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Abstract: Organic photovoltaic materials that can be
processed via non-halogenated solvents are crucial for
the large-area manufacturing of organic solar cells
(OSCs). However, the limited available of electron
acceptors with adequate solubility and favorable molec-
ular packing presents a challenge in achieving efficient
non-halogenated solvent-processed OSCs. Herein, in-
spired by the three-dimensional dimeric acceptor CH8-
4, we employed a molecular isomerization strategy to
synthesize its isomers, CH8-4A and CH8-4B, by tuning
the position of fluorine (F) atom in the central unit. The
differing intramolecular fluorine-sulfur non-covalent
interactions among these isomers led to differences in
molecular pre-aggregation abilities (CH8-4B<CH8-4<
CH8-4A) in o-xylene (o-XY) solution, which signifi-
cantly influence the film-forming process and the
resultant morphological characteristics. Among these,
the blend film of CH8-4, characterized by moderate
molecular pre-aggregation, achieved optimal bi-continu-
ous donor/acceptor phase separation. Consequently, the
o-xylene processed PM6:CH8-4 device achieved a
power conversion efficiency (PCE) of 18.1%, outper-
forming that of two other devices. By incorporating L8-
BO-D as a guest acceptor, we attained an impressive
PCE of 20.0% for the CH8-4-based ternary device,
alongside a high PCE nearing 16% for the mini-module
(13.5 cm2). Our findings underscore the potential of
isomerism in 3D dimer acceptors to enhance the
performance of eco-friendly OSCs.

Introduction

Organic solar cells (OSCs) have attracted widespread
attention due to their lightweight, semi-transparency, and
intrinsic flexibility.[1,2] Advances in materials synthesis, inter-
face engineering, and device optimization have allowed the
power conversion efficiency (PCE) of small-molecular
acceptors (SMAs) based OSCs to exceed 20%,[3] indicating
a great practical application potential of utilizing solar
energy in the future. Moreover, the emergence of acceptor-
donor-acceptor (A-D-A)-type SMAs provides an effective
approach to balance the open-circuit voltage (Voc) and
short-circuit current density (Jsc) in the corresponding
devices.[4] They possess several excellent properties, includ-
ing well-defined molecular structures, excellent batch-to-
batch reproducibility, and superior solution processability.[5]

However, the SMAs are prone to exist in a thermally
metastable state due to their self-aggregation characteristics,
leading to detrimental effects on device stability.[6,7] There-
fore, there is an urgent requirement to develop alternative
acceptors with high photovoltaic performance and good
stability.

Dimeric acceptors not only possess the desirable features
of SMAs, such as well-defined molecular structures, ex-
cellent batch-to-batch reproducibility, and superior solution
processability, but also exhibit excellent stability.[8–12] Cur-
rently, the most efficient OSCs often rely on halogenated
solvents like chloroform and chlorobenzene, which pose
risks to humans and the environment, and hence, are not
adaptable to large-scale manufacturing.[13] Alternatively,
toluene (Tol) and o-xylene (o-XY) are common non-
halogenated solvents with high boiling points, providing
extended processing window time during the film formation,
which is importance for obtaining large-area and uniform
blend films for module devices.[14,15] However, attaining
equivalent efficiencies in OSCs processed with non-halogen-
ated solvents is challenging, due to the scarcity of NFAs that
possess adequate solubility, manageable pre-aggregation,
and favorable crystallization kinetics in these solvents.[16] As
presented in Table A1 of Appendix to the Supporting
Information, with the advances in synthesis and optimization
of device processes, some excellent oligomeric molecules on
non-halogenated solvent systems have been reported in
recent years.[17–21] For instance, Wei et al. synthesized a star-
shaped giant trimer to fabricate organic solar cells by o-XY
with over 19% efficiency and a T90 of longer than 4,500 h
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after continuous heating at 80 °C.[22] Sun et al. fabricated o-
XY processed OSCs with 19.86% efficiency by incorporat-
ing a trimeric guest acceptor (Tri-V) into the PM6:L8-BO-X
host blend, which demonstrated exceptional photostability,
retaining 80% of its initial efficiency after 1380 h of
continuous illumination.[23] These results indicate that the
oligomeric acceptors would be the excellent candidates for
fabricating high-performance and stable non-halogenated
solvent-processed OSCs.[24]

Recently, based on the CH series with extended central-
conjugation unit, we developed a new strategy to prepare
three-dimensional (3D) dimeric acceptors with multiple A-
D-A architectures (CH8-X series).[25] These 3D NFAs
exhibit extremely low reorganization energy, fibrillar net-
work film morphology and improved absorption coefficient
in the near-infrared region, and better stability.[25] After
blending with polymer donor PM6, satisfactory PCEs
exceeding 17% with low energy loss around 0.50 eV were
achieved for the chloroform-processed or o-XY-processed
binary OSCs.[26] Consequently, these results have motivated
us to intensify our efforts towards the molecular innovation
of these 3D dimeric acceptors, with the goal of developing
high-efficiency, non-halogenated solvent-processed OSCs
and mini-modules. Molecular isomerism is an effective
strategy for molecular modification that significantly influ-
ences molecular structures, absorption, and energy levels.[27]

Moreover, dimer acceptor isomers can have different self-
assembly morphologies, which influence their distribution
and arrangement within the active layer, resulting different
device performance. As a typical example, Li et al. devel-
oped two vinyl π-spacer linking-site isomerized dimeric
acceptors (EV-i and EV-o), and achieved a high PCE of
18.3% for PM6: EV-i based OSCs with the o-XY as the
solvent.[28] Despite this achievement, the isomerism strat-
egies of dimeric acceptors have been less explored for non-
halogenated solvent processed OSCs to date, particularly for
the 3D dimeric acceptors. Therefore, a comprehensive
understanding of the unique characteristics induced by
molecular isomerism is imperative in terms of pre-aggrega-
tion, film formation kinetics, and micromorphology in non-
halogenated solvents, for the future application of OSCs.

