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ffects of bromine substitution in
asymmetric quinoxaline central core-based non-
fullerene acceptors on molecular stacking and
photovoltaic performances†

Dingding Qiu,‡a Liting Zhang,‡a Hao Zhang,a Ailing Tang, a Jianqi Zhang, a

Zhixiang Wei *ab and Kun Lu *ab

Substitution optimization is an efficient method to construct non-fullerene acceptors (NFAs), and

electronegative fluorine and chlorine are generally used for this. However, the research on bromine,

which is a larger atom, is scarce. Herein, we synthesized five NFAs with different substitutions to

elucidate the effect of bromine substitutions (alkoxy, hydrogen, chlorine, and fluorine were also tested

for comparison) based on an asymmetric quinoxaline central core. A novel method involving the local

surface electrostatic potential (local ESP) was developed to compare the various electron properties. The

results showed that the intrinsic characteristics of bromine, including its large atomic radius, strong

polarizability, and weak electronegativity, led to a slightly enhanced local-ESP value of the central core in

the brominated NFA (Qx-PhBr), which directly guided the molecular stacking, as proved by the single-

crystal analysis. Simultaneously, the donor–acceptor interaction was also weakened due to the bromine

substitution. As a result, Qx-PhBr demonstrated tight molecular stacking and an optimized blend film

morphology and achieved an excellent PCE of 19.65% in binary organic solar cells. Meanwhile, the

optimal molecular stacking and interactions also endowed this efficient system with excellent stability

and tolerance to film-thickness. This work emphasizes the potential of brominated NFAs and proposes

an innovative method of utilizing the local ESP.
Introduction

Organic solar cells (OSCs) have emerged as a promising
photovoltaic technology over the past two decades, with several
benecial features, including low cost, light weight, and
mechanical exibility.1–5 With the continuous and excellent
advances in molecular design and device fabrication
engineering,6–10 up to 20% power conversion efficiencies (PCEs)
have now been achieved in single-junction OSCs. This excellent
progress largely depends on the continuous development of
non-fullerene small molecular acceptors (NFAs).11–20 Generally,
the active layer of OSCs promote efficient carrier transport and
optimized bulk heterojunction structures for achieving
outstanding performances,21–25 which sets extremely high
requirements for the ne regulation of molecular stacking in
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NFAs.26–28 Therefore, an in-depth study of the conjunction and
aggregation of NFAs is essential.29–32

The crystallization behaviour and aggregation structure of
NFAs fundamentally stem from the various intermolecular
interactions, which mainly include p–p interactions and non-
covalent interactions.33–35 The p–p interactions originate from
the overlap of the p electron orbitals of the conjugated mole-
cules, so the conguration and range of p-conjugated skeletons
in NFAs would signicantly impact the interaction and stacking
modes.36–38 The excellent performances of Y-series acceptors,
such as Y6 and L8-BO, largely depend on their banana-shaped
structure, which helps to form a three-dimensional (3D) stack-
ing mode and transport channel.39,40 In the development of Y-
series acceptors, the asymmetric strategy is a simple but effec-
tive method to signicantly regulate the conjugated skeletons,
thus leading to signicantly improved molecular stacking,
a largely broadened material library, and remarkably improved
device performances.41–44 Asymmetric acceptors can be struc-
turally classied into three categories; molecules with an
asymmetric end group, asymmetric backbone, or asymmetric
side chain.45–47 For the central core units that have been
frequently modied recently,48,49 the asymmetric strategy has
been rarely utilized, which is largely due to the lack of
J. Mater. Chem. A, 2025, 13, 4237–4246 | 4237
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modication sites in the central cores of benzothiadiazole (BTz)
in Y-series acceptors. On the contrary, the quinoxaline (Qx)-
series acceptors reported by our group could deliver abundant
chemical modication sites on the central core,50,51 so we
believe that utilizing the Qx central core with an asymmetric
structure is a promising but under-researched method to
construct efficient acceptor materials.

On the other hand, the non-covalent interactions in NFAs are
mainly derived from the heteroatoms connected to the conju-
gated skeleton.52–55 Strongly electron-negative halogen atoms
(such as F and Cl) have empty valence orbitals that can accept
lone-pair electrons from electron-rich atoms (such as S and O)
to induce strong interactions.56–58 Therefore, simply introducing
some substituents could provide rich non-covalent interactions,
which would further modify the planarity and rigidity of the
conjugate skeletons, expand the regulation of the material
properties, such as the absorption and energy levels, and opti-
mize the lm morphology and device performance.59–63 In
addition, the introduction of halogen atoms or an alkoxy group
would also have an undeniable inuence on the p electron
cloud of the conjugated skeleton due to the electronic effects of
these substituents.64,65 The enhanced intermolecular charge-
transfer (ICT) effect would further enhance the absorption
characteristics of the material and assist in charge separation in
blend lms, thereby improving device performance.66,67

