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ethylated ortho-benzodipyrrole-
based acceptors suppressing charge recombination
and minimizing energy loss in organic
photovoltaics†

Yan-Bo Wang,a Chia-Lin Tsai,a Yung-Jing Xue,a Bing-Huang Jiang,b Han-Cheng Lu,a

Jun-Cheng Hong,a Yu-Chi Huang,a Kuo-Hsiu Huang,a Su-Ying Chien,c

Chih-Ping Chen b and Yen-Ju Cheng *ad

The elimination of the A0 unit from A-DNA
0
ND-A-type Y6-derivatives has led to the development of a new

class of ortho-benzodipyrrole (o-BDP)-based A-DNBND-A-type NFAs. In this work, two new A-DNBND-

A-type NFAs, denoted as CFB and CMB, are designed and synthesized, where electron-withdrawing

fluorine atoms and electron-donating methyl groups are substituted on the benzene ring of the o-BDP

moiety, respectively. CFB exhibits a blue-shifted absorption spectrum, stronger intermolecular

interactions, shorter p–p stacking distances, and more ordered 3D intermolecular packing in the neat

and blend films, enabling it to effectively suppress charge recombination in the PM6:CFB device showing

a higher PCE of 16.55% with an FF of 77.45%. CMB displays a higher HOMO/LUMO energy level,

a smaller optical bandgap, and a less ordered 3D packing, which contributes to its superior ability to

suppress energy loss in the PM6:CMB device with a high Voc of 0.90 V and a PCE of 16.46%. To leverage

the advantages of CFB and CMB, ternary PM6:Y6-16:CFB and PM6:Y6-16:CMB devices are fabricated.

The PM6:Y6-16:CFB device exhibits the highest PCE of 17.83% with an increased Voc of 0.86 V and a Jsc
of 27.32 mA cm−2, while the PM6:Y6-16:CMB device displayed an elevated Voc of 0.87 V and an

improved FF of 74.71%, leading to a PCE of 17.44%. The high PCE was achieved using the non-

halogenated greener solvent o-xylene, highlighting their potential for facilitating more eco-friendly

processing procedures. C-shaped disubstituted o-BDP-based A–D–A type acceptors open up new

avenues for tailoring electronic properties and molecular self-assembly, achieving higher OPV

performance with enhanced charge recombination suppression and reduced energy loss.
Introduction

Renowned for their exibility, solution processability and
transparency, organic solar cells have received considerable
research interest in the realm of photovoltaics. In 2019, Y6
achieved a PCE of 15.7% when blended with donor polymer
PM6,1 ushering in a new era for organic non-fullerene acceptors
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the Royal Society of Chemistry
(NFAs). Y6 features a unique structural arrangement charac-
terized as A-DNA

0
ND-A in which the central heptacyclic ladder

DNA
0
ND p-core comprises an ortho-benzodipyrrole core laterally

fused with two b-alkylated-thieno[3,2-b]thiophene moieties (TT,
denoted as D) and vertically fused with an electron-decient
thiadiazole unit (Tz, denoted as A0). The label A usually corre-
sponds to the 2-(5,6-diuoro-3-oxo-2,3-dihydro-1H-inden-1-yli-
dene)malononitrile (FIC) end-group acceptor, which is linked to
the DNA

0
ND core through olenation. Over the past ve years,

modications of the A-DNA
0
ND-A architecture to ne-tune the

photovoltaic properties have become the central focus of design
and synthesis of organic NFA materials (Fig. 1). One strategy
involves modifying the aliphatic side chains R1 at nitrogen
atoms2–6 and R2 at the b-position of thienothiophene (TT)
units.7–11 This approach has been primarily employed to tailor
intermolecular interactions and adjust molecular packing
within the material. On the other hand, conjugated main-chain
engineering of the D units12,13 and the A end-group acceptors14–20

has been utilized to specically modulate the intrinsic optical
Chem. Sci., 2025, 16, 3259–3274 | 3259
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Fig. 1 Modification strategies for A-DNBND-A type NFAs.
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and electronic properties. For instance, replacing sulfur with
selenium in the D units12 or replacing uorine with chlorine in
the FIC units7,14,20 causes a red-shi in absorption spectra and
concomitantly enhances intermolecular interactions due to the
presence of heavy atoms with higher polarizability. Another
main-chain modication of the DNA

0
ND core involves

substituting Tz in the A0 unit with ve-membered heterocycles
such as triazole,21–24 selenadiazole,25,26 or six-membered
pyrazine27–31 and quinoxaline moieties.32–36

However, synthesis of DNA
0
ND where the A0 unit is different

from Tz is not straightforward. Cadogan cyclization, a key step
in the formation of the benzodipyrrole moiety in DNA

0
ND,

cannot be directly carried out in the presence of most hetero-
cyclic A0 moieties. Instead, it usually involves reductive ring-
opening of the thiadiazole unit in DNA

0
ND to form a diamino

species followed by the respective annulation.37 Therefore,
removing the A0 moiety from the A-DNA

0
ND-A structure can

largely reduce synthetic complexity. Additionally, the impact of
different heterocycle electron-decient A0 units on the optical
band-gaps associated with HOMO/LUMO energy levels and
molecular self-assembly packing has not been well understood.
To clarify the merits of the heterocycle-based A0 unit, we recently
developed a new NFA, referred to as CB16,38 which exhibits
a structure identical to Y6, except for the elimination of the Tz
moiety. CB16 can be structurally symbolized as A-DNBND-A
where C and B letters stands for C-shaped geometry and the
central benzene ring, respectively. It was found that even
without the Tz (A0) unit, CB16-based inverted OPVs can achieve
comparable efficiencies to Y6 derivatives (Fig. 1). This research
has unveiled that the central ortho-benzobipyrrole moiety that
leads to a C-shaped geometry of A-DNBND-A in CB16 and
A-DNA

0
ND-A in Y6-based derivatives is pivotal in establishing the

3D molecular packing network for efficient charge transport,
ultimately contributing to the superior performance of the
devices. The heterocyclic A0 moiety plays a secondary role in
nely adjusting intermolecular interactions, both internally
within the NFA and externally with the polymer matrix. The
further molecular engineering of the A-DNBND-A structure holds
signicant potential for the development of a new generation of
3260 | Chem. Sci., 2025, 16, 3259–3274
high-performance A–D–A-type CB-based NFAs.39 Removal of the
aromatic thiadiazole (Tz) group from A-DNA