In this study, we designed and synthesized two isomer-
ized 3D dimers of CH8-4, namely CH8-4A and CH8-4B, by
leveraging the isomerization strategy of F on the central
unit. Notably, the differing F� S interactions resulting from
the various F sites lead to distinct pre-aggregation character-
istics in these 3D dimeric acceptors.[29] Temperature-depend-
ent UV/Vis absorption spectra analysis revealed that the
degree of molecular pre-aggregation ability in o-XY solution
increased in the order of CH8-4B to CH8-4 to CH8-4A.
These unique properties significantly influence the film-
forming process and the resultant morphological character-
istics. Among these, the blend film of CH8-4, characterized
by moderate molecular pre-aggregation, achieved optimal
bi-continuous donor/acceptor phase separation with average
fibril diameters of 13.9 nm. Consequently, enhanced charge
transport and suppressed charge recombination resulted in a
superior PCE of 18.1% for the o-XY processed PM6:CH8-4
device, surpassing those of PM6 :CH8-4A (16.7%), and

PM6:CH8-4B (17.8%). Furthermore, the CH8-4 based
ternary device exhibited a PCE of 20.0%, along with a high
Voc of 0.906 V, Jsc of 27.70 mAcm� 2, and a fill factor (FF) of
79.6%. These results surpassed those of most dimeric-
acceptor-based devices processed with both halogenated
and non-halogenated solvents (Figure S1).[30] Additionally,
the corresponding module with an effective area of 13.5 cm2,
which consists of six sub-cells connected in series, exhibited
an outstanding PCE approaching 16%, showing the poten-
tial of these dimeric acceptors in fabricating large-area
devices. This investigation has deepened our insight into the
mechanisms of molecular isomerism and has developed a
practically feasible strategy for correlating the performance
of organic photovoltaics with molecular structures of 3D
dimeric acceptors.

Results and Discussion

Figure 1a displays the chemical structures of CH8-4 along
with its two isomers (CH8-4A and CH8-4B). Both new
dimeric acceptors, CH8-4A and CH8-4B, were synthesized
using the same methods as those described for CH8-4 in our
previous work,[26] with the exception of utilizing 4-bromo-3-
fluoro-1,2-benzenediamine intermediate for CH8-4A and 5-
bromo-3-fluoro-1,2-benzenediamine intermediate for CH8-
4B (see Scheme S1 and detail synthetic procedures in the
Supporting Information). The energy levels of these dimeric
molecules in the solid state were estimated via cyclic
voltammetry (CV) to assess the influence of different F sites
on energy levels (Figure S2). As illustrated in Figure 1b, the
isomerization caused by the F atom positions has a slight
effect on both the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) energy levels. Concretely, the HOMO/LUMO
values are measured to be � 5.75/� 3.79 eV for CH8-4,
� 5.72/� 3.79 eV for CH8-4A, and � 5.67/� 3.78 eV for CH8-
4B, respectively. Additionally, the differences in HOMO
and LUMO energies between PM6 and CH8-4, CH8-4A,
CH8-4B were within the range of 0.14–0.16 eV, which is
sufficiently large to drive exciton dissociation in the corre-
sponding blend films.[31]

Note that CH8-4, CH8-4A, and CH8-4B exhibit good
solubility in o-XY due to their 3D structures and multiple
long alkyl side chains. As shown in Figure S3a, we tested the
UV/Vis absorption spectra of CH8-4, CH8-4A, and CH8-4B
in o-XY solutions firstly. In their diluted solutions, all
compounds exhibited strong absorption in the range of 450–
850 nm, with maximum absorption peaks (λsol) located at
742, 740, and 739 nm for CH8-4, CH8-4A, and CH8-4B
(Table S1), respectively. While, all of them exhibited distinct
shoulder peak (0–0 peak) in the range of 780–830 nm in o-
XY solutions, which may indicate the pre-aggregation
properties of those 3D dimeric acceptors.[16,32, 33] Therefore,
we conducted temperature-dependent UV/Vis absorption
spectra analysis of CH8-4, CH8-4A, and CH8-4B in o-XY
solution in the ranges of 25–80 °C. As illustrated in Fig-
ure 1c–1e, all of them demonstrated temperature-dependent
aggregation (TDA) behaviors in o-XY solutions. Specifi-

Angewandte
ChemieResearch Article

Angew. Chem. Int. Ed. 2025, e202423562 (2 of 11) © 2024 Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202423562 by N

ankai U
niversity, W

iley O
nline L

ibrary on [17/02/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



cally, as the temperature increased from 25 to 80 °C, the
absorbance of 0–0 peak for CH8-4, CH8-4A, and CH8-4B
gradually disappeared, demonstrating the molecular de-
aggregation in the o-XY solutions. By analyzing the intensity
ratio of I0-0/I0-1 between λ0� 0 and λ0� 1 at 25 °C (see the inset
Figure in Figure 1c–1e), it can be concluded that the pre-
aggregation effect was most pronounced for CH8-4A
(0.127), subsequently followed by CH8-4 (0.106) and CH8-
4B (0.075).