In this work, based on Qx-series acceptors, we synergistically
utilized the central unit asymmetry and non-covalent interac-
tion strategies to synthesize ve novel acceptor materials: Qx-
PhOR (with ethoxy group substitution), Qx-Ph (with an unsub-
stituted single phenyl), Qx-PhBr, Qx-PhCl, and Qx-PhF. The
unique asymmetric central cores with a substituted or unsub-
stituted single phenyl signicantly affected the molecular
conguration, electron distribution, molecular stacking mode,
and aggregation state morphology. As a result, the ve acceptors
delivered systematically regulated light absorption, bandgap,
and energy levels, displaying considerable potential to improve
device performance. These factors together contributed to the
gradual optimization of the performances of devices fabricated
with these materials, in which Qx-PhBr-based OSCs with PM6 as
the polymer donor exhibited an excellent PCE of 18.62%, along
with superior thermal stability. More excitingly, an impressive
efficiency of 19.65% was reached when replacing the
PEDOT:PSS with 2PACz as the hole-transport layer. In addition,
the optimal molecular interactions of the Qx-PhBr-based blend
lms inspired us to test the lm-thickness tolerance of this
system, and an encouraging PCE of 15.71% was achieved aer
thickening the active layers to about 500 nm. Our work high-
lights the great potential of the asymmetric central cores in
NFAs through systematically adjusting p–p interactions and the
non-covalent interactions.

Results and discussion

Fig. 1a shows the molecular structures of the ve NFAs with
asymmetric central cores, for which the detailed synthetic
routes and procedures are illustrated in Scheme S1, ESI.† The
chemical structures of the ve molecules were characterized by
4238 | J. Mater. Chem. A, 2025, 13, 4237–4246
1H NMR andMALDI-TOF techniques, and the results are shown
in Fig. S1–45.† All ve NFAs exhibited good solubility in
common organic solvents, including chloroform, toluene, and
chlorobenzene, which is benecial for solution processing and
device fabrication. As shown in Fig. 1b, compared with Qx-Ph
with an unsubstituted single phenyl, the central cores for the
other four NFAs delivered signicantly increased dipole
moments, which is conducive to obtaining enhanced intermo-
lecular interactions and tighter molecular stacking. The exciton
binding energy (Eb) of the ve NFAs were also measured and
calculated, and themethod utilized and the results are shown in
the ESI.† It can be seen from Fig. S46 and Table S1† that the four
NFAs with substituents had lower Eb values compared with Qx-
Ph, which matched well with the enhanced central core dipole
moments. As for the differences between the four NFAs with
substituents, the Eb results were not completely consistent with
their central core dipole moments, which may be due to the
various molecular stacking modes, which will be discussed
later.

As exhibited in Fig. 1c and d, the UV-vis absorption spectra of
the ve NFAs in dilute chloroform solution and in the lm state
were measured to explore the molecular absorption properties,
and the corresponding data are summarized in Table S2.† In the
solution state, Qx-PhOR, Qx-Ph, Qx-PhBr, Qx-PhCl, and Qx-PhF
exhibited various maximum absorption peaks at 744, 739, 735,
736, and 736 nm, respectively, indicating a red/blue shi of the
absorption spectrum aer central core substitution by an
electron-donating/electron-withdrawing group. All four NFAs
with various substituents linked on the phenyl group delivered
increased 3 values compared with Qx-Ph without a substituent
on the phenyl group, which was due to the enhanced intermo-
lecular charge-transfer effects induced by the electronic prop-
erties of the substituents. For the three NFAs with electron-
withdrawing substituents (Qx-PhBr, Qx-PhCl, and Qx-PhF),
stronger electronic property led to greater absorption. In the
lm state, the four NFAs with substituents still delivered large 3
values compared with Qx-Ph, albeit there were signicant
differences among them, which may be due to their different
molecular stacking and crystallinity. From the solution to the
lm state, the ve molecules showed signicant differences in
the red-shi of their maximum absorption peaks (see Fig. 1e),
and all four NFAs with substituents on the phenyl group deliv-
ered blue-shied absorption spectra regardless of the electronic
effects of the substituents, indicating potential differences in
the molecular stacking of the four NFAs induced by the
substitution on the phenyl group, which will be discussed later.
In addition, the lms of Qx-PhOR, Qx-PhBr, Qx-PhCl, and Qx-
PhF exhibited obviously expanded absorption spectra
compared with Qx-Ph, which could be attributed to the
enhanced ICT effect, which would be benecial for improving
the current density in the corresponding OSC devices. More-
over, all ve NFAs showed complementary absorption spectra
with the polymer donor PM6, illustrating their suitability for
constructing OSC devices. These results demonstrate that the
substitution groups on the central core of the ve asymmetric
NFAs signicantly affect the optical properties of the NFAs.
This journal is © The Royal Society of Chemistry 2025