0
ND-A simulta-

neously exposes two unsubstituted sp2-carbons in the central
benzene. Introducing non-aromatic substituents at the two
active positions expands the scope of CB-series materials,
thereby opening up avenues for new main-chain engineering to
tailor their molecular properties. Through the introduction of
electron-accepting and electron-releasing substitutions at the o-
BDP moiety, it becomes feasible to systematically elucidate the
electronic and steric effects of central substitutions on the
molecular properties of A-DNBND-A NFAs and their device
performances. In this research, we designed and synthesized
two new ortho-disubstituted A-DNBND-A-type NFAs, denoted as
CFB and CMB, which exhibit a C-shaped backbone similar to
Y6-16, while incorporating uorine and methyl groups onto the
central benzene ring of the o-BDP moiety, respectively. Investi-
gating the substitution effects of CMB and CFB helps clarify
how the electron-accepting strength of A0 units (thiadiazole,
selenadiazole, pyrazine, and triazole) in A-DNA

0
ND-A correlates

with their absorption maxima and HOMO energy levels.
Compared to the PM6:Y6-16 (the derivative of Y6 which has a 2-
hexyldecyl side chain on the nitrogen of pyrrole) device with
a PCE of 16.30%, the PM6:CFB device exhibited a higher PCE of
16.55% with an increased Voc of 0.89 V and an improved FF of
77.15%, while the PM6:CMB device displayed an elevated Voc of
0.90 V and an improved Jsc of 26.32 mA cm−2, leading to
a comparable PCE of 16.46%. By incorporating CFB and CMB as
the second acceptor into the PM6: Y6-16 system, the ternary
PM6:Y6-16:CFB and PM6:Y6-16:CMB devices demonstrated
higher performances of 17.83% and 17.44%, respectively.
Notably, the devices were fabricated using the greener solvent o-
xylene, which addresses the toxicity concerns associated with
halogenated solvents.40–43
Results and discussion
Molecular synthesis and thermal properties

The synthetic routes of o-BDP-based CFB and CMB are depicted
in Scheme 1. Compound 1a and 1b were synthesized following
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic routes for o-BDP-based CFB and CMB.
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procedures described in the literature.38,44 Lithiation of
compound 1a by using lithium diisopropylamide (LDA) fol-
lowed by treating with tributyltin chloride formed compound
2a, which was further reacted with 1,2-dibromo-4,5-diuoro-3,6-
diiodobenzene through Stille coupling to yield compound 3a.
Grignard metathesis of compound 1b followed by quenching
with ZnCl2 resulted in intermediate 2b. The Negishi coupling
reaction of the freshly prepared 2b with 1,2-dibromo-3,6-diiodo-
4,5-dimethylbenzene afforded compound 3b. Cyclization
through multiple C–N bond formation achieved by Buchwald–
Hartwig amination of 3a and 3b with 2-hexyldecyl amine led to
the formation of 4a and 4b, respectively. Formylation through
the Vilsmeier reaction of 4a and 4b yielded compound 5a and
5b, respectively. Knoevenagel condensation of 5a or 5b with FIC
unit furnished two desired acceptors, CFB and CMB, with yields
of 81% and 84%, respectively.

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were conducted to assess thermal properties
of the acceptors (Fig. S1† and 2a). While the decomposition
temperature (Td) of CMB resembles that of Y6-16 at 322 °C, the
Td of CFB increases to 330 °C, manifesting that the replacement
of the Tz group with F atoms enhances thermal stability of the
acceptors. In spite of the higher Td, CFB exhibits a lower melting
temperature (Tm) of 224 °C compared with Y6-16 (235 °C),
indicating the weaker intermolecular interactions resulting
from the removal of the central Tz unit. CMB has the smallest
Tm of 222 °C, suggesting the least intermolecular interaction of
the material.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Electrochemical and optical properties

Cyclic voltammetry was employed to determine the HOMO/
LUMO energy levels of CFB and CMB (Fig. S2†), and the
resulting energy level diagrams are depicted in Fig. 2b. In
comparison with Y6-16, CFB featuring the electron-withdrawing
F atoms exhibits a downshied HOMO energy level of −5.85 eV
and a similar LUMO energy level of −4.01 eV, resulting in an
enlarged bandgap. Conversely, CMB containing electron-
donating methyl groups shows upshied HOMO/LUMO levels
at −5.69/−3.96 eV, which is advantageous for increasing the Voc
value.

The absorption characteristics of typical A–D–A-type NFAs
are primarily governed by push–pull photo-induced intra-
molecular charge transfer (ICT) from the electron-rich multi-
fused D to the electron-withdrawing A moiety. However, the
effect of various fused heterocyclic A0 units on the optical
properties of A-DNA

0
ND-A-type Y-series NFAs has not been fully

elucidated. The substitution at the central benzene ring of the
A-DNBND-A system can provide valuable insight to address this
question. The absorption spectra are displayed in Fig. 2c with
the features summarized in Table 1. Compared to Y6-16 with an
absorption maximum (lmax) at 734 nm in chloroform, CFB with
two uorine atoms exhibited a much blue-shied lmax at 704
nm, whereas CMB with two methyl groups showed a more red-
shied lmax at 758 nm. The electron-accepting uorine atoms
positioned para to the two nitrogen atoms weaken their elec-
tron-donating ability through the inductive effect, which, in
turn, reduces the ICT from the DNBND to the A moieties.
Chem. Sci., 2025, 16, 3259–3274 | 3261
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Fig. 2 (a) DSCmeasurements of CMB, Y6-16 and CFB with a ramping rate of 10 °Cmin−1. (b) Energy levels diagram of PM6, CMB, Y6-16 and CFB
estimated by cyclic voltammetry. (c) Normalized absorption spectra of CMB, Y6-16 and CFB in chloroform and thin films. (d) General structure of
Y6, AQx-2, Y6-Se and Y11-M. (e) Absorption lmax of o-BDP-based NFAs in chloroform. (f) Trend of the calculated HOMO level of o-BDP-based
NFAs. HOMO/LUMO distribution of (g) CMB and (h) CFB. (i) Electrostatic potential distribution diagram of CMB and CFB.
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Conversely, the moderately electron-donating methyl groups
enhance the donating ability of the DNBND unit, thereby aug-
menting the ICT effect.
Table 1 Summary of optical and electrochemical properties of CMB, Y6