The pre-aggregation behaviors of CH8-4, CH8-4A, and
CH8-4B can influence molecular packing behavior and
crystallinity. Consequently, we performed the grazing in-
cident wide-angle X-ray scattering (GIWAXS) measure-
ments for their neat films. As shown in Figure 1f–1h, all neat
films displayed a clear (100) diffraction peak in the in-plane
(IP) direction and a strong (010) diffraction peak in the out-
of-plane (OOP) direction, suggesting their favorable face-on
orientation of the molecular packing.[34,35] By analyzing their
line-cut profiles (Figure S4), we also identified (010) π–π

stacking diffraction peaks at qz values of 1.63, 1.65, and
1.64 Å� 1, corresponding to π–π distances of 3.85, 3.81, and
3.84 Å for CH8-4, CH8-4A, and CH8-4B neat films,
respectively. The CH8-4, CH8-4A, and CH8-4B samples
exhibited similar lamellar stacking (100) peaks in the IP
direction at 0.27, 0.27, and 0.28 Å� 1, respectively. Notably,
the coherence lengths (CL) for the (010) in OOP and (100)
in IP directions of CH8-4, CH8-4A, and CH8-4B followed a
consistent trend (Tables S2). In detail, the CL value for
CH8-4 was 16.7 Å in the OOP direction and 50.0 Å in the IP
direction, which were lower than those of CH8-4A (17.0 Å
in OOP and 56.0 Å in IP) and higher than those of CH8-4B
(16.0 Å in OOP and 47.1 Å in IP). These findings suggest
the CH8-4A exhibits the most compact molecular stacking
and molecular crystallinity of CH8-4A, echoing its most
pronounced pre-aggregation motifs. Among them, the
moderate molecular crystallinity behavior of CH8-4 may be
beneficial for realizing morphologic features with bi-contin-

Figure 1. (a) The chemical structures of CH8-4, CH8-4A, and CH8-4B. (b) The energy levels of PM6, CH8-4, CH8-4A, and CH8-4B. (c-e)
Temperature-dependent UV/Vis absorption spectra of CH8-4, CH8-4A, and CH8-4B in o-XY solution at 25 °C to 80 °C, respectively. Inset shows the
peak-differentiation-imitating result of the corresponding absorption spectrum at 25 °C. (f-h) GIWAXS images of CH8-4, CH8-4A, and CH8-4B
based neat films, respectively.
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uous D� A network and suitable D/A phase separation in
the blend active layers.[36,37]

All CH8-4/4A/4B neat films exhibited similar and broad
absorption spectra in the range of 600–900 nm, providing
complementary absorption characteristics to those of the
PM6 film (Figure S3b and S3d). Herein, their photovoltaic
performances were assessed by fabricating conventional
OSCs with the architecture of ITO/3-BPIC-F/PM6:Accept-
ors/PNDIT-F3N/Ag (Figure S5), where our recently devel-
oped self-assembled monolayer 3-BPIC-F served as the
electron transporting layer,[38] and o-XY was utilized as the
primary solvent. Following systematic optimization of the
device fabrication processes (Tables S3–S9), satisfactory
PCEs with FFs of approximately 75% were achieved for o-
XY processed OSCs with PM6:CH8-4/4A/4B active layers.
Notably, the PM6:CH8-4 based binary device obtained a
PCE of 18.1% with a Jsc of 26.68 mAcm� 2, surpassing our
previously reported results,[26] attributed to the usage of 3-
BPIC-F and the hot-cast strategy.[38] Among them, the
PM6:CH8-4A based device exhibited the highest Voc of
0.920 V; however, it demonstrated the worst PCE of 16.7%,
with a Jsc of only 24.20 mAcm� 2, possibly due to the
undesired morphologies caused by the excessive pre-aggre-

gation of CH8-4A. For the CH8-4B, a satisfactory PCE of
17.8% was attained, accompanied by a Voc of 0.906 V and a
high Jsc of 26.09 mAcm� 2. The current density-voltage (J–V)
characteristics of the optimized PM6:CH8-4/4A/4B devices
are presented in Figure 2a, with the corresponding photo-
voltaic parameters summarized in Table 1. Obviously,
compared to those with CH8-4A and CH8-4B, the higher
PCE of the CH8-4-based device can be attributed to its
significantly enhanced Jsc, which could be correlated with its
improved charge generation and transport dynamics, as
discussed below. Based on the PM6:CH8-4 host binary
blend, we subsequently incorporated L8-BO-D (with its
chemical structure depicted in Figure S6) as the third
component to construct ternary OSCs, which exhibited no
pre-aggregation effect in o-XY (Figure S7). This strategy
further enhanced the Voc, Jsc and FF, achieving an excellent
PCE of 20.0%, with a Voc of 0.906 V, Jsc of 27.70 mAcm� 2,
and FF of 79.6%. To our knowledge, this state-of-the-art
efficiency, approaching 20%, represents an advancement of
dimeric acceptor-based OSCs, narrowing the efficiency gap
with small-molecular acceptors based OSCs.[39]