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta07953a


Fig. 1 (a) Molecular structures of the five NFAs. (b) Central core dipole moments of the five NFAs obtained by density functional theory (DFT)
calculations. (c) Absorption coefficient (3) of the five NFAs in dilute chloroform solution. The concentration was 8 mg mL−1. (d) Absorption
coefficient (3) of the five NFAs in the film state. The film thickness was obtained through a stylus profilometer (KLA-Tencor D-120). (e) Change of
the maximum absorption peak positions from the solution to the film state of the five NFAs. (e) Energy levels of the five NFAs calculated from
cyclic voltammetry (CV) measurements, in which the solvent was acetonitrile, the reference electrode was a Ag+/Ag electrode, the counter
electrode was a Pt plate, and the electrolyte was tetrabutylammonium phosphorus hexafluoride (Bu4NPF6). (g) Local ESP analysis of the five NFAs
obtained by density functional theory (DFT) calculations.
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Next, cyclic voltammetry (CV) measurements were conducted
to determine the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) energy
levels of the ve NFAs (Fig. S47†). According to the oxidation
and reduction onsets, the HOMO/LUMO energy levels of Qx-
PhOR, Qx-Ph, Qx-PhBr, Qx-PhCl, and Qx-PhF were calculated
to be −5.66/−3.74, −5.69/−3.85, −5.69/−3.84, −5.70/−3.89,
and −5.71/−3.90 eV, respectively, as shown in Fig. 1f. The
gradually downshied HOMOs from Qx-PhOR to Qx-Ph, Qx-
PhBr, Qx-PhCl, and Qx-PhF could be ascribed to the gradually
weakened electron-donating effect (or enhanced electron-
withdrawing effect) of the corresponding substitution groups.
Meanwhile, the energy gaps derived from the CV measurements
were calculated to be 1.92, 1.84, 1.85, 1.81, and 1.81 eV for Qx-
PhOR, Qx-Ph, Qx-PhBr, Qx-PhCl, and Qx-PhF, respectively,
which agree well with the different absorption spectra
mentioned above. Noting that Qx-PhBr delivered a slightly
upshied LUMO compared with Qx-Ph despite the presence of
electronegative bromine on the central core, it was necessary to
explore the detailed effect of the central core substitution on the
material properties.

It is known that molecular surface electrostatic potential
(ESP) can intuitively reect the electronic properties of
This journal is © The Royal Society of Chemistry 2025
molecules and signicantly affect the intermolecular interac-
tions and molecular stacking,68,69 so ESP analysis of the ve
NFAs was simulated by DFT to investigate the detailed differ-
ences in the molecular charge distribution among the ve
molecules. Fig. S48† shows the ESP distributions of the ve
NFAs, for which the ESP quantied parameters are summarized
in Table S3.† The central cores of the ve NFAs showed slightly
distinctive colours in the ESPs, while the differences in the end
groups were negligible. Considering the important role of the
central cores in molecular stacking, the local ESP distributions
were analysed to explore the charge distribution in the local
regions of the whole molecules. As illustrated in Fig. 1g and
Table S4,† the local ESP overall average values of the central
cores in all ve NFAs were positive, while the local ESP overall
average values of the end groups were negative, indicating the
tendency of stacking between them. The local ESP overall
average values of the end groups in the ve NFAs were similar at
about −42 meV, whereas the local ESP overall average values of
the central cores showed obvious differences. Compared with
Qx-Ph, the central core of Qx-PhOR with ethoxy group substi-
tution delivered an enhanced ESP average value (229.8 meV vs.
219.4 meV), indicating the increased electron cloud density,
which could be attributed to the strong electron-donating
J. Mater. Chem. A, 2025, 13, 4237–4246 | 4239
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property of the ethoxy group. The electronegative chlorine and
uorine on the central cores of Qx-PhCl and Qx-PhF also
resulted in smaller local ESP average values (212.5 and 205.5
meV) compared with Qx-Ph. As for Qx-PhBr, however, despite
the electronegative bromine on the central core, it exhibited
a slightly increased local ESP average value of 222.0 meV, which
may be due to the weakest electron-withdrawing property, and
smaller electronegativity of bromine, its largest atomic radius,
and strongest polarizability. The larger differences between the
local ESP average values for the central cores and the end
groups in Qx-PhOR and Qx-PhBr may have resulted in stronger
“E/C” (“E” represents “end groups” and “C” represents “central
cores”) interactions, which will be discussed in the following
part with the single-crystal analysis. In addition, the ESP area
distribution was also calculated to explore the degree of
dispersion of the charge distribution in the ve NFAs. As shown
in Fig. S49 and Table S3,† Qx-PhBr delivered the highest
proportion between 0 and 500 meV, indicating its reduced ESP
distribution disorder, indicating Qx-PhBr has the largest
possibility to interact with others through positive and negative
Fig. 2 Single-crystal analysis of Qx-PhOR and Qx-PhBr. Single-cryst
distances of (a) Qx-PhOR and (c) Qx-PhBr. Inter-layer molecular overlap
PhBr.

