise modulation of the electronic structure and spatial
configuration of the central core unit. The selection of different
core units not only influences molecular energy levels and
absorption characteristics but also significantly affects the
crystalline ordering and phase-separation morphology by
regulating their interactions with other functional units. This
chapter systematically summarizes recent research progress in
tailoring NFRAs' performance using this strategy, with the
relevant data and chemical structures presented in Table 2 and
Fig. 5.

In 2018, Li et al.*® constructed three kinds of NFRAs (OF-
PCIC, HFO-PCIC, and HF-PCIC) with distinct geometric
configurations and significant packing differences through
phenyl core unit engineering. The study revealed that HFO-
PCIC exhibited excessive face-to-face stacking (H-aggregation)
due to strong noncovalent interactions between phenyl cores,
resulting in hindered electron transport, oversized phase
domains, and severe charge recombination, ultimately yielding
a poor device efficiency of only 8.36%. Although OF-PCIC
showed reduced H-aggregation, it still formed oversized

View Article Online
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mixed-phase domains due to larger interlayer stacking
distances and weaker alkyl chain repulsion, demonstrating
intermediate performance (PCE = 9.09%). In contrast, HF-PCIC
displayed moderate molecular distortion and balanced non-
covalent interactions, leading to an optimized phase-separation
morphology. The chlorobenzene-processed devices achieved an
efficiency of 10.97%, which was further improved to 11.49%
with chloroform optimization, setting a then-record efficiency
for NFRA systems. This work not only elucidated the crucial role
of core unit structural modification at the molecular design
level but also validated the significant impact of processing
conditions on device performance through solvent optimization
experiments.

In 2019, Yi et al.” synthesized two NFRA materials, BDTS-4Cl
and BDTC-4Cl, through strategic modulation of the 7-bridge
core unit. The research demonstrated that devices based on
BDTC-4Cl, which incorporated a carbon-bridged dithiophene -
donor unit, attained a remarkable PCE of 9.54%, significantly
outperforming the silicon-bridged dithiophene counterpart
BDTS-4Cl (3.73%). Furthermore, the introduction of PC,;BM to
construct a ternary system elevated the PCE to an impressive

Table 2 Photovoltaic data of NFRA-based devices regulated by core engineering®

Acceptor Donor Vool V Jse/(mA cm™?) FF/% PCE/% Ejoss/€V Ref.
HF-PCIC PBDB-TF 0.92 16.01 72.42 10.97 0.58 66
HF-PCIC* PBDB-TF 0.91 17.81 70.77 11.49 0.59 66
HFO-PCIC PBDB-TF 0.93 12.62 70.99 8.36 0.55 66
OF-PCIC PBDB-TF 0.91 13.76 73.37 9.09 0.68 66
BDTS-4Cl PBDB-T 0.83 9.80 45.90 3.73 — 67
BDTC-4Cl PBDB-T 0.86 18.56 59.50 9.54 — 67
BDTC-4Cl:PC,,BM PBDB-T 0.86 21.19 67.20 12.19 — 67
SSTI PCE 10 0.22 0.53 43.00 0.05 — 68
SNTI PCE 10 0.32 1.14 38.00 0.14 — 68
NTI PBDB-T 0.72 1.88 33.00 0.45 — 68
NTTI PBDB-T 0.80 17.08 63.00 8.61 — 68
BTzO-4F PBDB-T 0.84 23.58 69.73 13.80 0.57 69
F8IDT-Br PM6 0.98 14.60 67.76 9.70 — 70
C8IDT-Br PM6 0.97 15.66 64.81 9.85 — 70
DCB-4F PM6 1.00 16.42 58.23 9.56 — 71
DCB-4F:PC,;BM PM6 1.00 16.79 66.53 11.17 — 71
DBT-4F PBDB-T 0.88 19.65 70.24 12.14 — 72
DBD-4F PBDB-T 0.88 15.92 59.52 8.34 — 72
DBTD-4F PBDB-T 0.81 12.91 53.02 5.55 — 72
BDIC2F PBDB-T 0.80 9.90 37.90 3.01 — 73
BCIC2F PBDB-T 0.79 22.10 71.00 12.40 — 73
TCIC2F PBDB-T 0.71 19.10 64.60 8.80 — 73
TPDC-4F PM6 0.85 22.19 70.60 13.35 — 74
BTIC-4F PM6 0.89 20.50 65.70 12.04 — 74
tMBCIC PBDB-T 0.95 16.21 59.61 9.22 — 75
bCIC PBDB-T 0.74 11.88 50.93 4.47 — 75
CBTBO-4F PBDB-T 0.81 17.95 48.48 7.05 — 76
CBTBO-4Cl PBDB-T 0.80 21.20 60.01 10.18 — 76
BIO-4Cl PM6 0.86 5.61 59.90 2.88 — 77
IOEH-4Cl PM6 0.85 23.00 70.19 13.67 — 77
PACT-Cl J52 0.78 21.00 62.10 10.22 — 78
CAcT-Cl J52 0.72 20.14 50.30 7.32 — 78
RM1 PM6 0.89 17.83 65.00 10.27 — 79
RM2 PM6 0.86 18.33 70.00 11.05 — 79