To validate the accuracy of the J–V measurement, we
analyzed the EQE spectra of the PM6:CH8-4/4A/4B devices

Figure 2. (a) J–V curves of the PM6:CH8-4/4A/4B and PM6:CH8-4 :L8-BO-D OSCs. (b) EQE and corresponding integrated Jsc spectra of the
PM6 :CH8-4/4A/4B and PM6:CH8-4 : L8-BO-D OSCs. (c) J–V curves of the best device based on 1 cm2 devices. (d) J–V curves and output power
density of 13.5 cm2 modules via blade-coating. (e) Thermal stability of the devices. (f) Energy losses of PM6:CH8-4/4A/4B and PM6:CH8-4 :L8-
BO-D. (g) Jph - Veff curves. (h) Transient photocurrent characteristics and (i) Hole and electron mobilities of PM6 :CH8-4/4A/4B and PM6:CH8-
4 :L8-BO-D based optimal devices.
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(Figure 2b). The EQE spectra of all devices exhibited a
broad spectral response in the range of 300–900 nm,
consistent with the complementary absorption spectra of
PM6 and the acceptors.[5] Notably, CH8-4 exhibited a
slightly broader, red-shifted EQE response compared to
CH8-4A and CH8-4B. Moreover, the EQEs of the
PM6:CH8-4 devices were much higher in the range of 650–
820 nm corresponding to the CH8-4 contributions, indicating
an efficient photoelectric conversion process, leading to the
highest Jsc value of this device.[26] The calculated current
densities (Jsc, CAL) derived from EQE curves are 25.53, 23.05,
and 25.46 mAcm� 2 for the PM6:CH8-4/4A/4B devices,
respectively, verifying the reliability of Jscs obtained from J–
V measurements. In addition, the incorporation of L8-BO-D
to the host PM6:CH8-4 binary blend led to an obvious
enhancement of EQE response values from 500 nm to
850 nm, resulting in a 1.34 mAcm� 2 enhancement in Jsc, CAL

for PM6:CH8-4 :L8-BO-D ternary device. These results are
also well-consistent with those extracted from the J–V
curves, supporting the reliability of our results.

Based on the PM6:CH8-4 :L8-BO-D ternary blend, a
device with an effective area of 1 cm2 and a module
consisting of six sub-cells connected in series with an
effective area of 13.5 cm2 were successfully fabricated. The
schematic diagram of the module was shown in Figure S8.
Their J–V curves are presented in Figures 2c and 2d, with
the corresponding photovoltaic parameters summarized in
Table 1. As a result, the 1 cm2 device yielded a PCE of
17.2%, and the modules fabricated via blade-coating
method exhibited an impressive PCE of 15.9%. In addition,
the modules fabricated via spin-coating method also ex-
hibited an ideal PCE of 14.9% (Table S6), indicating that
the modules of the CH8-4 system can maintain consistent
photovoltaic performance under different coating methods.
This result demonstrating the potential of such acceptors in
practical applications. Furthermore, we investigated the
thermal stability, an important factor alongside PCE for
practical applications, of the prepared 3D-NFA-based
devices at a constant temperature of 65 °C under a nitrogen
atmosphere (Figure 2e). All devices exhibited good thermal
stability, with the PM6:CH8-4 device retaining 89% of its
initial PCE after thermal aging for 870 h, compared to 80%

for the devices utilizing PM6:CH8-4A/4B. Besides, the
PCEs of PM6: CH8-4/4A/4B and PM6:CH8-4 :L8-BO-D
based devices maintained 61%, 54%, 57% and 71% of
their original PCEs after 200 hours of light aging under
maximum power point (MPP) tracking in a nitrogen-filled
glovebox (Figure S9), respectively. By incorporating small
molecular acceptor L8-BO-D into the blend, the ternary
OSC still exhibits good thermal stability and improved
photostability, providing vigorous support for facilitating
their commercial applications.

To elucidate the Voc variations of these 3D NFAs, we
analyzed the energy loss (Eloss) in accordance with the
principles of detailed balance theory.[40] The total Eloss was
measured to be 0.504, 0.502, and 0.515 eV for PM6:CH8-4/
4A/4B based devices, respectively. The relevant data are
summarized in Table S10. As shown in Figure 2f, the
isomerism effect related to the F link site had only a minor
influence on the recombination energy losses above the
band gap (ΔE1) for all optimized OSC devices, which are
approximately 0.265 eV. The radiative recombination energy
losses below the band gap (ΔE2) decreased gradually from
0.053 eV in the CH8-4/4A devices to 0.048 eV in the CH8-
4B devices. In view of the small difference of ΔE1 and ΔE2 in
these devices, we conclude that change of Eloss in the binary
device is mainly originated from ΔE3.

[41] The PM6:CH8-4
and PM6:CH8-4A devices demonstrated low non-radiative
recombination energy loss of ΔE3=0.187 and 0.184 eV,
where CH8-4B binary blend yielded the highest ΔE3 of
0.203 eV among the binary devices, owing to its low EQEEL

values and increased energetic disorder (Figure S10).[42] The
suppressed ΔE3 played a crucial contribution to the smallest
Eloss observed for the PM6:CH8-4 device among the three
NFAs, indicating a better trade-off between Voc and Jsc to
endow a relatively high Jsc of 26.68 mA/cm2 and maximized
PCE (18.1%). Upon adding L8-BO-D into PM6:CH8-4
blend, the CH8-4 ternary device showed an impressively low
non-radiative energy loss (ΔE3) of 0.187 eV, consequently
exhibiting a reduced Eloss of 0.500 eV. Such a result indicates
that the introduction of L8-BO-D can restrain energy loss,
thus offering higher Voc for the corresponding ternary
device.