4240 | J. Mater. Chem. A, 2025, 13, 4237–4246
ESP regions with a similar extent, while also being benecial for
molecular interactions. These results evidently show that the
substitution on the central cores of the ve asymmetric mole-
cules signicantly affects the electronic properties of the NFAs,
which would further inuence the molecular stacking and
performances of devices fabricated with these NFAs.

In order to unveil the effects of the central core substitution
in asymmetric NFAs on their molecular packing behaviours,
single-crystal X-ray diffraction measurements were performed.
Single crystals of Qx-PhOR were obtained using a slow solvent
diffusion method, and the detailed X-ray parameters and
checked les can be found in Table S5, Fig. S50, and ESI File 1.†
As illustrated in Fig. 2a, Qx-PhOR exhibited a honeycomb-like
molecular packing structure. Along the molecular stacking
direction (b-axis), three types of dimers with different molecular
overlaps were found. Dimer 1 and dimer 3 come from the strong
p–p interactions between the IC end group and the alkoxy-
substituted central cores (E/C), which is consistent with the
local ESP analysis results mentioned above, while dimer 2 was
formed through the interactions between adjacent IC end
al structure overview, intermolecular dimeric packing, and stacking
and carrier transporting channel analysis of (b) Qx-PhOR and (d) Qx-

This journal is © The Royal Society of Chemistry 2025
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groups (E/E). Fig. 2b shows how the molecule forms the
honeycomb-like molecular packing structure of Qx-PhOR
through the three types of dimers, as well as showing the
inter-layer carrier-transporting channels. It can be seen from
Fig. 2b that both in region 1 and region 2, the inter-layer carrier-
transporting channels were insufficient due to the intermittent
molecular stacking and poor molecular overlap (as illustrated in
the black circles). Therefore, Qx-PhOR cannot form a well-
connected framework along the stacking direction, which is
unfavourable for effective carrier transport.

For Qx-PhBr, although the complete single-crystal structure
was not resolved due to the small size of the crystal, its molec-
ular backbone stacking modes were analysed and can be clearly
seen (see ESI File 2†). As shown in Fig. 2c, the backbone
stacking mode of Qx-PhBr was also explored using the same
method as for Qx-PhOR. It was found that Qx-PhBr delivered
four types of dimers: dimer 3 for E/C interactions, and the other
three types for E/E interactions. As exhibited in Fig. 2d, the
inter-layer carrier-transporting channels were also analysed by
investigating the molecular stacking situation along the c-axis
direction. In region 1, the Qx-PhBr molecule could form neat
and tight p–p stacking through dimer 1 and dimer 4 with
favourable end group overlaps. In region 2, dimer 1, dimer 2,
and dimer 3 combined to construct efficient carrier-
transporting channels through the end groups and central
cores. In addition, the stacking distances of the E/Cmode in Qx-
PhOR (dimer 1) were smaller than that in Qx-PhBr (dimer 3),
which matched well with the local ESP analysis results.
Furthermore, the stacking distances of the E/Emode in Qx-PhBr
were smaller than that in Qx-PhOR, suggesting tighter molec-
ular stacking, which is benecial for remote charge transport.
Overall, although both Qx-PhOR and Qx-PhBr could form 3D
molecular stacking frameworks, the excessive E/C stacking and
insufficient E/E stacking due to the strong electron-donating
alkoxy substitution in Qx-PhOR led to inefficient inter-layer
carrier-transporting channels. For Qx-PhBr, the favourable
electron properties of the bromine atom helped optimize the
molecular stacking, resulting in efficient 3D carrier transport,
which would be benecial for device performance.

