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ABSTRACT: Exploring nonfullerene acceptors (NFAs) with high luminescent
structural “genes” is crucial for suppressing the nonradiative recombination in organic
solar cells (OSCs). Herein, a boron−oxygen six-membered heterocycle is first employed
to afford two conformationally distinct NFA isomers of CH-S and CH-C. Owing to the
electron-lacking nature of boron atoms, both CH-S and CH-C demonstrate a relatively
wide bandgap. Interestingly, different ring-fused pathways yield the typical S- and C-
shaped molecular conformations, which not only dominate their distinctive
intermolecular packing modes but also greatly exert on the fundamental luminescent
and optoelectronic properties. Consequently, CH-C-based binary OSCs achieve an
excellent efficiency of 11.03%, ranking among the highest values reported for wide-
bandgap acceptors with absorption cutoffs below 750 nm. This work first highlights the
significant potential of boron−oxygen heterocycles for constructing high-performance
wide-bandgap NFAs.

■ INTRODUCTION
Over recent decades, the advancement of nonfullerene electron
acceptors (NFAs) has propelled significant advances in organic
solar cells (OSCs),1−3 with single-junction device efficiencies
approaching 21%4−11 and all-organic tandem solar cells
exceeding 20%.12 Despite these advancements, OSCs continue
to exhibit substantially higher energy losses relative to state-of-
the-art inorganic perovskite solar cells.13,14 One of the main
sources stems largely from the intrinsically lower dielectric
constants of most organic semiconductors and disordered
molecular packings, which result in the tightly bound Frenkel
excitons upon photoexcitation and sufficient charge recombi-
nation sites.2 Specifically, the particularly critical nonradiative
energy loss (Enr,loss) is chiefly governed by the photo-
luminescence quantum yield (PLQY) in narrow-bandgap
materials, such as NFAs.15 Strategies to enhance PLQY
include incorporating intrinsically highly emissive moieties16

or sterically demanding groups17,18 into the donor/acceptor
materials. In addition, the high charge carrier mobility is also
an essential performance parameter for organic semiconduc-
tors.19−21 Paradoxically, the molecular structural requirements
for high mobility often conflict with those for high
luminescence, making the integration of both properties a
significant challenge for OSC materials.22

It is also worth noting that the advancement of all-organic
tandem solar cells lags behind that of single-junction devices.

Tandem OSCs, crucial for achieving higher efficiencies,
comprise a front subcell and a rear subcell.23 According to
our group’s semiempirical theoretical model, the wide-bandgap
front subcell should primarily absorb photons in the range of
300−700 nm, possess a large open-circuit voltage (or small
energy loss), exhibit excellent charge transfer/transport
dynamics, etc.24 The current wide-bandgap acceptors remain
significantly distant from the ideal state. Consequently, the
exploration of novel-structure, high-performance wide-bandgap
acceptors is imperative to break the critical bottleneck
hindering tandem OSC development.
The advancement of blue-emitting materials for organic

light-emitting diodes (OLEDs) has matured considerably,
which highlights the potential of numerous OLED materials as
promising candidates for wide-bandgap, highly luminescent
applications.25,26 Among these, thermally activated delayed
fluorescence (TADF) materials are particularly noteworthy.
Characterized by spatially separated frontier molecular orbitals
(FMOs), TADF materials facilitate small singlet−triplet energy
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gaps (ΔEST), thereby enabling efficient harvesting of triplet
excitons.27 Especially, multiresonance TADF (MR-TADF)
materials, exemplified by B−N structures pioneered by
Hatakeyama et al., achieve alternating localization of FMOs
through electron-donating atoms positioned para or ortho to
boron-based electron-accepting units, further minimizing ΔEST
on the premise of keeping a relatively planar molecular
conformation.28 Building on this concept, Liu et al. developed
the wide-bandgap NFA BNTT2F by incorporating a B−N
covalent bond into an electron acceptor, achieving a power
conversion efficiency (PCE) of 8.3%.29