Table 1: Photovoltaic performance parameters of best devices based on CH8-4/4A/4B binary devices and CH8-4 ternary devices, respectively.

BHJ Voc (V) Jsc
(mAcm� 2)

Jsc, cal
(mAcm� 2)

FF% PCE[a]%

PM6:CH8-4 0.901
(0.901�0.002)

26.68
(26.55�0.19)

25.53 75.4
(75.1�0.2)

18.1
(18.0�0.1)

PM6 :CH8-4A 0.920
(0.918�0.002)

24.20
(24.30�0.12)

23.05 74.5
(73.9�0.4)

16.7
(16.5�0.1)

PM6 :CH8-4B 0.906
(0.904�0.002)

26.09
(26.13�0.09)

25.46 75.2
(74.9�0.2)

17.8
(17.7�0.1)

PM6 :CH8-4 : L8-BO-D 0.906
(0.908�0.001)

27.70
(27.46�0.21)

26.87 79.6
(79.2�0.6)

20.0
(19.8�0.1)

PM6 :CH8-4 : L8-BO-D [b] 0.911 25.72 / 73.1 17.2
PM6 :CH8-4 : L8-BO-D [c] 5.392 4.20 / 70.2 15.9

[a] Average parameters were calculated based on 10 independent cells (Table S9). [b] 1 cm2 device prepared by spin-coating method in glovebox;
[c] 13.5 cm2 module device consisting of 6 series-connected sub-cells prepared by blade-coating method in ambient.
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We comprehensively analyzed charge dissociation, trans-
port, and recombination properties to further investigate the
disparities in the Jsc values of the CH8-4/4A/4B devices.
Figure 2g shows the relationship between photocurrent
density (Jph) and effective voltage (Veff). The exciton
dissociation efficiencies (ηdiss) were determined by the ratio
of Jph under short-circuit conditions to the saturation current
density (Jsat).

[43] The PM6:CH8-4 and PM6:CH8-4B devices
showed high ηdiss about 0.968, whereas the PM6:CH8-4A
device exhibited only 0.954. Additionally, the charge
collection efficiency (ηcoll) was calculated as the ratio of Jph
under maximum output condition to Jsat, which is 0.857 for
the CH8-4 binary and ternary devices, higher than that of
PM6:CH8-4A (0.842) but lower than PM6:CH8-4B (0.869).
Although CH8-4B exhibited the best ηdiss and ηcoll values, the
Jsc of PM6 :CH8-4B was undesirable due to its blue-shifted
optical absorption and increased non-radiative recombina-
tion. With the incorporation of L8-BO-D, the CH8-4 ternary
device maintains the same exciton dissociation and charge
collection efficiencies as CH8-4 binary blend. The efficient
exciton generation and charge collection at D/A interface
ensures satisfactory Jsc for both CH8-4 binary and ternary
devices.[8] Furthermore, the charge recombination kinetics of
the PM6:CH8-4/4B and PM6:CH8-4 :L8-BO-D devices
were revealed by measuring Jsc under different light
intensities (P). This relationship was expressed as Jsc/P

S.[44]

As displayed in Figure S11a and Table S11, the resultant S
values for all devices ranged from 0.98–1.00, suggesting
similar low bimolecular recombination. Additionally, a
comparative analysis was conducted by plotting the Voc

against P, normalized by a factor of “nkT/qPin”. Figure S11b
shows the slope obtained for the PM6:CH8-4 device
(1.10 kT/q) was lower than those of the PM6:CH8-4A
(1.19 kT/q) and CH8-4B (1.13 kT/q) devices, demonstrating
effective suppression of trap-assisted recombination in
PM6:CH8-4.[45] The calculated slope for PM6:CH8-4 :L8-
BO-D devices is 1.04 kT/q, demonstrating the incorporation
of L8-BO-D further suppresses the trap-assisted
recombination.[41]

We further investigated the OSC charge dynamic
properties by measuring the transient photocurrent (TPC)
and transient photovoltage (TPV).[31,46] The CH8-4 binary
device exhibited the shortest charge extraction time of
0.24 μs (Figure 2h), outperforming both PM6:CH8-4A
(0.46 μs) and PM6:CH8-4B (0.31 μs), indicating the most
efficient charge extraction with minimal charge trapping.
Furthermore, the photo-generated carrier lifetime of the
CH8-4 binary device (17.38 μs) derived from the TPV
profile (Figure S12) was longer than that of PM6:CH8-4A
(5.24 μs) and PM6:CH8-4B (15.04 μs), indicating suppressed
charge carrier recombination. Subsequently, in order to
study the charge transport abilities, hole- and electron-only
devices were fabricated to estimate the charge carrier
mobility using the space charge - limited current (SCLC)
method (Figure S13).[47] As presented in Figure 2i and
Table S12, the corresponding μh/μe ratios of PM6:CH8-4/
4A/4B blend films were found to be 1.76, 2.01, and 1.78,
respectively. The PM6:CH8-4 device exhibited balanced
hole (8.04×10� 4 cm2/Vs) and electron (4.58×10� 4 cm2/Vs)

mobilities, which contribute to efficient charge transport and
improved Jsc in the resulting OSCs.[4,26] With the incorpo-
ration of L8-BO-D, the ternary blend yields a longer carrier
lifetime (20.63 μs), a more efficient carrier extraction
process (0.22 μs) and higher carrier mobilities with a μh of
8.57×10� 4 cm2/V s and a μe of 5.70×10