NFA
Extinction coefficienta

[×105 cm−1 M−1]

lmax [nm]

Dl [nm] lonSolu Film

Y6-16 1.86 734 819 85 911
CMB 1.51 758 820 62 902
CFB 1.80 704 774 70 858

a Calculated at lmax in the solution state. b Calculated in the solid state. c

3262 | Chem. Sci., 2025, 16, 3259–3274
Combining the A-DNBND-A-type CFB and CMB with four
other A-DNA

0
ND-A derivatives (Y6-16, AQx-2, Y6-Se, and Y11-M)

reported in the literature, the solution lmax values can be used
-16 and CFB

set
b [nm] cEoptg [eV] HOMOd [eV] LUMOd [eV] dEeleg [eV]

1.36 −5.75 −4.01 1.74
1.37 −5.69 −3.96 1.73
1.45 −5.85 −4.01 1.84

Eoptg = 1240/lonset.
d Determined by cyclic voltammetry.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to quantify the electron-accepting ability of their respective A0

units (thiadiazole, pyrazine, selenodiazole, and triazole, depic-
ted in Fig. 2d). The gradually increasing lmax values for CFB (704
nm), Y6-16 (731 nm), AQx-2 (732 nm), Y6-Se (741 nm), Y11-M
(753 nm), and CMB (758 nm) suggest that the electron-accept-
ing ability of the A0 units follows this trend: diuoro > thiadia-
zole > pyrazine > selenodiazole > triazole > dimethyl.

This result provides a guideline for tuning the absorption
properties of o-BDP-based NFAs by selecting substitutions on the
central benzene ring (Fig. 2e). In addition, the lmax of CFB is red-
shied to 774 nm (Dlmax = 70 nm) from the solution state to the
lm state. The smaller Dlmax of CFB compared to that of Y6-16
(Dlmax = 85 nm) indicates that the aromatic Tz unit induces
stronger intermolecular interactions than F atoms. The lmax of
CMB in the lm state is almost the same as that of Y6-16, leading
to the smallestDlmax (Dlmax= 62 nm) among the three acceptors.
The relatively larger steric hindrance of the methyl groups in
CMB might further attenuate the intermolecular interactions.
Computational studies of frontier molecular orbitals

Energy level diagrams and frontier molecular orbitals of CFB
and CMB along with Y6-16, AQx-1, Y6-Se, and Y11-M were
calculated at the B3LYP/6-311G(d,p) level of theory, as shown in
Fig. 2f–h and S3.† Substitution on the benzene ring of the
DNBND core has a more pronounced effect on the HOMO energy
level than the LUMO energy level. Compared to Y6-16, which
has HOMO/LUMO levels at −5.87 eV and −3.84 eV, respectively,
CFB exhibits a more downshied HOMO energy at −5.95 eV
while maintaining an unchanged LUMO level at −3.84 eV. This
suggests that the uorine atoms in CFB exert a stronger elec-
tron-withdrawing effect than the Tz group in Y6-16. In both Y6-
16 and CFB, the electron density in the HOMO is more
dispersed into the uorine atoms and the Tz group, while this
effect is less evident in the LUMO. Additionally, the electron-
donating dimethyl groups in CMB result in higher-lying HOMO/
LUMO energy levels, at−5.75 eV and−3.74 eV, respectively. The
theoretical trends in these energy levels are consistent with
experimental results obtained from CV measurements. Overall,
the calculated HOMO energy levels show a gradual upshi from
−5.95 eV (CFB), −5.87 eV (Y6-16), −5.84 eV (AQx-2), −5.83 eV
(Y6-Se), and −5.75 eV (Y11-M), to −5.75 eV (CMB), again
reecting the trend in electron-accepting ability: diuoro >
thiadiazole > pyrazine > selenodiazole > triazole > dimethyl, as
shown in Fig. 2f.

The calculated dipole moments (Fig. S4†) of CMB, Y6-16, and
CFB were −3.448, 0.136, and 1.299, respectively. The negative
dipole of CMB indicates that the dipole is oriented toward the
substituent on the central benzene ring, suggesting a relatively
positive charge due to its electron-donating ability. The larger
positive dipole moment of CFB indicates a stronger electron-
withdrawing core compared to Y6-16, which is consistent with
the results observed in the absorption spectrum. CFB and CMB
display similar molecular electrostatic potential (ESP) distri-
butions, as shown in Fig. 2i. Most regions of the molecular
surface exhibit positive ESP values, revealing the electron-
accepting characteristics of both NFAs.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Molecular packing in single crystals

To elucidate the effect of substituting the Tz group with smaller
substituents in the o-BDP core on molecular packing, single-
crystal X-ray diffraction analysis was conducted. Single crystals
of CFB and CMB were successfully acquired through vapor
diffusion in acetonitrile and chloroform, and the crystallo-
graphic parameters for each crystal are provided in Table S1.†
Data for single crystals of Y6-16 were extracted from the litera-
ture for comparison.38 As depicted in Fig. 3a, CMB displays
a relatively twisted central core with a q value of 9.69° owing to
the steric hindrance caused by the methyl groups, and also
larger F values of 6.37° and 8.52°. In contrast, the torsion angle
between two outer thiophene (q) for CFB is 2.15° (Fig. 3b), which
is smaller than that of Y6-16 (5.05°). Likewise, the dihedral
angles (F) of CFB between the outer thiophene and terminal
group for CFB are 1.38° and 4.53°, respectively, also much
smaller than those of Y6-16 (4.67° and 8.55°). Overall, CFB
exhibits a more planar structure than CMB.