“ The * represents changing the chlorobenzene solvent to chloroform solvent.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Chemical structures of NFRAs regulated by core engineering.

12.19%. In-depth analysis revealed that the superior perfor-
mance of BDTC-4Cl originates from: (1) its optimized carrier
mobility balance leading to attenuated recombination, and (2)
the synergistic enhancement of exciton dissociation efficiency
(reaching 83.8%) through optimized fibrillar network
morphology and favorable molecular orientation. These factors
collectively facilitated efficient charge transport and collection,
providing valuable insights for the development of high-
performance NFRAs.

In 2020, Lv et al.®® constructed four NFRAs (NTTI, NTI, SNTI
and SSTI) by modifying the core units of the molecule. Among
these compounds, NTTI and NTI took benzo [1,2,3] triazole
(BTAZ) as their central framework, while the central structures
of SNTI and SSTI were [1,2,5] thiadiazolo [3,4-f] benzo [1,2,3]
triazole (TBZ) and benzo [1,2-¢;4,5-¢'] bis [1,2,5] thiadiazole

14046 | Chem. Sci, 2025, 16, 14038-14080

(BBT), respectively. The investigation uncovered critical struc-
ture-property correlations: (1) while the strongly quinoidal BBT/
TBZ cores endowed SSTI and SNTI with markedly red-shifted
absorption and deep energy levels, they concomitantly
induced substantial stability deterioration; (2) NTTI with the
BTAZ core achieved a stability breakthrough (Fig. 6a) via a triple
molecular engineering strategy: (i) the weakly quinoidal core
substantially mitigated the photo/thermal degradation suscep-
tibility of C=C bonds, fundamentally enhancing intrinsic
material stability; (ii) steric hindrance from sp?-hybridized
carbon-attached side chains effectively suppressed molecular
over-aggregation and blocked reactive radical attacks; (iii) the
judiciously incorporated nitrogen-rich fused-ring architecture
maintained optimal optoelectronic properties while circum-

venting stability degradation from excessive nitrogen

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc00528k

Open Access Article. Published on 23 julij 2025. Downloaded on 29. 04. 2026 21:30:31.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

(@)

View Article Online

Chemical Science

11
\ [
‘ \
|
| ‘
10 20 30 40
min || min || min | | min

min

(b) —— PBDB-T:BTzO-4F IP (c) |
LIRS 0 PBDB-T:BTzO-4F OOP z 107 Edgeon Crystalite
‘r : = 0.84 fhwm: 7.09
?;‘ ! 80nm g g
2 = g
B D s
I H £ 044
Q £ =
E p sonm 5 0.24
]
a E 0.0-
Rq =196 nm : . : . z
v 1 0.5 1.0 15 2.0 40 -30 20 -1'0 0 10 20 30 40
Height 2pum q (A" 1@
(d) — BIO-4CI| (e) 10F
—— IOEH-4CI s RM1 5} o RM2 °
s 8t |
© g: g.‘
> S s} S,
@ s s
S 54 5 2}
= 3 3
= a af T,=140° =¥ T,=172°C
> (100) (010)
(100) J\/\ ol ol
5 0 15 35 40 60 100 120 140 160 0 50 100 150 200 250 300

29(°)

Fig. 6

Temperature (°C)

Temperature (°C)

(a) Optical images of D:A solutions (PCE10:SSTI vs. PM6:SNTI vs. PBDB-T:NTI/NTTI) under AM1.5G light illumination. Reproduced with

permission.®® Copyright 2020, John Wiley and Sons. (b) AFM morphology and GIWAXS line profiles (IP/OOP) of PBDB-T:BTzO-4F blend films.
Reproduced with permission.®® Copyright 2020, Springer Nature. (c) Azimuthal scans and corresponding 2D GIWAXS patterns of three NFRAs.
Reproduced with permission.” Copyright 2021, John Wiley and Sons. (d) XRD patterns of the BIO-4Cl and IOEH-4Cl pristine solid powders.
Reproduced with permission.”” Copyright 2023, Elsevier. (€) DMT evolution with annealing temperature for RM1 and RM2 thin films. Reproduced

with permission.” Copyright 2024, American Chemical Society.