Recently, She et al. have extensively explored a series of B−
O fused heterocycles, which exhibit low aromaticity, weak
electron-accepting nature, intrinsically high luminescence,
excellent thermal and chemical stability, etc.30,31 Therefore,
we envisioned that the B−O structural motif holds significant
promise for application in wide-bandgap acceptor materials. To
enable conjugation extension and provide a sufficient aromatic
surface for the desired FMO separation around the boron−
oxygen heterocycle, naphthalene was chosen as the central
ring. Furthermore, inspired by the molecular conformations of
prevalent acceptor materials like Y632 and ITIC,33 we also

sought to investigate the impact of C-shaped versus S-shaped
molecular geometries in B−O fused heterocycle-based accept-
ors. Consequently, the B−O six-membered heterocycles were
constructed by fusing to the different positions of the central
naphthalene, leading to the S-shaped NFA of CH-S and C-
shaped NFA of CH-C, as depicted in Figure 1a. The mesityl
group serves dually as a protecting group for the boron atom
and as a steric unit to modulate luminescence and charge
transport. A comprehensive suite of studies, including density
functional theory (DFT) calculations, single-crystal analysis,
and nanomorphology characterization, has been conducted to
elucidate the influence of B−O heterocycle and molecular
conformation (S vs C) on intrinsic optoelectronic properties of
two NFAs. Ultimately, the binary OSC utilizing CH-C
delivered an outstanding PCE of 11.03%. This PCE ranks
among the highest values reported for wide-bandgap acceptors
exhibiting absorption cutoffs below 750 nm. Our study
demonstrates the promise of novel organic boron−oxygen
structures for high-performance wide-bandgap NFAs, while
elucidating the significant impact of molecular conformation
on optoelectronic properties.

Figure 1. (a) Chemical structures of CH-S and CH-C. (b) Calculated ESP. (c) Side view of optimized molecular geometries. (d) Calculated
HOMO and LUMO energy levels and molecular frontier orbital distributions. The ESP and molecular orbitals were analyzed using Multiwfn.34,35

The values of the isodensity surface were fixed at 0.02.
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■ RESULTS AND DISCUSSION
As shown in Figure 1b,c, both NFAs adopt predominantly
planar structures overall. Among them, CH-S exhibits a more
twisted conformation, while CH-C possesses superior planarity
that is expected to enhance intermolecular π−π interactions.
The electrostatic potential (ESP) maps reveal that regions of
high electron density are concentrated mainly on the terminal
acceptor units for both molecules with relatively higher density
also observed on the mesityl groups. This latter effect, which is
different from that of Y6 that employs an electron-rich pyrrole
ring, may arise because the phenyl ring directly attached to
boron draws electron density from the three methyl groups
into the π-system of the aromatic ring. Figure 1d presents the
FMO energy levels and spatial distributions. Both molecules
display highest occupied molecular orbitals (HOMOs)
primarily localized on the central region and lowest
unoccupied molecular orbitals (LUMOs) concentrated on
the terminal units, aligning with the characteristic A-D-A-type
acceptor architecture.36 Notably, the obvious differences in
HOMO distribution on the central naphthalene ring could be
observed. This is probably attributed to the different bridging
ways on the naphthalene unit, which partially disrupts orbital
delocalization along its long axis. Therefore, naphthalene unit
shows more electron-donating properties for the boron−
oxygen heterocycle fused at the ortho-position (oxygen
linkage), further leading to an enhanced intramolecular charge
transfer (ICT) and a narrower bandgap for CH-C. The

direction and magnitude of molecular dipole moments are also
illustrated in Figure S1. The S-shaped CH-S, characterized by a
center of symmetry, displays a dipole moment oriented
perpendicular to the molecular plane. In contrast, the C-
shaped CH-C, exhibiting axial symmetry, possesses an in-plane
dipole moment directed perpendicular to its long molecular
axis, extending from the central electron-donating naphthalene
core to the electron-deficient terminal groups. The significant
differences in dipole moment characteristics are also
anticipated to substantially influence their optoelectronic
properties.37 Additional detailed calculation results can be
found in Tables S21−S23.
We initially synthesized the boron−oxygen six-membered