Because of the C-shaped molecular geometry, both CMB and
CFB molecules form a three-dimensional (3D) grid-like packing
mode assembled via multiple p–p interactions (Fig. 3c and d).
The p–p stacking distances in each mode are shown in Fig. 3e, f
and S5.† CMB demonstrates ve distinct dimeric p–p packing
congurations (Fig. 3g) in a unit cell: the S-shaped TT-1 mode
(TT, terminal to terminal), the U-shaped TT-2 mode, the M-
shaped CT-1 mode (CT, core to terminal), the V-shaped CT-2
mode, and the Y-shaped CC–TT mode (CC, core to core). These
congurations bear a resemblance to those observed in CB16,38

indicating that the presence of dimethyl groups in CMB does
not electronically alter the chemical environment. Conse-
quently, the intermolecular interactions remain in a similar
manner. The CC–TT mode, commonly observed in Y6 single
crystals45–47 associated with noncovalent S/N contacts between
the Tz groups, has been theoretically shown to exhibit strong
electronic coupling for both hole and electron transport.34,47

Even though the central A0 group is eliminated, CMB also forms
the CC–TT mode where the central o-xylene moieties are stag-
gered to avoid the steric hindrance caused by the methyl
groups, leading to an increased p–p distance of 3.57 Å between
the two central molecules. In comparison to Y6-16, which
exhibits 3D grid-like patterns containing a single type of ellip-
tical void, CMB showcases more complex patterns featuring
three distinct types of elliptical frames (Fig. 3c). The elliptical
frames in CMB, measuring approximately 16.6 × 9.8 Å and 13.4
× 13.8 Å in size, are notably smaller than those observed in Y6-
16, which are approximately 13.4 × 17.5 Å. The denser and
more interpenetrating molecular arrangement in the CMB
crystal provides an advantage for facilitating charge transport.

The unit cell in the crystal structure of CFB comprises four
molecules forming only three distinct dimeric modes (Fig. 3f
and h) including S-shape TT-1 mode, M-shape CC–TTmode and
S-shape CT–CT mode. The core-to-core overlapping in the CC–
TT mode within the CFB crystal is restricted to the terminal
thiophene region, resulting in a larger p–p distance of 3.51 Å.
On the other hand, compared to that of Y6-16, the CT–CT mode
of CFB features a closer p–p distance of 3.38 Å and larger p–p
Chem. Sci., 2025, 16, 3259–3274 | 3263
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Fig. 3 The monomolecular crystallographic structure of (a) CMB and (b) CFB. 3D interpenetrating framework in single crystal of (c) CMB and (d)
CFB projected from a- and c-crystallographic axes, respectively, with the insets illustrating the molecular packing in each unit cell; side views of
the molecular packing with p–p distances corresponding to each distinct p–p packing mode found in one unit cell of (e) CMB and (f) CFB single
crystals; five and three pairs of distinct p–p packing mode could be recognized in (g) CMB and (h) CFB, respectively. All the alkyl chains and H
atoms are omitted to highlight the packing details. Three colors are used to discriminate between different conformers resulting from marginal
variations in the twisted backbone.
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overlapping. An additional F–F interaction, with a short contact
distance of 3.49 Å, was observed between the ortho-diuor-
obenzene moiety (C) and the FIC acceptor (T) in the CTCTmode
(Fig. 3f).
3264 | Chem. Sci., 2025, 16, 3259–3274
The CC–TT and CT–CT modes in CFB could offer more effi-
cient charge transport channels.33,34,47–50 Notably, the
A-DNA

0
ND-A-type Y6-16 exhibits four dimeric packing modes.

Compared to CMB (5 modes) and Y6-16 (4 modes), the decrease
© 2025 The Author(s). Published by the Royal Society of Chemistry
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in the number of packing modes found in CFB can be derived
from the incorporation of compact diuoro atoms into the p-
core structure to electronically manipulate the intermolecular
interactions without imposing steric hindrance. The 3D
packing framework of CFB reveals a circular void with dimen-
sions of 24.6 × 25.7 Å (Fig. 3d). Viewed from the c-axis, the
successive intersection of each circular ring with the other four
gives rise to a highly organized kaleidoscope-like 3D structure,
a feature previously unseen in any crystal structure within the
Y6-series NFAs.45–47 The intersecting regions within the circular
frameworks are predominantly composed of FIC end-group
acceptors, which form electron-transport channels along the
end-group stacking. These results demonstrated that C-shaped
A-DNBND-A-type derivatives are capable of forming ordered and
3D interpenetrating packing structures. The two substituents
on the central benzene ring could electronically and sterically
modulate the packing congurations.
Device characteristics

OPV devices with an inverted architecture of ITO/ZnO/active layer/
MoO3/Ag were fabricated. PM6was chosen as the p-type polymer to
blend with the three acceptors with an optimal weight ratio of 1 :
1.2 in wt%. The active layers were prepared by spin-coating
PM6:NFA solutions using o-xylene as the greener solvent without
any additive. The standard PM6:Y6-16-based device showed a Jsc of
26.37 mA cm−2, an FF of 74.48% and a Voc of 0.83 V with a PCE of
16.30%. CFB with two electron-withdrawing uorine atoms shows
a signicantly blue-shied absorption compared to Y6-16. Conse-
quently, the PM6:CFB device delivered a relatively lower Jsc of 24.00
mA cm−2. However, it showed a higher FF of 77.45% and an
improved Voc of 0.89 V, leading to a better PCE of 16.55%. This
suggests a reduction in energy loss for the CFB-based device, given
the identical LUMO energy level between CFB and Y6-16. It should
also be noted that the integrated Jsc extracted from the EQE
spectrum of the PM6:CFB device is larger than that of PM6:Y6-16
before 850 nm, indicating that the former exhibits superior charge
dynamics within its own absorption region. The PM6:CFB blend is
likely to exhibit a more favorable morphology for efficient charge
transport. As evidenced by its single-crystal structure, CFB with
uorine atoms may promote better alignment and packing of the
molecules within the active layer, facilitating more effective elec-
tron transport pathways. Additionally, the interaction between CFB
and the PM6 polymer matrix may lead to improved interfacial
properties, enhancing charge extraction efficiency and reducing
charge recombination.