� 4 cm2/V s, giving a μh/
μe ratio of 1.50. Overall, the significantly reduced charge
recombination dynamics and the more balanced charge
transport achieved in the ternary blend can partially explain
the enhanced Jsc and FF. In addition, as shown in Figure S14
and Table S13, the electron mobilities of CH8-4/4A/4B in
the neat films, measured by the space-charge limited current
(SCLC) method are 5.89, 6.17 and 5.55×10� 4 cm2V� 1 s� 1,
respectively, suggesting their satisfactory charge transport
ability.

The photovoltaic performances and charge dynamic
properties of the CH8-4/4A/4B devices were partially
determined by the morphologies of the blended films, which
were probed by atomic force microscopy (AFM). As shown
in Figure S15, all films exhibited smooth surfaces and
successive phase separations with small root mean square
(RMS) roughness values in the range of 1.16–1.25 nm, which
benefited the establishment of efficient ohmic contacts with
the electron transport layer (PNDIT-F3N). The distinct
morphologies with consecutive nanofiber networks in the
blended films, as compared to the neat films (Figure S16),
are expected to be a key feature aiding efficient charge
transportation and extraction process. We further employed
AFM-based infrared (AFM-IR) spectroscopy to examine
the fibril structures. The AFM-IR images revealed the
distributions of the donor (PM6) and acceptor, as well as the
fiber morphology, by analyzing the infrared absorption peak
at 2216 cm� 1 which unique to the cyano (C�N) group in the
acceptors (Figure 3a, blue and red colors represent PM6 and
acceptor, respectively). The PM6:CH8-4/4B blends exhib-
ited a typical co-continuous interpenetrating network, facil-
itating exciton dissociation and charge transport. In the
CH8-4A binary film, the polymer donor was dispersed into
very small domains and surrounded by the acceptor domains
due to excessive pre-aggregation and crystallinity. This
resulted in a lack of sufficient donor/acceptor interfaces and
continuous channels for efficient charge transport, leading
to an inferior Jsc. Additionally, the fibril diameters of AFM-
IR images were estimated by the line-cut profiles in
Figure S17, where the full-width at half-maximum of the
peaks was used to estimate the fibril diameter.[48] As shown
in Figure 3b, the average fibril diameters of PM6:CH8-4/
4A/4B were 13.9, 15.1, and 13.1 nm, respectively. The
moderate fibril diameters of the CH8-4 blended films can be
ascribed to the improved crystallinity, which was consistent
with GIWAXS results of the blend films (Figure S18–S19
and Table S14). Notably, with the incorporation of L8-BO-
D into PM6:CH8-4 blend, the average fibril diameter of
PM6:CH8-4 :L8-BO-D decreased to 12.6 nm. Thus, a better
morphology with appropriate domain size and well-defined
fibrillar network is achieved in the ternary blend. The
favorable morphology mediation induced by L8-BO-D may
be attributed to its good non-halogenated solvent process-
ability and superior miscibility with host acceptor of CH8-4.
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Additionally, the miscibility of the PM6 with the accept-
ors directly affects the fibril diameters and phase separation
behavior. Therefore, we conducted the contact angle tests to
calculate the surface energy and the Flory-Huggins inter-
action parameter (χ) (Figure S20–S21). The χ for blend to
show the binary miscibility from Kð

ffiffiffiffiffiffi
gD
p

�
ffiffiffiffiffiffi
gA
p
Þ2, where γ is

the surface free energy of the material and Κ=116×103 m1/2

is the proportionality constant. As evaluated in Table S15,
CH8-4/4A/4B exhibited low χ values with PM6 of 0.18, 0.24,
and 0.16 K, respectively. This implies good miscibility
between PM6 and CH8-4/4A/4B, which is beneficial for
supplying sufficient donor-acceptor interfaces for exciton
dissociation.[13] Additionally, different morphology and fibril
diameters of these 3D-NFAs blends play a decisive role in
charge generation at D/A interfaces, which can be analyzed
by the photoluminescence (PL) spectrum and PL quenching
efficiency.[49] As illustrated in Figure S22 and Table S16, the
PL quenching of all blend films were extremely high for
PM6 (96.9–97.8%), indicating that the charge generation
were very efficient from PM6 to acceptors. Additionally, the
PL quenching efficiency of the PM6:CH8-4/4A/4B com-
pared to CH8-4, CH8-4A and CH8-4B neat films were
92.0%, 87.1%, and 96.3%, respectively. With the incorpo-
ration of L8-BO-D, the PL quenching efficiency of CH8-4
ternary devices increased to 93.7%, which is well consistent
with the AFM-IR and fibril diameters results. The high PL
quenching efficiency implied that excitons are rapidly
dissociated into free carries at D/A interfaces in PM6:CH8-
4/4B and PM6:CH8-4 :L8-BO-D blends.