heterocycle fused at the 2,6-positions of naphthalene, yielding
the target compound S4 with high efficiency (Scheme 1).
However, attempts to prepare the 2,3-position fused isomer via
identical protocols proved unsuccessful. We observed this
outcome aligns with She’s report,30 where ortho-methoxy-
substituted substrates similarly failed to produce the
corresponding BO7a and BO7b. Consequently, we analyzed
the reaction products by nuclear magnetic resonance (NMR)
and Fourier transform ion cyclotron resonance high-resolution
mass spectrometry (HRMS), identifying a boron-ester
analogue as the primary byproduct (Figures S20, S33, and
S34). We hypothesized that the close proximity of the two
methoxy groups in the 2,3-dimethoxynaphthalene precursor is
responsible: after demethylation of one methoxy group by

Scheme 1. Synthesized Routes to CH-S and CH-C
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boron tribromide (BBr3), the generated boron species
intramolecularly reacts with the adjacent second methoxy
group, preventing its reaction with another equivalent of BBr3
and leading to boronic ester formation. To redirect the
reaction pathway, we explored steric modulation, altered
addition sequences, and a controlled reaction temperature.
Specifically, methoxy groups were replaced with n-butoxy
groups, the addition order was reversed (slow addition of the
dimethoxynaphthalene substrate to BBr3), and the demethy-
lation step was conducted at a lower temperature. These
modifications helped to afford the desired compound C5
successfully, albeit in a moderate yield. To the best of our
knowledge, this represents the first successful synthesis of
ortho-fused boron−oxygen heterocycles via one-pot borylation
using ortho-alkoxy substrates. Subsequent formylation of both
core intermediates via the Vilsmeier−Haack reaction, followed
by Knoevenagel condensation with the terminal acceptor (1,1-
dicyanomethylene-3-indanone), ultimately furnished target
molecules CH-C and CH-S. Comprehensive characterization
included 1H and 13C NMR spectroscopy for all compounds,
with some important intermediates and final NFAs verified by
HRMS (Figures S14−S44).
Figure 2a presents the normalized UV−vis absorption

spectra for both molecules. CH-S exhibits the solution/film
absorption maxima (λmax) at 600:615 nm, while CH-C shows
significantly red-shifted λmax values at 641:660 nm, consistent
with its narrower calculated bandgap (Figure 1d). CH-C also

displays a broader absorption profile and offers better spectral
complementarity with the donor polymer D18.38,39 Normal-
ized photoluminescence (PL) spectra (Figure 2b) reveal that
CH-C has a relatively narrower emission peak with a distinct
shoulder, whereas CH-S exhibits a broad, featureless emission
band. This suggests that CH-S has a higher density of
vibrational states, potentially indicative of greater energetic
disorder and a higher propensity for nonradiative decay via
vibrational relaxation.40,41 The Stokes shifts of CH-C and CH-
S in dilute chloroform solution were determined to be 68 and
55 nm, respectively, calculated from the difference between the
maximum absorption peak in the UV−vis spectrum and the
maximum emission peak in the PL spectrum. The smaller
Stokes shift observed for CH-S suggests a smaller excited-state
relaxation energy, which could contribute to reducing the
open-circuit voltage loss in related devices.42 Subsequent
PLQY measurements (Figure S2) confirmed the significantly
higher PLQY for CH-C, demonstrating its superior lumines-
cent properties compared to CH-S. Electrochemical character-
ization by cyclic voltammetry (CV) (Figure S3) showed
comparable optical bandgaps for both molecules. However, the
LUMO energy level of CH-C is lowered by approximately 0.06
eV relative to those of CH-S. This indicates that modifying the
fusion mode on the naphthalene ring allows fine-tuning of the
energy levels.
Single-crystal X-ray diffraction (XRD) analysis provided