CMB featuring electron-donating methyl groups enhances
absorption capability and upshis the LUMO energy level.
Consequently, the PM6:CMB-based device achieved a Jsc of
26.32 mA cm−2 and the highest Voc of 0.90 V, leading to
a comparable PCE of 16.46%. However, the FF of 69.50% is only
moderate, presumably due to the steric hindrance of the
dimethyl groups that cause inferior molecular packing of CMB
within the blend. Considering that the PM6:CFB device has
a higher Voc, and a higher integrated EQE Jsc before 840 nm, we
introduced CFB into the PM6:Y6-16 blend as a second acceptor
in an attempt to increase Voc and to complement the absorption
© 2025 The Author(s). Published by the Royal Society of Chemistry
range with Y6-16. By combining the absorption/EQE strength of
CFB in 500–800 nm and Y6-16 in 800–950 nm, the ternary
PM6:Y6-16:CFB (1 : 0.6 : 0.6 in wt%) device achieved a largely
improved Jsc of 27.32 mA cm−2 along with an improved Voc of
0.86 V, delivering a superior PCE of 17.83% that surpasses those
of both the binary PM6:Y6-16 and PM6-CFB devices. By a similar
strategy, through the introduction of Y6-16 to modulate the
intermolecular packing in the PM6:CMB blend, the ternary
PM6:Y6-16:CMB (1 : 0.6 : 0.6 in wt%) device exhibited a much
improved FF of 74.71% with a high Voc of 0.87 V, and a slightly
enhanced Jsc of 26.76 mA cm−2, achieving a PCE of 17.44% that
also outperforms both the binary PM6:Y6-16 and PM6-CMB
devices. The J–V curves and EQE spectra of the optimized
devices are shown in Fig. 4a–c with device parameters
summarized in Tables 2 and S2–S5.†
Charge dynamics analysis

To understand the charge recombination behaviors, the
dependence of light intensity on Jsc and Voc was investigated
and illustrated in Fig. 4d and e. According to the formula Jsc f
(Plight)

a, the slope of the natural logarithm of light intensity
versus Jsc yields the exponential factor a, which would be close to
1 if bimolecular recombination is effectively suppressed.51,52

The relationship of Voc and Plight followed the rule Voc f n(kT/q)
ln(Plight) and represented the possibility of trap-assisted
recombination.53 The a and n values are close to 1 for all the
devices (a = 0.936, 0.971, 0.977; n = 1.14, 1.11, 1.06 for
PM6:CMB, PM6:Y6-16 and PM6:CFB, respectively), indicating
a relatively low degree of bimolecular recombination and trap-
assisted recombination in the devices. Though having similar
absorption spectra, Y6-16 based devices showed better
suppression of both types of recombination compared to the
CMB-based devices, leading to a slightly higher Jsc and FF. The
CFB-based devices possessed the lowest degree of recombina-
tion, coinciding with the highest FF, again suggesting that the
relatively lower Jsc should mainly be attributed to the blue-
shied absorption.

To investigate the charge dissociation and charge collection
properties, the relationship of photocurrent density (Jph) versus
effective voltage (Veff) was evaluated.54 The ratio of Jsc to satu-
rated current density (Jsat) yields exciton dissociation efficiency
(Pdiss) while the ratio of Jmax to saturated current density (Jsat)
indicates charge collection efficiency (Pcoll). As depicted in
Fig. 4f, the CFB-based device possessed the highest value of
88.33% for Pcoll, which may be partially attributed to the better
lm morphology and higher FF. Although the CMB-based
device has a Pdiss value similar to that of the Y6-16 based device,
it shows a lower Pcoll, indicating that the slightly lower Jsc is
likely due to morphological issues rather than differences in
charge generation properties.

Transient photocurrent (TPC) and transient photovoltage
(TPV) measurements were conducted to gain insight into the
charge carrier dynamics for the OPVs. As shown in Fig. 4g, the
shortest charge extraction time of 0.34 ms, extracted by the
exponential decay tting of TPC data,55 was observed for
PM6:CFB based devices (compared to 0.39 ms and 0.37 ms for
Chem. Sci., 2025, 16, 3259–3274 | 3265
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Fig. 4 (a) J–V curves of PM6:Y6-16, PM6:CFB, PM6:CMB, PM6:Y6-16:CFB and PM6:Y6-16:CMB devices. EQE spectrum of (b) CFB-based
devices and (c) CMB-based devices. (d) Jsc versus light intensity, (e) Voc versus light intensity and (f) Jph versus Veff spectra for the PM6:CMB,
PM6:Y6-16 and PM6:CFB devices. (g) Transient photocurrent curves (dots) and corresponding fitting curves (solid lines) and (h) transient
photovoltage curves (circles) and corresponding fitting curves (solid lines) for the optimized binary devices. (i) SCLC electron and hole mobilities
of the optimized binary devices.
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PM6:Y6-16 and PM6:CMB-based devices), suggesting better
charge extraction ability. Meanwhile, the longest carrier lifetime
of 46.2 ms for the PM6:CFB-based device was extracted from TPV
measurements (compared to 44.4 ms and 36.7 ms for PM6:Y6-16
and PM6:CMB-based devices), indicating the lowest charge
recombination probability for this blend (Fig. 4h). The combi-
nation of more efficient charge extraction and the prolonged
carrier lifetime simultaneously contributes to the highest Pcoll
and well-suppressed charge recombination behaviors observed
in the PM6:CFB-based device. It should be noted that the
Table 2 Optimized device parameters for the binary and ternary OPVs

Active layer Blend ratio in wt% Voc [V] J

PM6:Y6-16 1 : 1.2 0.83 (0.83 � 0.01) 2
PM6:CFB 1 : 1.2 0.89 (0.89 � 0.01) 2
PM6:CMB 1 : 1.2 0.90 (0.89 � 0.01) 2
PM6:Y6-16:CFB 1 : 0.6 : 0.6 0.86 (0.867 � 0.004) 2
PM6:Y6-16:CMB 1 : 0.6 : 0.6 0.87 (0.875 � 0.002) 2

3266 | Chem. Sci., 2025, 16, 3259–3274
shorter charge carrier lifetime for PM6:CMB based devices may
explain their relatively larger recombination probability.