To further compare the molecular stacking among the ve
NFAs in the aggregation state, grazing-incidence wide-angle X-
ray scattering (GIWAXS) characterizations of the pure NFA
lms were performed. As exhibited in Fig. S51,† all ve NFAs
delivered clear dominant face-on orientations. Moreover, the p–
p stacking (010) peaks in the out-of-plane (OOP) direction in the
GIWAXS results were also considered to calculate p–p stacking
distances (d-spacing) of the ve NFAs in the pure lms. As
shown in Fig. S52 and Table S6,† the d-spacing values were
determined to be 3.66, 3.67, 3.63, 3.65, and 3.65 Å for Qx-PhOR,
Qx-Ph, Qx-PhBr, Qx-PhCl, and Qx-PhF, respectively, indicating
that Qx-PhBr could achieve the tightest molecular stacking
among the ve NFAs, whichmatched well with the single-crystal
analysis results. Besides, the crystal coherence lengths (CCLs) of
the p–p stacking (010) peaks were also calculated, and were
31.07, 27.99, 29.61, 31.07, and 32.31 Å for the ve NFAs in the
same order, indicating the enhanced crystallinity of the four
NFAs with substituents on the central cores. Meanwhile, atomic
This journal is © The Royal Society of Chemistry 2025
force microscopy (AFM) measurements of the pure lms were
also implemented to explore the aggregation ability of the ve
NFAs. As illustrated in Fig. S53,† the four NFAs with central core
substitutions exhibited signicantly enhanced root-mean-
square (RMS) roughness values compared with Qx-Ph, which
was due to the improved intermolecular interactions induced by
the substituents. Qx-PhBr showed a favourable aggregation
ability with a moderate RMS of 1.18 nm, which was consistent
with the medium CCL value obtained in the GIWAXS results
and would assist the formation of an optimal blend lm
morphology in corresponding devices.

The various electronic properties and molecular stacking of
the ve NFAs inspired us to explore their photovoltaic perfor-
mances. Consequently, OSC devices with an architecture of
glass/ITO/PEDOT:PSS/active layer/PNDIT-F3N/Ag were fabri-
cated, in which PM6 was blended with the ve NFAs to construct
the active layers. The device optimization procedures and
results are summarized in Tables S7–11.† The J–V curves and
device parameters of the optimal devices are shown in Fig. 3a
and Table 1. Devices based on the ve NFAs yielded VOC values
from high to low of 0.904, 0.889, 0.886, 0.880, and 0.872 V for
Qx-PhOR, Qx-Ph, Qx-PhBr, Qx-PhCl, and Qx-PhF, respectively,
tting well with their various energy levels, while the JSC values
of the ve systems showed a converse order compared with the
VOC values. The Qx-PhOR-based devices generated a modest
PCE of 16.79% despite having the highest VOC, which was due to
their unsatisfactory JSC and FF of 24.48 mA cm−2 and 75.84%.
For Qx-Ph, Qx-PhCl, and Qx-PhF, thanks to the increased JSC and
FF compared with Qx-PhOR, PCEs over 18% were obtained in
the three binary systems. More excitingly, a champion PCE of
18.62% was achieved by the PM6:Qx-PhBr-based OSC with a VOC
of 0.886 V, JSC of 25.80 mA cm−2, and an outstanding FF of
81.45%. Noting that a slightly low JSC was the key factor limiting
the PCE of this system, the self-assembled monolayer 2PACz
with higher optical transmittance was utilized as the hole-
transport layer (see Fig. S54†), and an unexpected PCE of
19.65% was achieved, which rank it among the current rst-
class OSCs. Fig. 3b displays a scatter chart of the FF and VOC
× JSC values distribution from 16 independently measured
devices of the ve binary systems (the detailed device parame-
ters are summarized in Tables S12–17†), undoubtedly proving
the superior device performances of the Qx-PhBr-based OSCs.
The corresponding external quantum efficiency (EQE) curves of
the OSCs based on the ve NFAs are displayed in Fig. 3c, from
which the integrated current density values were calculated and
matched well with those afforded by the J–V tests. The four NFAs
with central core substitutions exhibited a blue-shied EQE
onset compared with Qx-Ph, which was consistent with their
blue-shied absorption. Qx-PhBr, Qx-PhCl, and Qx-PhF showed
overall higher EQE responses in the wavelength range of 450–
850 nm, contributing to the larger integrated current densities
of the devices. The 2PACz-based devices delivered an EQE curve
with a different shape and strong response, which was attrib-
uted to its different spectral transmittance compared with
PEDOT:PSS.

The exciton-dissociation and charge-recombination proper-
ties in blend lms were then investigated to explore the reason
J. Mater. Chem. A, 2025, 13, 4237–4246 | 4241
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Table 1 Photovoltaic metrics of OSCs with different photoactive layers. The average values and standard deviations were obtained from
statistical analysis of 16 individual devices

Active layer VOC (V) JSC (mA cm−2) Cal. JSC
a (mA cm−2) FF (%) PCEb (%)