detailed insights into the molecular conformation and packing

Figure 2. (a) Normalized UV−vis absorption spectra of diluted chloroform solution and neat film for D18, CH-S, and CH-C. (b) Normalized
photoluminescence spectra of diluted chloroform solution for CH-S and CH-C. (c) Energy level diagram of D18, CH-S, and CH-C neat film
derived from CV. (d, e) Single-crystal structures, main packing mode, and intermolecular potentials of CH-S and CH-C, respectively.
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modes of two isomers (Figures 2d,e, S4, and S5). Both
molecules adopt relatively planar conformations, although CH-
S exhibits a dihedral angle of ∼8.2° between its end groups and
central naphthalene. CH-C mainly displays two packing motifs
(with intermolecular potentials over 90 kJ/mol). The first one
involves stacking of the electron-deficient end group over the
electron-donating central core, which is driven primarily by
Coulombic interactions characteristic of J-aggregation and
beneficial for both charge transport and fluorescence.22,43 The
second motif arises from a “crab-claw” like chelation site
formed between the end group and the mesityl group on an
adjacent molecule. This sterically driven interaction leads to X-
like aggregation, which is potentially less favorable for charge
transport than J-aggregation but could still enhance fluo-
rescence.44 CH-S also exhibits two packing modes. The
primary one is similar to CH-C’s J-aggregation. However, the
dihedral angle between the end-group plane and central
naphthalene plane confines molecular alignment to partial
parallelism (end-group/core), potentially attenuating overall
intermolecular interactions and lowering the interaction
energy. This is expected to negatively impact the charge
transport in active layers. The secondary packing mode for
CH-S involves π−π interactions between bithiophene units.
Steric hindrance from the central core and end groups weakens
these interactions and increases intermolecular distances,
further compromising the charge transport capability of CH-
S. To gain further insight into the charge transport properties

of the two molecules, we subsequently performed calculations
of the orbital overlap integrals. As shown in Table S1, the
results indicate that both packing modes of CH-C exhibit
relatively high values for both the HOMO overlap integral
(JH−H) and the LUMO overlap integral (JL−L), suggesting that
both modes contribute to hole and electron transport. In
contrast, packing mode B of CH-S shows negligible
contributions to charge transport, which likely accounts for
the overall inferior charge transport capability of CH-S
compared with CH-C. Subsequently, we carried out charge
mobility measurements on the neat films of both molecules, as
summarized in Table S2. The results indicate that CH-C
exhibits significantly higher electron and hole mobilities than
CH-S, which is consistent with the foregoing analysis.
The deep-lying HOMO and LUMO levels of both NFAs

motivated the selection of D18 polymer as the donor material
in OSC active layers, and the device architecture was ITO/
PEDOT:PSS/Active layer/PNDIT-F3N/Ag (detailed device
optimization can be found in Tables S3−S15, and the chemical
structures of PNDIT-F3N and PEDOT:PSS can be found in
Figure S6). Figure 3a and Table 1 present the champion
current density−voltage (J-V) characteristics and photovoltaic
parameters, respectively. The D18:CH-C binary OSC achieved
a maximum PCE of 11.03%, placing it among the highest
reported values for wide-bandgap acceptor-based OSCs with
absorption cutoffs below 750 nm (Table S16). Although CH-S
yielded a higher open-circuit voltage (VOC) of 1.019 V, its

Figure 3. (a) J−V curves, (b) EQE plots, (c) saturation current density (Jph) versus effective voltage (Veff) curves indicating ηdiss and ηcoll, (d) Jsc
versus light intensity curves, (e) Voc versus light intensity curves, and (f) charge mobility of blended films.

Table 1. Summary of Device Parameters for Optimized OSCsa

active layer Voc (V) Jsc (mA cm−2) cal. Jsc
b (mA cm−2) FF (%) PCE (%)

