
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 4
/1

6/
20

26
 1

2:
12

:1
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Effect of halogen
aDepartment of Applied Chemistry, Nationa

University Road, Hsinchu, 30010, Taiwan. E
bDepartment of Chemistry, Center for Em

National Taiwan University, No. 1, Sec. 4,

E-mail: chop@ntu.edu.tw
cDepartment of Materials Engineering and O

Chi University of Technology, New Taipei C
dNational Tsing Hua University, Institute of P

Taiwan
eNational Taiwan University, Instrumentati

Taipei, 10617, Taiwan
fNational Yang Ming Chiao Tung University

Science, 1001 University Road, Hsinchu, 30

Cite this: Chem. Sci., 2025, 16, 17391

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 5th July 2025
Accepted 24th August 2025

DOI: 10.1039/d5sc04976h

rsc.li/chemical-science

© 2025 The Author(s). Published by
/chalcogen substitution on the
dielectric constant of asymmetric acceptor alloy to
improve the efficiency and stability of inverted
organic photovoltaics
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Bing-Huang Jiang,c Chia-Lin Tsai,a Yu-Chi Huang,a Hong-Yi Chen,a

Shang-Da Yang, d Su-Ying Chien,e Chih-Ping Chen, c Pi-Tai Chou *b

and Yen-Ju Cheng *af

The dielectric constant (3r) of non-fullerene acceptors is a key parameter in organic solar cells, significantly

influencing exciton dissociation efficiency and charge recombination dynamics. Substituting bromine,

characterized by moderate electronegativity and high polarizability, at the o-benzodipyrrole core of

acceptors effectively modulates their optical properties, molecular packing, and dielectric constants. The

asymmetric monobrominated CBrB–Cl acceptor exhibits a more red-shifted absorption spectrum,

enhanced crystallinity, and a higher 3r of 3.92, contributing to a high efficiency of 17.69% in the inverted

PM6:CBrB–Cl device. Further, a selenium-incorporated CB–Se acceptor was selected to form a well-

matched dual asymmetric acceptor alloy. The combination of heavy bromine and selenium atoms in the

CBrB–Cl:CB–Se alloy increase the 3r of the PM6:CBrB–Cl:CB–Se blend film to 4.23, which in turn

reduces exciton binding energy, promotes efficient charge separation, and suppresses charge

recombination, as evidenced by a faster charge separation time (srise = 0.39 ps) and a longer charge

carrier lifetime (sdecay = 309 ps). The inverted PM6:CBrB–Cl:CB–Se device achieved a high PCE of

18.33%, which is considered to be one of the highest among inverted OPV devices. This work reveals

that bromine/selenium substitution enhances the dielectric constant and crystalline packing, thereby

advancing molecular design and improving device performance.
1. Introduction

Organic photovoltaics (OPVs) have made signicant progress in
recent years, largely due to the development of Y6-based non-
fullerene acceptors (NFAs).1 Y6 and its derivatives feature an A–
DNA0

ND–A structure, with a central ortho-benzodipyrrole (o-BDP)
core vertically fused to a thiadiazole unit (A0) and a curved C-
shaped conformation. Structural optimization of the Y6 back-
bone has enabled the development of high-performance NFAs,2–7
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achieving power conversion efficiencies (PCEs) over 18% in
conventional devices.6,7 Further enhancement of PCEs of OPVs is
hindered by signicant energy losses, primarily stemming from
the intrinsically low dielectric constant (3r) of organic semi-
conductors.8,9 The 3r, dened as the relative permittivity of
a material compared to vacuum, reects its ability to store electric
ux. Coulombically bound electron–hole pairs (excitons) are
initially generated under photoexcitation. Efficient exciton
dissociation into free charge carriers is crucial and is strongly
inuenced by the exciton binding energy (Eb), which is inversely
proportional to the 3r of the material (Eb f 1/3r).10 Inorganic solar
cells, such as silicon and gallium arsenide, typically possess high
3r values of 12,11,12 while emerging perovskite materials exhibit
even higher values of ca. 30,13 enabling spontaneous exciton
dissociation. However, most organic semiconductors exhibit
relatively low 3r values of 3–4,14 resulting in strong coulombic
attraction and signicant non-radiative recombination losses.
Halogen engineering of organic semiconductors, particularly
through bromine substitution, has emerged as an effective
strategy to increase the dielectric constant.15,16 Compared to
uorine and chlorine, bromine has lower electronegativity (4.0 for
Chem. Sci., 2025, 16, 17391–17407 | 17391
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F and 3.2 for Cl vs. 2.8 for Br) and a larger atomic radius (0.071 for
F and 0.099 for Cl vs. 0.114 nm for Br), resulting in a more
polarizable electron cloud. The high polarizability facilitates
stronger intermolecular interactions via improved p/p-orbital
overlap, promoting enhanced crystallinity and charge
transport.15–18 More importantly, the polarizability of bromine
increases the dielectric constant, thereby lowering exciton
binding energy, suppressing charge recombination, and
improving charge extraction efficiency.15–17