heterocycles. This synergistic design rendered NTTI exceptional
stability across solution processing, thin-film formation, and
blend systems, ultimately enabling PBDB-T:NTTI-based OSCs to
attain a high PCE of 8.61%. Concurrently, Liu et al.* strategi-
cally employed benzotriazole (BTz) - a versatile building block
featuring multiple modifiable sites, as the central electron-
deficient unit to successfully construct a novel acceptor BTzO-
4F. The corresponding OSCs demonstrated a broad photo-
response spanning 300-900 nm, with an exceptional external
quantum efficiency (EQE) peak of 80%, confirming its
outstanding photon capture capability. The remarkably high
exciton dissociation yield of 96.6% further evidenced superior
charge separation efficiency. Complementary AFM and GIWAXS
analyses (Fig. 6b) revealed the optimal blend morphology (R, =
1.76 nm) and well-ordered molecular packing (-7 stacking
distance = 3.67 A). These structural merits directly translated
into exceptional device performance, achieving both a high J,.
of 23.58 mA cm ™2 and a record-breaking PCE of 13.8%, thereby
unequivocally validating the unique advantages of BTz-based
molecular design in NFRAs development.

In 2021, two brominated acceptors named C8IDT-Br and
F8IDT-Br with non-fused ring structures of different cores

© 2025 The Author(s). Published by the Royal Society of Chemistry

(carbazole rings and fluorene) were constructed by Zhang et al.”
It was found that C8IDT-Br with carbazole ring as the core had
a larger red-shifted absorption peak than F8IDT-Br with fluo-
rene as the core. Moreover, C8IDT-Br exhibited strong intra-
molecular charge transfer characteristics. Therefore, the
photovoltaic devices constructed with PM6:C8IDT-Br exhibited
the highest PCE of 9.85%, surpassing the PM6:F8IDT-Br-based
devices by 0.15%. Then, Du et al.”* synthesized a NFRA DCB-
4F with DCB as the electron donor core. In contrast to CB-4F
with CB as the core, DCB-4F exhibited superior solubility,
a reduced optical bandgap, red-shifted absorption, more
balanced charge transport characteristics and enhanced inhi-
bition of charge recombination. Consequently, the PCE of OSCs
based on PM6:DCB-4F reached 9.56%, and when 10 wt%
PC,;BM was added to the blend, the efficiency of OSCs
increased by 1.61% (PCE = 11.17%). Simultaneously, Cao et al.”
developed three NFRAs with distinct donor-core architectures,
namely DBTD-4F (D1-A1-D1), DBD-4F (D1-D-D1), and DBT-4F
(D1-D-D2). The asymmetric DTP-core-based DBT-4F exhibited
significantly optimized optoelectronic properties, demon-
strating not only broader light absorption and enhanced light-
harvesting capability but also forming an ideal thin-film

Chem. Sci., 2025, 16, 14038-14080 | 14047
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morphology with uniform fibrillar phase separation and
bicontinuous interpenetrating networks, along with well-
balanced charge transport characteristics. These synergistic
advantages enabled DBT-4F-based OSCs to achieve an EQE
exceeding 60% in the 500-800 nm spectral range, ultimately
delivering a high PCE of 12.14%, substantially outperforming
the symmetric-structured DBD-4F (8.34%) and DBTD-4F
(5.55%) systems, thereby unequivocally validating the unique
advantages of DTP-based asymmetric molecular design for
exploring superior-performance NFRAs. Concurrently, Li et al.”
precisely engineered the A’ and D units in the A-D-A'-D-A
molecular framework to design three NFRAs with distinct
aggregation behaviors: BDIC2F (featuring BDD core and DTP -
bridge) exhibited balanced J/H-aggregation characteristics,
TCIC2F (with TPD core and CDT m-bridge) displayed J-
aggregation-dominant features, while BCIC2F (incorporating
BDD core and CDT w-bridge) demonstrated unique H-
aggregation-dominant behavior with minimized lattice
disorder. Comprehensive characterizations revealed that
BCIC2F's highly ordered aggregation characteristics (Fig. 6c)
facilitated optimal blend morphology with the PBDB-T, not only
significantly enhancing exciton dissociation efficiency but also
achieving more balanced charge carrier mobility and reduced
recombination losses, ultimately yielding superior photovoltaic
performance (PCE = 12.40%, J,. = 22.10 mA cm ™ 2) in BCIC2F-
based devices. Meanwhile, the BTIC-4F and TPDC-4F with
non-fused ring structures of different core units were designed
and synthesized by Luo et al.”* Compared with BTI-core acceptor
molecules of BTIC-4F, the TPDC-4F acceptor molecule with TPD
as the core was more excellent. Firstly, the TPDC-4F had a deep
LUMO energy level and a narrow optical band gap. Secondly, it
obtained higher charge mobility and lower charge recombina-
tion. Finally, the orderly molecular packing of the acceptor-
based device resulted in an excellent molecular morphology.
Incorporating these merits resulted in a high Js. of 22.19 mA
cm 2 and a FF of 70.60%, yielding a PCE of 13.35%. This
performance exceeded that of BTIC-4F acceptor-based devices
(Jse = 20.50 mA cm ™2, FF = 65.70%, PCE = 12.04%).