D18:CH-S 1.019 (0.91 ± 0.007) 8.69 (15.84 ± 0.23) 8.27 67.78 (67.49 ± 1.47) 6.00 (6.01 ± 0.07)
D18:CH-C 0.914 (1.017 ± 0.003) 15.83 (8.76 ± 0.22) 15.11 76.38 (76.31 ± 0.76) 11.03 (10.97 ± 0.22)

aThe champion and statistical parameters were out/in parentheses, respectively. The statistical ones were derived from 10 devices (Tables S10 and
S11). bCurrent densities afforded by EQE plots.
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narrower absorption range and greater spectral overlap with
D18 resulted in a lower short-circuit current density (JSC),
leading to an inferior PCE compared to CH-C. External
quantum efficiency (EQE) spectra (Figure 3b) indicate
suppressed EQE values and narrower photoresponse ranges
in CH-S-based devices relative to CH-C-based OSCs. One of
the reasons should be the more efficient exciton dissociation in
CH-C-based device (Figure 3c), consistent with the higher
photoluminescence quenching efficiency observed in D18:CH-
C blend film (Figure S7) and exciton binding energy from
calculation (Table S17). To probe charge recombination
mechanisms, light intensity dependence studies of JSC and VOC
were conducted (Figure 3d,e). For both measurements, the
fitted exponents (α and n, respectively) for CH-C-based
devices are closer to unity, signifying weaker bimolecular
recombination and more efficient exciton dissociation
compared to the CH-S-based device.45,46 Charge carrier
mobility, which could reflect the charge transport capability
of materials, was further evaluated (Figure 3f). CH-C-based
devices possess not only the higher overall carrier mobility but
also more balanced hole-to-electron mobility ratio (1.04 for
CH-C and 1.33 for CH-S) compared to the CH-S-based one.
This is also helpful for achieving a better fill factor (FF) and JSC
for CH-C-based OSCs.
Atomic force microscopy (AFM) images of the blend films

(Figure S8) reveal a more pronounced fibrillar network
morphology for D18:CH-C blend, thereby enhancing charge
carrier mobility. Furthermore, D18:CH-C exhibits relatively
larger phase separation domains, attributed to the lower
miscibility between CH-C and D18, as corroborated by a
higher Flory−Huggins interaction parameter (Figure S9 and
Table S18). Two-dimensional grazing-incidence wide-angle X-
ray scattering (2D GIWAXS) was used to analyze molecular
packing within the blend films (Figure S10 and Table S19).
Both blends show a significantly stronger scattering signal at q
≈ 1.80 Å−1. The XRD patterns derived from the single-crystal
data (Figure S11) are roughly consistent with this result,
suggesting that the primary molecular packing modes were
maintained in the blend film. Additionally, the D18:CH-C
blend demonstrates reduced π-π stacking distances (d) and
extended crystal coherence lengths (CCL) in both in-plane
(IP) and out-of-plane (OOP) orientations, reflecting superior
molecular packing density and long-range order that
significantly enhance charge transport capabilities in OSCs.

■ CONCLUSION
The boron−oxygen six-membered heterocycle was applied in
NFAs for the first time and rendered two isomeric wind-
bandgap NFAs of CH-S and CH-C by strategically varying the
fusion positions on the central naphthalene core. The distinct
fusion sites on the naphthalene ring not only dominate their
distinctive intermolecular packing modes but also greatly exert
on the fundamental luminescent and optoelectronic properties
of NFAs. The C-shaped CH-C exhibits the enhanced electron-
donating capability from the naphthalene unit, strengthens the
ICT effect, and facilitates efficient intermolecular π−π
interactions. For example, benefiting from the more planar
molecular conformation, CH-C adopts a J-aggregation mode
with a higher intermolecular potential, contributing to superior
photoluminescence and enhanced charge transport properties.
Additionally, CH-C’s unique “crab-claw” like chelation site
enables an X-like aggregation behavior, which further boosts its
luminescent properties in the aggregated state. The D18:CH-C

binary OSC system achieved a remarkable PCE of 11.03%,
representing one of the highest reported values for wide-
bandgap binary OSCs exhibiting absorption cutoffs below 750
nm. This study accomplishes two significant advances: (1) it
establishes boron−oxygen six-membered heterocycles as highly
promising building blocks for wide-bandgap OSC materials
and (2) systematically demonstrates how molecular con-
formation engineering critically governs optoelectronic proper-
ties. These findings provide a design roadmap for developing
next-generation, high-performance OSC materials based on
boron−oxygen heterocyclic architectures.
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