Moreover, space-charge-limited current (SCLC) measure-
ments were also conducted using both hole-only and electron-
only devices to evaluate charge transport properties.56 The
calculated hole/electron mobilities are 2.59 × 10−4/3.63 × 10−4,
2.46 × 10−4/3.55 × 10−4 and 2.36 × 10−4/3.52 × 10−4 cm2 V−1

s−1 for PM6:CFB, PM6:Y6-16 and PM6:CMB devices, respectively
(Fig. 4i). The CFB device exhibits the highest mobilities and the
most balanced electron-to-hole mobility ratio me/mh of 1.40,
sc [mA cm−2] FF [%] PCE [%]

6.37 (26.46 � 0.66) 74.48 (73.62 � 1.44) 16.30 (16.17 � 0.15)
4.00 (24.14 � 0.28) 77.45 (76.39 � 0.94) 16.55 (16.35 � 0.23)
6.32 (25.97 � 0.62) 69.50 (70.35 � 1.69) 16.46 (16.33 � 0.05)
7.32 (27.00 � 0.20) 75.61 (75.01 � 1.03) 17.83 (17.57 � 0.19)
6.76 (26.53 � 0.16) 74.71 (74.04 � 0.56) 17.44 (17.20 � 0.14)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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which corresponds to the highest PCE value. These ndings
suggest that incorporating small withdrawing F groups is an
effective strategy for reducing charge recombination losses.

For the ternary devices, the charge dynamics analysis is shown
in Fig. S6, S7 and Table S6.† Introduction of CFB into the PM6:Y6-
16 device resulted in a and n values approaching 1, an extended
charge carrier lifetime of over 60 ms, increased Pcoll, and higher
mobilities, contributing to a high Jsc above 27mA cm−2. Likewise,
the ternary PM6:Y6-16:CMB device also demonstrated enhanced
parameters, suggesting that incorporating CMB into the PM6:Y6-
16 device also effectively reduces charge recombination.
Energy loss analysis

To investigate the signicant improvement in Voc observed in
both CFB- and CMB-based devices compared to Y6-16, the total
Fig. 5 (a) Statistical diagram of the ratio of Eloss to Eg. (b) Schematic
decomposed into three DECT, DEr andDEnr terms. The cross-point of norm
PM6:CMB blend films is used to determine the Eg value. The fitting curves
used to determine the ECT value. (g) EQEEL spectra for all the optim
improvement and Eloss percentage decrease in the ternary devices com
spectra with exponential fitting results of the PM6:CFB and PM6:CMB b

© 2025 The Author(s). Published by the Royal Society of Chemistry
energy loss (Eloss) of the OPVs, dened by using the equation
Eloss = Eg − qVoc, was analyzed. The bandgap (Eg) values were
estimated from the cross-point of the normalized FTPS-EQE
and electroluminescence (EL) spectra,57,58 yielding values of
1.425, 1.482, and 1.420 for the PM6:Y6-16, PM6:CFB, and
PM6:CMB devices, respectively. Total Eloss is determined to be
0.598, 0.593, and 0.522 eV for PM6:Y6-16, PM6:CFB, and
PM6:CMB devices, respectively. Although both the CFB and
CMB-based devices exhibited lower Eloss compared to the Y6-16
based device, the reasons for the Voc improvement are different.
The higher Voc of the CFB-based device can be attributed to both
the larger bandgap and reduced Eloss, while the increased Voc of
the CMB-based device was solely due to the reduction in Eloss
because the Eg values of CMB and Y6-16 are the same. Since Voc
is determined by two factors (qVoc = Eg − Eloss), the plot of Eloss/
Eg values for the devices, shown in Fig. 5a, intuitively reects the
diagram of Eloss related parameters. (c) Statistical diagram of Eloss
alized FTPS-EQE and EL spectra of (d) PM6:Y6-16, (e) PM6:CFB, and (f)
are depicted as dashed lines, and the cross-point of the fitting curves is
ized devices. (h) Radar diagram of the OPV parameter percentage
pared with the PM6:Y6-16 based devices. (i) Normalized FTPS-EQE

lend films.
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Table 3 Detailed parameters of energy loss analysis of the binary and ternary OPVs

Active layer Eg
a [eV] Voc [V] ECT

b [eV] DECT
c [eV] DEr

d [V] DEnr
e [V] EQEEL Eloss [eV] Eu

f [meV]

PM6:Y6-16 1.425 0.827 1.378 0.047 0.261 0.287 1.46 × 10−5 0.598 24.39
PM6:CFB 1.482 0.889 1.440 0.042 0.266 0.284 1.58 × 10−5 0.593 23.62
PM6:CMB 1.420 0.898 1.390 0.030 0.261 0.231 1.24 × 10−5 0.522 24.92
PM6:Y6-16:CFB 1.428 0.867 1.391 0.037 0.265 0.259 4.19 × 10−5 0.561 23.94
PM6:Y6-16:CMB 1.421 0.875 1.388 0.033 0.269 0.244 7.25 × 10−5 0.546 24.04

a Bandgap was estimated from the cross-point of normalized FTPS-EQE and EL spectra. b ECT was obtained from the tting curves of normalized
FTPS-EQE and EL spectra. c DECT was determined from the equation DECT = Eg − ECT.

d DEr was determined from the equation DEr = ECT/q-Voc −
DEnr.

e DEnr was determined from EQEEL results, which followed the equation DEnr = (kT/q)ln(1/EQEEL).
f Eu was obtained by exponential tting of

the low-energy part of the FTPS-EQE spectra.
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magnitude of Voc. The smaller Eloss/Eg values of 0.37 and 0.40 for
the PM6:CMB and PM6:CFB devices correspond to higher Voc
values of 0.90 and 0.89 V, compared to PM6: Y6-16 (Eloss/Eg =

0.40, Voc = 0.83 V). The total Eloss can be further divided into
three components (Eloss = DECT + DEr + DEnr, Fig. 5b), as
detailed in Table 3 and Fig. 5c: charge generation loss (DECT),
radiative charge recombination (DEr), and non-radiative charge
recombination (DEnr).58–61 DECT is the difference between Eg and
ECT (charge transfer state) which can be estimated by tting
normalized FTPS-EQE and EL spectra,55,62,63 as depicted in
Fig. 5d–f and S8.† It should be noted that the PM6:CFB and
PM6:CMB devices exhibited higher-lying ECT compared to the
PM6:Y6-16 device, which resulted in reduced DECT. This
suggests a potential hybridization of the LE (localized excited)
and CT states64,65 and a further suppression of electron coupling
between the lowest CT state and the highest vibrational ground
state,66 which is one of the contributions to DEnr.66,67 DEnr was
experimentally obtained from EQEEL spectra (Fig. 5g) using the
equation DEnr = (kT/q)ln(1/EQEEL),68 resulting in values of 0.284
and 0.231 for the PM6:CFB and PM6:CMB-based devices,
respectively, which are smaller than the 0.287 observed for the
PM6:Y6-16-based device.