In 2022, Song et al.”® pioneered the design of a novel non-
fullerene  acceptor, tMBCIC, featuring methylboron-
dipyrromethene (BODIPY) as the electron-deficient core. In
contrast to the planar BODIPY-free analogue bCIC, the sterically
hindered BODIPY moiety induced significant molecular
distortion in tMBCIC. Remarkably, this structural modification
played pivotal roles in: (i) suppressing excessive molecular
aggregation, (ii) weakening intramolecular donor-acceptor
interactions, (iii) elevating the LUMO energy level, (iv)
enhancing light-harvesting capability, (v) optimizing molecular
stacking and charge transport, and (vi) improving the active
layer morphology. Consequently, PBDB-T:tMBCIC-based
devices achieved a PCE of 9.22% with a record-high V,. of
0.95 V at that time for NFRA systems, significantly out-
performing the bCIC-based devices (PCE = 4.47%, V. = 0.74 V).
This breakthrough unequivocally demonstrated the unique
advantages and application potential of BODIPY derivatives as
core building blocks for developing novel NFRAs.

14048 | Chem. Sci, 2025, 16, 14038-14080
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In 2023, Cui et al.”® developed two A-D-A'-D-A-type NFRAs,
namely CBTBO-4Cl and CBTBO-4F. This was accomplished by
integrating a novel central acceptor unit, N-(2-butyloctyl)-
carbazole[3,4-c:5,6-c]bis[1,2,5]thiadiazole (CBT), along with
various terminal acceptor units. Both acceptor materials
exhibited good intramolecular charge transfer properties and
strong and broad absorption spectra. Among them, CBTBO-4Cl
showed superior performance compared to CBTBO-4F in terms
of planarity, crystallinity, molecular morphology, molecular
stacking, charge separation, and transport. Therefore, the OSCs
utilizing CBTBO-4Cl exhibited an enhanced PCE of 10.18%.
This study effectively validated the promising potential of the
CBT unit in constructing high-performance organic conjugated
semiconductors. Subsequently, Wang et al.”” systematically
investigated the modulation mechanism of electron-donating
D’ subunits in D-D’ central units through the rational design
of novel asymmetric A-D-D'-A-type acceptors BIO-4Cl and
IOEH-4Cl. Replacing the benzodithiophene (BDT) donor with
cyclopentadithiophene (DTC) induced a distinct conforma-
tional transformation from an S-shaped geometry in BIO-4Cl to
a C-shaped configuration in IOEH-4Cl. This structural modifi-
cation endowed IOEH-4Cl with superior absorption character-
istics due to enhanced ICT effects from the DTC-INT
combination and improved molecular ordering, along with
tighter -7 stacking and reduced interlayer spacing (Fig. 6d).
These favorable morphological changes resulted in balanced
charge carrier mobility and optimized crystallinity in the blend
films. Consequently, the PM6:I0EH-4Cl-based OSCs achieved
a markedly enhanced PCE of 13.67%, which was 4.75 times that
of the BIO-4Cl-based devices (2.88%). This work established
that precise engineering of the D’ subunit in D-D’ central units
provides an effective approach to simultaneously control
molecular conformation and packing behavior, and ultimately
boost device performance.

In 2024, Luo et al.”® developed two structurally similar yet
core-distinct NFRAs: PAcT-Cl (alkoxyphenyl core) and CAcT-Cl
(4H-cyclopenta[1,2-b:5,4-b'|dithiophene core). Systematic char-
acterization revealed superior performance in PAcT-Cl-based
OSCs, achieving a PCE of 10.22% versus 7.32% for CAcT-Cl
counterparts. This performance disparity originated from
three key aspects: Raman spectroscopy confirmed PAcT-Cl's
more ordered molecular alignment and enhanced m—7 stacking
(evidenced by intensified characteristic peaks and narrowed
FWHM in 1350-1550 cm ™' region), yielding higher an