PM6:Qx-PhOR 0.904 (0.905 � 0.002) 24.48 (24.40 � 0.09) 24.37 75.84 (55.55 � 0.21) 16.79 (16.68 � 0.08)
PM6:Qx-Ph 0.889 (0.890 � 0.001) 25.80 (25.60 � 0.10) 25.13 79.06 (79.16 � 0.20) 18.14 (18.02 � 0.05)
PM6:Qx-PhBr 0.886 (0.886 � 0.001) 25.80 (25.61 � 0.09) 25.15 81.45 (81.44 � 0.27) 18.62 (18.48 � 0.10)
PM6:Qx-PhCl 0.880 (0.880 � 0.002) 26.36 (26.08 � 0.13) 25.58 78.24 (78.43 � 0.25) 18.19 (18.01 � 0.10)
PM6:Qx-PhF 0.872 (0.871 � 0.002) 26.40 (26.21 � 0.12) 25.61 79.17 (78.94 � 0.28) 18.21 (18.03 � 0.12)
PM6:Qx-PhBrb 0.902 (0.901 � 0.002) 26.79 (26.44 � 0.14) 25.95 81.34 (81.45 � 0.23) 19.65 (19.39 � 0.12)

a Current density calculated from the EQE spectra. b Devices with 2PACz as the hole-transport layer.

Fig. 3 (a) J–V curves, (b) FF and VOC × JSC values distribution scatter chart, and (c) EQE curves of the devices. (d) Histograms of the hole and
electron mobility of the blend films. Transient kinetic traces probed at (e) 880 nm and (f) 630 nm for the blend films.
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for the different device performances of the ve NFAs.
Fig. S55a† displays the dependence of the photocurrent density
(Jph) on the effective voltage (Veff), and the calculated results are
summarized in Table S18.† The PM6:Qx-PhBr-based devices
yielded the highest values for the efficiencies for exciton
dissociation (Pdiss, 98.69%) and charge collection (Pcoll,
88.80%), partially explaining the superior device performance.
Next, the light intensity (Plight)-dependent J–V curves were ob-
tained to study the charge-recombination behaviours of the ve
systems. As depicted in Fig. S55b and S55c,† the PM6:Qx-PhBr-
based devices exhibited the largest a value in the plots of log JSC
versus log Plight according to the function JSC f (Plight)

a, and the
smallest slope value tted from the plots of VOC versus ln(Plight),
indicating the lower charge-recombination behaviours in the
devices based on Qx-PhBr. To understand the various JSC and FF
values of the devices based on the ve NFAs, the electron and
hole mobilities (me and mh) of their blend lms were charac-
terized by the SCLC method (Fig. S56†), and the results are
listed in Fig. 3d and Table S18.† The me/mh values showed
4242 | J. Mater. Chem. A, 2025, 13, 4237–4246
a gradually increasing trend from 0.91 × 10−4/2.69 × 10−4 to
1.66 × 10−4/3.18 × 10−4, 2.43 × 10−4/3.48 × 10−4, 2.54 × 10−4/
4.04 × 10−4, and 2.75 × 10−4/5.66 × 10−4 for the Qx-PhOR-, Qx-
Ph-, Qx-PhBr-, Qx-PhCl-, and Qx-PhF-based blend lms. It could
also be seen that the mobilities gradually increased from Qx-
PhOR to Qx-Ph, Qx-PhBr, Qx-PhCl, and Qx-PhF, which may be
due to the gradually enhanced electron-withdrawing properties
of the central cores in the NFAs resulting in a gradual increase
in their molecular stacking. For Qx-PhBr, although the JSC value
was only moderate, the balanced electron and hole mobilities
led to the device demonstrating a superior FF, therefore
achieving excellent device performances. The different me/mh
values could partially explain the various carrier recombina-
tions mentioned above, which are generally considered to be
due to the lm morphology and will be discussed later.

Femtosecond transient absorption spectroscopy (fs-TA)
experiments were next performed to understand the charge
transfer (CT) and recombination dynamics for the ve systems.
The exciton spectra of the ve NFAs were rst obtained by
This journal is © The Royal Society of Chemistry 2025
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photoexciting their pure lms with a pump wavelength at
800 nm and the results are shown in Fig. S57.† It could be seen
that the exciton spectra of the ve NFAs were similar and con-
sisted of two negative ground-state bleach (GSB) peaks at about
720 nm and 800 nm, and two excited state absorption (ESA)
peaks at about 575 nm and 880 nm, respectively. Then the CT
behaviours of the blend lms were investigated by selectively
exciting the acceptors in the blend lms at 800 nm. As illus-
trated in Fig. S58,† all ve systems exhibited a strong GSB at
630 nm, which was ascribed to the GSB of the polymer donor
PM6, indicating the occurrence of ultrafast hole transfer from
the acceptors exciton to PM6 and generating the CT state in the
blend lms. The kinetic traces of the blend lms at 880 and
630 nm were next obtained, which could reect the hole-
transfer channel and CT state lifetime, respectively. As
demonstrated in Fig. 3e and f, the Qx-PhBr-based blend lms
showed the fastest acceptor exciton decay and the longest CT
state lifetime, suggesting efficient hole transfer and lower
charge recombination, which could assist achieving a superior
FF in the corresponding devices and support superior device
performances.