In the ternary devices, incorporating CFB and CMB into the
binary PM6:Y6-16 blend reduces DEnr to 0.259 eV and 0.244 eV,
and total Eloss to 0.561 eV and 0.546 eV, respectively, with the
latter having a more signicant effect, leading to much
improved Voc values of 0.86 V and 0.87 V compared to the binary
PM6:Y6-16 device (Voc = 0.83 V). Fig. 5h displays a radar
diagram illustrating the percentage improvements in OPV
parameters and the decrease in Eloss for the ternary PM6:Y6-
16:CFB and PM6:Y6-16:CMB devices compared to the reference
PM6:Y6-16-based device. The diagram clearly reveals that CMB
with electron-donating methyl groups signicantly suppress
Eloss and thus enhance Voc due to its electronic effects, whereas
CFB, with electron-donating uorine atoms, primarily opti-
mizes intermolecular packing, leading to improved Jsc and FF.

Device lm morphology analysis

To elucidate the packing features of the neat NFA lms as well as
blend lms with PM6, grazing incidence wide-angle X-ray scat-
tering (GIWAXS) experiments were carried out at the 25A1 coherent
X-ray scattering beamline of the Taiwan Photon Source (TPS). The
2D diffraction patterns as well as their corresponding 1D line-cut
proles in the in-plane (qxy) and out-of-plane (qz) directions are
3268 | Chem. Sci., 2025, 16, 3259–3274
depicted in Fig. 6. As illustrated in Fig. 6a, all the neat lms
exhibited a strong (010) diffraction peak in the qz direction, sug-
gesting the preference of face-on orientations of the NFAs.

Y6-16 exhibited a diffraction at qz = 1.79 Å−1 corresponding to
the smallest p–p stacking distance (dp) of 3.51 Å due to the
additional molecular interactions induced by the thiadiazole
group. CFB and CMB showed diffractions at qz= 1.77 Å−1 and 1.75
Å−1 corresponding to the larger p–p stacking distance of 3.55 Å
and 3.59 Å, respectively, suggesting that molecular interactions in
the neat lms follow the trend Y6-16 > CFB > CMB, which is
consistent with the trend observed in Dlmax in the absorption
spectra. Furthermore, the crystalline coherence lengths (CCL, Lc) of
p–p stacking (Lc p–p) in the neat lms, derived from the full width
at half maximum (FWHM) and listed in Table 4, show a gradual
increase from 14.50 Å for CMB, to 17.14 Å for CFB, and further to
17.67 Å for Y6-16. The GIWAXS patterns of PM6:Y6-16, PM6:CFB
and PM6:CMB blend lms exhibited similar face-on oriented p–p

stacking reection centered at 1.77 Å−1, 1.76 Å−1 and 1.74 Å−1,
corresponding to a gradually increased dp of 3.55 Å, 3.57 Å and
3.61 Å, respectively. In comparison to the as-cast neat lms, the
blend lms exhibit a slight increase in the dp due to the inter-
penetration of NFAs within the PM6 matrix, and the trend of the
p–p stacking distance in the blend lms aligns with that observed
in the neat lms. Besides, all the blend lms showed a distinct
(100) diffraction peak at qxy ∼0.30 Å−1 corresponding to the
lamellar side-chain packing of PM6 (Fig. 6b and c).

It is noteworthy that the Lc p–p of the PM6:CFB lm reaches
the highest value of 23.56 Å attributed to the more ordered
packing beneted from the uorine atoms. We also determined
the Urbach energy (Eu) by performing an exponential t on the
low photon energy region of the normalized FTPS-EQE spectra.
The results are provided in Table 3 and illustrated in Fig. 5i and
S9.† The smallest Eu value of 23.62 meV observed in the
PM6:CFB device suggests a higher degree of molecular order,
which is consistent with its largest Lc p–p value.25,33,34,69,70

In the ternary devices (Fig. 6d), the introduction of CFB into the
PM6:Y6-16 lm led to an increase in Lc in both the qxy and qz
directions, suggesting that CFB promotes higher crystallinity
within the blend, improving lm morphology and enhancing
charge transport dynamics.11 Similarly, the addition of CMB to the
PM6:Y6-16 lm demonstrated a similar effect, implying that CMB
also interacts well with both PM6 and Y6-16 in the ternary system.
However, the increased p–p stacking distance to 3.59 Å indicates
that the steric effect of the central dimethyl groups persists which
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) 2D GIWAXS patterns of neat Y6-16, CMB and CFB films. (b) 2D GIWAXS patterns of PM6:Y6-16, PM6:CMB and PM6:CFB blend films. (c)
The corresponding 1D profiles along the in-plane and out-of-plane direction. (d) 2D GIWAXS patterns of the ternary films. (e) Corresponding 1D
profiles of the ternary films along the in-plane and out-of-plane direction.
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may partly explain the slightly lower FF observed in the PM6:Y6-
16:CMB device compared to the PM6:Y6-16:CFB device.

Atomic force microscopy (AFM) was also used to examine the
morphology of the neat and blend lms. As depicted in Fig. 7,
both Y6-16 and CFB neat lms showed a very smooth surface
and root-meant-square (RMS) roughness of around 1 nm.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Despite the similar RMS in neat lms, the PM6:CFB lm
possessed a much smoother surface (RMS = 1.48 nm) with
a much clearer interpenetrating brillar structure than that of
the PM6:Y6-16 lm (RMS = 2.19 nm), indicating the better
interaction between CFB and PM6. As for CMB, both the neat
and blend lms have a relatively rougher RMS of 1.61 and 2.68
Chem. Sci., 2025, 16, 3259–3274 | 3269
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Table 4 The structural parameters deduced fromGIWAXS patterns of the neat NFA films as well as their blend films with PM6. The parameters qz
and qxy indicated the peak center in the in-plane and out-of-plane direction, respectively, and their corresponding d-spacing, dp, was also listed.
The crystal coherence length, Lc, was derived from the full-width at half-maximum (FWHM) dq using the Scherrer equation with a shape factor of
0.9