To analyze the film evolution kinetics during thermal
annealing, the in situ thermal annealing absorptions of
PM6:CH8-4/4A/4B and PM6:CH8-4 :L8-BO-D blend films
are depicted in Figure 4a, respectively. The absorption peak
position of PM6 was barely changed during thermal

annealing due to its high molecular weight and the tangled
chains.[50] While there is an obvious red-shift in the locations
of acceptors absorption peak, indicating that thermal
annealing post-treatment could influence molecular aggrega-
tion and packing behaviors of these acceptors. The thermal
annealing process of blend films could be divided into three
stages: (I) heat conduction and residual solvent evaporation;
(II) molecular rearrangement and (III) definitive
morphology.[51] The maximum absorption peaks attributed
to PM6 in all systems hardly change due to its high
molecular weight and long chain structure, whereas there
are obvious red-shifts in the maximum absorption peak
positions of those acceptors. As depicted in Figure 4b, the
following shifts in maximum absorption peaks were ob-
served for PM6:CH8-4 blend (791 nm to 820 nm), the CH8-
4A binary blend (775 nm to 814 nm), and PM6:CH8-4B
blend (777 nm to 815 nm). The absorption peak positions in
stage III align with those of the blend films (Figure S3c and
S3d), signifying that molecular rearrangement and phase
separation occurred during thermal annealing. The duration
of the stage II for the PM6:CH8-4/4A/4B films was 0.5, 0.4,
and 0.8 s, respectively, which is consistent with the different
pre-aggregation abilities of those acceptors. These findings
suggest that the different pre-aggregation abilities of these
3D dimeric acceptors can influence the rate of molecular
rearrangement during thermal annealing. A long duration of
the molecular rearrangement could allow sufficient time for
the donor and acceptor to achieve improved phase separa-
tion and more uniform domains.[52,53] This result aligns with
the AFM-IR findings. Additionally, the PM6:CH8-4 :L8-
BO ternary blend exhibited an extended molecular rear-
rangement time to 0.9 s compared to the CH8-4 binary
device, indicating that the incorporation of L8-BO-D
resulted in better phase separation and more uniform

Figure 3. (a) Tapping AFM-IR image at the wavenumber of 2216 cm� 1, and (b) Statistical particle size distribution diagrams of PM6 :CH8-4/4A/4B
and PM6:CH8-4 :L8-BO-D, respectively.
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morphology, which is beneficial for enhancing exciton
dissociation and charge transport. Consequently, the ternary
devices demonstrated improved Voc and Jsc compared to
binary devices. Notably, the onset time of redshift in the
ternary system is delayed compared to the binary devices
due to the excess amount of solid additive (2-MN) is
incorporated in the ternary system. The sublimation of 2-
MN is an endothermic process which results in slower
evaporation of the residual solvent.[54]

The molecular dynamics (MD) simulations of
PM6:CH8-4/4A/4B blends were conducted to investigate
the effect of fluorine isomerism on intermolecular inter-
actions (Figure 5a–c). As shown in Figure S23, PM6 was

divided into two segments, labeled as C and E, while CH8-4/
4A/4B acceptors were divided into four segments, labeled as
F, A, D, and A’. Eight distinct packing conditions were
identified. To illustrate the molecular packing scenarios,
radial distribution functions (RDFs) between PM6 and these
acceptors were calculated (Figure S24).[55] All blends demon-
strated substantial increases in the range of 3.8–4.0 Å, which
corresponded to the π–π packing distances determined
through GIWAXS analysis. Among the eight stacking
configurations, CH8-4 consistently exhibits favorable RDF
peaks. Interestingly, under the CA packing conditions, the
RDF shows a pronounced peak at the π–π stacking
distances, indicating that the CH8-4 configuration contrib-

Figure 4. (a) In situ thermal annealing absorption spectra of the PM6 :CH8-4/4A/4B and PM6:CH8-4 :L8-BO-D films. (b) Dynamical evolution of
the peak locations of CH8-4/4A/4B and CH8-4 :L8-BO-D during thermal annealing, respectively.

Figure 5. (a-c) MD simulation of the structure of PM6:CH8-4/4A/4B, where the pink and silver colors correspond to PM6 and CH8-4/4A/4B,
respectively. (d) The interaction energies of PM6 and CH8-4/4A/4B. (e) Total stacking counts per unit volume comparison for PM6:CH8-4/4A/4B
systems. (f) Face-on stacking counts per unit volume comparison for PM6 :CH8-4/4A/4B systems.
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utes to enhanced structural ordering within the system
compared to other 3D acceptors. Meanwhile, the interaction
energies (ω) of donor and acceptors were calculated to
explore the reasons for the different molecular packing
behaviors in PM6:CH8-4/4A/4B blends. As illustrated in
Figure 5d, both electrostatic and van der Waals interactions
(ω) between of PM6 to CH8-4 and CH8-4B were relatively
stronger compared to CH8-4A, indicating enabling the
formation of a tighter donor-acceptor interpenetrating net-
work with better stacking.[56] These results align with the
variation trend observed in the GIWAXS of blend films.