It is generally considered that the morphology of blend lms
in OSCs would exert a crucial inuence on the charge-transport
behaviour and photovoltaic performance. Therefore, AFM and
transmission electron microscopy (TEM) measurements were
performed to reveal the nanoscale morphology of the ve NFAs-
based blend lms. As shown in Fig. 4a and S59,† all the blend
lms delivered uniform surfaces with bre-like structures. The
values of RMS roughness from the AFM images were
Fig. 4 (a) AFM images, (b) 2D GIWAXS patterns, and (c) out-of-plane a
Schematic of the energy loss and radiative and nonradiative recombinatio
values of PM6:Qx-PhBr- and PM6:L8-BO-based devices with different t

This journal is © The Royal Society of Chemistry 2025
determined to be 1.02, 0.96, 1.05, 1.10, and 1.24 nm for the Qx-
PhOR-, Qx-Ph-, Qx-PhBr-, Qx-PhCl-, and Qx-PhF-based blend
lms, respectively, displaying the same trend as that of the pure
lms mentioned above. It could also be seen from the AFM and
TEM images that domain sizes from small to large were ob-
tained for the ve NFAs-based blend lms in the same order as
above. Considering the differences between their domain size
and crystallinity, the contact angles (CAs) and derived Flory–
Huggins interaction parameters (cDA) of the ve NFAs with PM6
were evaluated to examine the interactions between the donors
and acceptors. As displayed in Fig. S60 and Table S19,† the cDA

values were calculated to be 0.36, 0.48, 0.54, 0.47, and 0.40 for
Qx-PhOR, Qx-Ph, Qx-PhBr, Qx-PhCl, and Qx-PhF, respectively.
The smallest cDA value between PM6 and Qx-PhOR indicated its
highest D/A miscibility and strongest D/A interactions, which,
along with the strong crystallinity of Qx-PhOR, led to the Qx-
PhOR-based blend lms demonstrating the smallest domain
size. For Qx-PhBr, its largest cDA value of 0.54 indicated its lower
D/Amiscibility. The weak interaction between Qx-PhBr and PM6
and the optimal aggregation ability of Qx-PhBr synergistically
resulted in a moderate domain size and relatively high phase
purity of the Qx-PhBr-based blend lms, which may explain the
efficient charge generation/transport and superior FF
mentioned above. For Qx-PhCl and Qx-PhF, the strong electron-
withdrawing properties of Cl and F atoms led to excessive
interactions with the donor PM6, which is disadvantageous for
phase separation in device fabrication and was the main reason
for their unbalanced mobilities and inferior FF compared with
Qx-PhBr.
nd in-plane GIWAXS profiles for the five NFAs-based blend films. (d)
n losses for devices. (e) Thermal stability of the devices. (f) JSC and PCE
hicknesses.
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Next, the molecular packing and orientation in the blend
lms were studied employing GIWAXS measurements. The two-
dimensional (2D) GIWAXS patterns of the blend lms, the
corresponding 1D proles, and the p–p stacking (010) param-
eters are presented in Fig. 4b, c, and Table S20.† All the blend
lms exhibited a dominant face-on orientation with p–p

stacking distances (d-spacing) of 3.60, 3.58, 3.58, 3.58, and 3.56
Å for the Qx-PhOR-, Qx-Ph-, Qx-PhBr-, Qx-PhCl-, and Qx-PhF-
based blend lms, respectively. The Qx-PhOR-based blend
lms delivered the largest d-spacing value, which may be due to
the strong interactions between Qx-PhOR and PM6 destroying
the molecular stacking in the blend lms. The CCLs were also
calculated to be 24.91, 25.36, 26.42, 27.19, and 27.58 Å for the
ve NFAs-based blend lms with the same order as above. The
difference in the CCL values of the ve NFAs was in accord with
the domain sizes obtained by the AFM and TEM analyses.
Overall, the favourable molecular packing and weakened
interactions with PM6 of Qx-PhBr endowed its blend lms with
an optimal morphology and molecular stacking, thus leading to
an outstanding FF in the corresponding devices.