Film

In-plane reection peak Out-of-plane reection peak

qxy [Å
−1] dl [Å] dqxy [Å

−1] LC [Å] qz [Å
−1] dp [Å] dqz [Å

−1] LC [Å]

CMB 0.37 16.98 0.14 40.39 1.75 3.59 0.39 14.50
CFB 0.36 17.45 0.15 37.70 1.77 3.55 0.33 17.14
Y6-16 0.36 17.45 0.19 29.76 1.79 3.51 0.32 17.67
PM6:CMB 0.30 20.94 0.08 70.69 1.74 3.61 0.30 18.85
PM6:CFB 0.30 20.94 0.07 80.78 1.76 3.57 0.24 23.56
PM6:Y6-16 0.29 21.67 0.07 80.78 1.77 3.55 0.26 21.75
PM6:Y6-16:CMB 0.30 20.94 0.05 113.10 1.75 3.59 0.255 22.17
PM6:Y6-16:CFB 0.30 20.94 0.06 94.24 1.76 3.57 0.250 22.62

Fig. 7 AFM height images of (a) CFB and PM6:CFB, (b) Y6-16 and PM6:Y6-16, (c) CMB and PM6:CMB and (d) ternary blend films.
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nm, respectively, compared with the other two acceptors.
However, with the largest RMS, the PM6:CMB lm still pre-
sented a brillar structure, which may partially account for the
comparable performance with the PM6:Y6-16 device. It should
be noted that the introduction of CFB into the PM6:Y6-16 blend
led to a dramatic decrease in roughness (RMS = 1.67 nm,
Fig. 7d) and the appearance of a much clearer andmore delicate
brillar network structure.28,38 This suggests that CFB may
enhance interactions in the PM6:Y6-16:CFB blend, contributing
to the high FF and improved performance. A similar phenom-
enon was observed aer introducing CMB into the PM6:Y6-16
blend (Fig. 7d), indicating that CMB also interacts effectively
with both PM6 and Y6-16 in this system.

Contact angle measurements of the neat lms of the NFAs and
PM6 were conducted to obtain the Flory–Huggins interaction
parameter (c), which was used to evaluate the miscibility between
donor–acceptor and acceptor–acceptor pairs (Fig. S10 and Table
S7†). The c values between PM6 and CFB, Y6-16, and CMB are
0.24, 0.35, and 0.55, respectively. The gradually increasing c values
3270 | Chem. Sci., 2025, 16, 3259–3274
suggest a decrease in miscibility between the donor and acceptor,
which correlates well with the ll factor (FF) results. Moreover, the
small c value between Y6-16 and either CFB or CMB indicates good
miscibility between the NFAs and explains the improved FF in the
ternary system. Considering all morphological analyses, we can
infer that the disubstituted C-shaped o-BDP skeletons of CFB and
CMB play a crucial role in their effective interactions with both
PM6 and Y6-16 in the ternary system, contributing to the signi-
cant improvement in PCE for the ternary devices.
Conclusions

Elimination of the A0 unit in Y6-series A-DNA
0
ND-A type structures

enables the introduction of two new non-aromatic substitutions
on the central o-benzodipyrrole core, while preserving its C-sha-
ped molecular skeleton. In this work, we designed and synthe-
sized two CB-based A-DNBND-A-type architecture NFAs, CFB and
CMB, by introducing two F atoms and methyl groups on the
central benzene ring, respectively. The electron-withdrawing F
© 2025 The Author(s). Published by the Royal Society of Chemistry
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atoms in CFB reduce the electron-donating strength of the o-BDP
unit and weaken the ICT effect, leading to a larger bandgap,
a blue-shied absorption spectrum and a downshied HOMO
energy level. Conversely, the electron-donating methyl groups in
CMB result in upshied HOMO/LUMO energy levels, a narrower
band gap and a red-shied absorption spectrum compared to
those of Y6-16. The high electronegativity and compactness of F
atoms facilitate intermolecular interactions without sterically
affecting molecular self-assembly, leading to a highly ordered
kaleidoscope-like 3D packing network with shorter p–p stacking
distances in the single crystal structure. These characteristics
reduce charge recombination, enhance charge mobilities and
elongate carrier lifetime in the devices. In contrast, CMB forms
a more complicated 3D structure with ve dimeric p–p stacking
modes due to the steric effect of the dimethyl o-BDP moiety.

Compared to the PM6:Y6-16 device, the binary PM6:CFB
device exhibited a higher Voc of 0.89 V, the highest FF of 77.45%
but a lower Jsc of 24 mA cm−2, whereas the binary PM6:CMB
device exhibited the highest Voc of 0.90 V, a Jsc of 26.32 mA cm−2

but a lower FF of 69.50%. To leverage the advantages of both CFB
and CMB, the ternary PM6:Y6-16:CFB and PM6:Y6-16:CMB
devices were fabricated and optimized. With CFB's excellent
charge generation, transport, and collection properties, along
with its highly ordered packing and well-dened brillar struc-
ture when blended with PM6, the ternary PM6:Y6-16:CFB device
showed a signicant increase in Jsc to 27.32 mA cm−2, coupled
with a moderate improvement in Voc to 0.86 V, resulting in the
highest PCE of 17.83% in comparison with the standard PM6:Y6-
16 device. CMB demonstrates a superior ability to suppress Eloss,
particularly by reducing DEnr. Consequently, the PM6:Y6-16:CMB
device effectively improved the Voc to 0.87 V, along with
a moderate enhancement in Jsc, yielding a PCE of 17.44%. The
enhanced performance of the ternary devices suggests that the
disubstituted o-BDP skeleton in both CFB and CMB plays a key
role in forming a compatible morphology with both PM6 and Y6-
16, thereby maximizing device parameters. Furthermore, the use
of a greener nonhalogenated solvent for device fabrication
underscores the potential for eco-friendly processing procedures
to mitigate toxicity concerns. Substituting the central benzene
ring of these C-shaped o-BDP-based A–D–A type NFAs provides
valuable insights into the structure–property relationship and
offers new avenues for tailoring intrinsic properties and molec-
ular self-assembly that can achieve higher OPV performance with
reduced charge recombination and energy loss.
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