We characterized the dimer configurations arising from
adjacent molecules to investigate the stacking mode in those
binary systems. Specifically, we defined a dimer as a pair of
molecules where the distance between the closest neighbor-
ing atoms is less than 5 Å. This characterization was based
on two key parameters: the distance between the centers of
mass (COM) of the molecular backbones (d), and the
dihedral angle (φ) between the planes of the two molecules.
The density heatmaps of d-φ can be found in Figure S25. An
arrangement is classified as a face-on orientation when the
dihedral angle φ is less than 30° and the COM distance d is
less than 0.8 nm.[55] Typically, a face-on orientation promotes
the most robust parallel π–π stacking interactions, resulting
in enhanced electronic coupling, which is indicative of an
improved charge transfer rate. Figure 5e-f show the total
stacking and face-on stacking counts per unit volume for
PM6:CH8-4/4A/4B systems, respectively. For total stacking,
CH8-4 consistently shows a higher stacking counts across
eight configurations compared to CH8-4A and 4B (Ta-
ble S17). When considering face-on stacking, CH8-4 demon-
strates the highest stacking counts, whereas CH8-4B shows
the lowest (Table S18). The pronounced differences in
stacking interactions between the CH8-4B system and the C
segment of PM6 are primarily responsible for the observed
variations. In the CH8-4B system, while the overall stacking
of CA, CD, CA’, and CF configurations is comparable to
CH8-4 and 4B, the face-on stacking of CA, CD, and CA’ is
notably lower, whereas CF exhibits enhanced stacking. This
phenomenon may be attributed to the F atom in CH8-4B
being positioned furthest from the thiophene segment,
reducing the electrostatic influence of the F atom on
thiophene and resulting in a more negatively charged
thiophene. Meanwhile, the C segment of PM6 shows a more
positive electrostatic potential, particularly in the carbonyl
region, which is significantly positively charged. Conse-
quently, the face-on stacking of CF increases significantly,
reducing the stacking of CA, CD, and CA’, thus impacting
the overall stacking behavior. Overall, CH8-4’s superior
total and face-on stacking numbers contribute to the
observed improvement in power conversion efficiency
(PCE) in the devices. Although CH8-4B has poorer face-on
stacking numbers compared to CH8-4A, it exhibits better
total stacking than CH8-4A, resulting in more charge trans-
fer pathways, which consequently leads to the second-
highest PCE. In contrast, CH8-4A, due to its inferior total
stacking, results in the lowest PCE among the series.
Additionally, MD simulations were performed on the
PM6:CH8-4 :L8-BO-D ternary system (Figure S26) to ex-

plore the impact of L8-BO-D addition on system efficiency.
Correspondingly, we calculated the RDFs and stacking
counts between the donor and acceptor molecules of CH8-4
ternary system. Figure S27 shows the distribution of total
and face-on stacking counts for CH8-4 and L8-BO-D in the
ternary system, respectively. The total and face-on stacking
counts for CH8-4 in the ternary system are slightly lower
than in the binary system. Nonetheless, this decrease is
likely an unavoidable outcome of the enhanced structural
order within the PM6:CH8-4 :L8-BO-D system. The addi-
tion of L8-BO-D decreases the stacking density and
promotes structural order, consequently enhancing the
power conversion efficiency (PCE) of the devices.[57]

Conclusions

In summary, we synthesized a series of 3D dimeric NFAs
(CH8-4, CH8-4A, and CH8-4B) by accurately modulating
the fluorine atom positions to investigate the impact of
isomerism on the properties of dimeric acceptors. When
blended with polymer donor PM6, o-XY-processed
PM6:CH8-4 device achieves a superior PCE of 18.1%,
surpassing PM6:CH8-4A (16.7%) and PM6:CH8-4B
(17.8%), while also exhibiting good thermal stability. The
highest PCE of PM6:CH8-4 is attributed to its moderate
pre-aggregation ability and well-balanced charge transport
characteristics. By contrast, PM6:CH8-4A exhibits the low-
est PCE due to the excessive pre-aggregation of CH8-4A.
Furthermore, incorporating L8-BO-D into the PM6:CH8-4
blend improves the exciton dissociation, diffusion, collec-
tion, and film morphology, resulting in an excellent ternary
device with a PCE of 20.0%, Voc of 0.906 V, Jsc of 27.70 mA/
cm2, and FF of 79.6%. This PCE record of 20.0% is one of
the best performances of dimerized acceptors based ternary
devices. On the basis of these results, non-halogenated
solvent o-XY-processed large-area modules with an active
area of 13.5 cm2 obtained an encouraging PCE approaching
16%. This work provides an effective approach to control
the pre-aggregation behavior of 3D dimeric acceptors in
non-halogenated solvents and highlights the importance of
molecular isomerization strategy in the innovation of
efficient 3D dimeric acceptors intended for non-halogenated
solvent-processed OSCs.
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Isomerism Effect of 3D Dimeric Acceptors
for Non-Halogenated Solvent-Processed
Organic Solar Cells with 20% Efficiency

Molecular isomerization strategy was
employed to develop 3D dimeric accept-
ors (CH8-4/4A/4B), which demonstrate
varying molecular pre-aggregation in o-
xylene. These distinctive properties sig-
nificantly affect the film-forming process
and the resulting morphological charac-
teristics. Due to the moderate pre-
aggregation of CH8-4, an impressive
efficiency of 20.0% was received for
CH8-4-based device, representing the
state-of-the-art in non-halogen solvent-
processed organic solar cells.
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