Noting the strong correlation between the VOC values in the
devices and the central core substitutions in the NFAs, we per-
formed energy loss (Eloss) analysis to investigate the reasons for
the varied VOC values. According to the Shockley–Queisser (S–Q)
limit, the Eloss in OSCs can be divided into three parts: DE1, DE2,
and DE3, in which DE1 is the inevitable radiative energy loss
above the bandgap, DE2 represents the radiative recombination
loss below the bandgap, and DE3 is the nonradiative recombi-
nation loss. The detailed calculation method was described in
the Experimental Section earlier and the results are summa-
rized in Fig. 4d, S61, and Table S21.† The Eloss values of the Qx-
PhOR-, Qx-Ph-, Qx-PhBr-, Qx-PhCl-, and Qx-PhF-based OSCs
were determined to be 0.497, 0.517, 0.520, 0.532, and 0.543 eV,
respectively, displaying a gradually increasing trend. Detailed
analysis was then conducted to explain this trend. The ve
systems showed very similar DE1 values of about 0.263 eV but
varied DE2 and DE3 values. Considering that DE2 is related with
the CT state in the OSCs and corresponds to the driving force
required for exciton dissociation, the CT state energies of the
ve systems were calculated. As shown in Fig. S62,† the Qx-
PhBr-based devices displayed the largest CT state energy value
of 1.407 eV, agreeing with the smallest DE2 value among the ve
systems. The DE3 can be calculated by measuring the electro-
luminescence external quantum efficiency (EQEEL) of the cor-
responding OSCs. As shown in Table S21,† the DE3 values of the
ve systems showed a gradual increase from Qx-PhOR to Qx-Ph,
Qx-PhBr, Qx-PhCl, and Qx-PhF, indicating that the differences
in the central core substitutions and molecular electronic
properties could signicantly affect the electroluminescent and
nonradiative recombination losses in the corresponding OSCs.

Excellent long-range stability is a necessary feature of photo-
voltaic devices for practical applications. Herein, the thermal
stability of the ve NFAs-based devices were tested. As shown in
Fig. 4e, all four NFAs with substitutions delivered superior device
stability compared with Qx-Ph, which may be due to the
enhanced intermolecular interactions. The Qx-PhBr-based
devices still demonstrated a PCE of 91.90% of the initial PCE
4244 | J. Mater. Chem. A, 2025, 13, 4237–4246
aer about 9000 h at 80 °C, demonstrating excellent efficiency
and stability simultaneously. The roll-to-roll technology utilized
in practical applications is always accompanied by an uneven lm
thickness, which poses a high demand for lm-thickness toler-
ance for efficient OSC systems. Noting the excellent FF of the Qx-
PhBr-based devices and the optimal molecular stacking and lm
morphology, Qx-PhBr could be expected to enable fabricating
efficient OSC devices with an enlarged active layer lm thickness.
Therefore, we fabricated Qx-PhBr-based OSC devices with a grad-
ually increasing active layer thickness from about 100 nm to
500 nm, while the classical efficient system PM6:L8-BO was also
tested to compare performances. As shown in Fig. 4f, S63 and
Table S22,† the Qx-PhBr-based devices delivered signicantly
better efficiency maintenance with the enlarged lm thickness
due to the relatively slow FF decrease and continuously increasing
JSC, indicating their considerable potential for roll-to-roll pro-
cessing and practical applications. The superior thick-lm device
performances of Qx-PhBr compared with L8-BO were attributed
to its high charge-collection efficiency and weak recombination
that were also preserved in the thick lms, as revealed by Fig. S64
and Table S23.†

Conclusions

Five novel NFAs (Qx-PhOR, Qx-Ph, Qx-PhBr, Qx-PhCl, and Qx-
PhF) were constructed with asymmetric central cores,
differing only in the central core substitutions, which could
modify the material electron properties andmolecular stacking.
Directed by the asymmetric central cores and the different
substituents, the ve NFAs delivered various electronic prop-
erties, increased dipole moments of the central units, and
different molecular aggregation abilities. Local ESP analysis was
carried out to quantitatively evaluate the local charge distribu-
tion in the whole molecules, which further showed the effects
on the molecular stacking mode and distances, proved by the
single-crystal analysis and GIWAXS measurement results.
Systemic investigations revealed that bromine atom with
a modest electronegativity and electron-withdrawing property
on the central core could promote tight molecular stacking and
favourable crystallinity in Qx-PhBr. As a result, thanks to the
superior charge generation/transport dynamics and the optimal
blend lm morphology, fabricated PM6:Qx-PhBr-based binary
OSCs yielded an exceptional PCE of 18.62%, which was further
improved to 19.65% through interface engineering with 2PACz
as the hole-transport layer. Moreover, excellent thermal stability
was also achieved in the Qx-PhBr system, along with a PCE of up
to 15.71% aer thickening the active layer to about 500 nm,
demonstrating the considerable potential of Qx-PhBr for prac-
tical applications. Our work shows the great potential of the
asymmetric central cores in NFAs and highlights the signi-
cance of various substitutions on the central core for adjusting
the material's electronic property and molecular stacking.

Data availability

The data supporting this article have been included as part of
the ESI.†
This journal is © The Royal Society of Chemistry 2025
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