Despite the remarkable success of Y6 derivatives, the
synthesis of DA0D cores via Cadogan cyclization under harsh
conditions remains a synthetic challenge.19,20 Furthermore,
introducing halogen atoms into the fully substituted Tz-based
DNA0

ND core is not possible, with substitution only limited to
the end groups.21,22 To address this challenge, we recently
developed a structurally simplied A–DNBND–A-type NFA,
CB16,23 which retains the C-shaped skeleton of Y6 while
removing the Tz moiety. CB16 exhibited performance compa-
rable to its Y6-based counterpart, highlighting the critical role
of the C-shaped framework in promoting 3D grid-like packing
motifs that enable efficient multidirectional electron trans-
port.23 Further molecular engineering of the CB-series archi-
tecture expands the structural scope for developing high-
performance A–D–A-type NFAs.24,25 The removal of the thiadia-
zole (Tz) unit from the A–DNA0

ND–A framework exposes two
unsubstituted sp2-carbons on the central benzene core, making
halogenation of the o-BDP unit possible and thereby opening up
a new arsenal for modulating the properties of C-shaped A–D–A
type NFAs.26,27 Recently, we reported a central diuorinated A–
DNBND–A-type acceptor denoted as CFB.27 Although CFB
exhibits a blue-shied absorption spectrum due to the reduced
electron-donating ability of the o-BDP unit, the central uorine
atoms enhance intermolecular interactions, and promote more
ordered 3D intermolecular packing, effectively suppressing
charge recombination in the PM6:CFB device. Unlike the chal-
lenging synthesis of uorinated o-BDP-based cores,27 the o-BDP
unit offers an ideal scaffold for high-yield electrophilic aromatic
bromination, owing to the para-directing activation by nitrogen
atoms. Asymmetrizing the central ladder-type p-core of A1–

D1A0D2–A2 NFAs, where either D1 and D2 or A1 and A2 differ
structurally, has been shown to improve OPV performance by
optimizing molecular packing and increasing both the dipole
moment and dielectric constant.28–31 Introducing asymmetry
into the central o-BDP moiety via mono-bromination for
improving the dielectric constant without altering the overall
molecular geometry of the A–DNBND–A-type structure, repre-
sents a promising yet unexplored design strategy.

In this study, we strategically designed monobrominated and
dibrominated DNBND cores, both synthesized efficiently through
direct bromination of the formylated DNBND core with high
yields. These cores were subsequently condensed with uori-
nated indanone (FIC) to produce the symmetric CBr2B and the
asymmetric CBrB. The inuence of Br substitution andmolecular
asymmetry on the electronic, optical and packing properties has
been systematically investigated. Bromine's weaker electron-
withdrawing nature helps mitigate the issue of blue-shied
absorption in CFB while maintaining favorable interactions
17392 | Chem. Sci., 2025, 16, 17391–17407
with PM6. Furthermore, to enhance intermolecular interactions
and intramolecular charge transfer, the FIC end-group in CBrB
was replaced with a chlorinated end-group Cl–IC, yielding
another asymmetric CBrB–Cl (Fig. 1). In comparison, CBrB–Cl
exhibits amore red-shied absorption spectrum (lmax= 801 nm),
larger dielectric constant of 3.92 (Fig. 1) and higher crystallinity.
Inverted OPVs generally exhibit superior stability under ambient
conditions.32,33 However, their efficiencies typically lag behind
those of conventional OPVs by 1–2%.34–36 The processing of CB-
series NFAs requires thermal annealing but eliminates the need
for additives, making them well-suited for the fabrication of
inverted device architectures.23 Consequently, the inverted binary
PM6:CBrB–Cl device delivers the highest PCE of 17.69%. Besides
molecular engineering, acceptor alloy, comprising a blend of two
distinct NFA materials within the active layer, has emerged as an
effective strategy to enhance the efficiency of OPV devices by
combining the advantages of each acceptor component.37,38 We
then introduced another asymmetric CB–Se as a secondary
acceptor aiming to further enhance intermolecular interactions
via selenium substitution (see Fig. 1).25 The formation of dual
asymmetric CBrB–Cl:CB–Se acceptor alloy in the ternary blend
capitalizes on the complementary properties of the individual
acceptors, including optimized energy level alignment, broad-
ened absorption spectra (lmax of CB–Se at 819 nm), and more
orderedmolecular packing, resulting in efficient charge transport
andminimized energy losses.More importantly, the combination
of bromine and selenium atoms in alloy enhances the overall
dielectric constant (3r = 4.23) of the PM6:CBrB–Cl:CB–Se blend
lm, which in turn reduces exciton binding energy, promotes
efficient charge separation, and suppresses charge recombina-
tion, as evidenced by a faster charge separation time (srise = 0.39
ps) and a longer charge carrier lifetime (sdecay = 309 ps) from
transient absorption spectroscopy. The inverted device using
ternary PM6:CBrB–Cl:CB–Se blend achieved simultaneous
enhancements in Voc, Jsc, and FF with an impressive PCE of
18.33%. This value represents one of the highest PCEs reported
for inverted devices in the literature (see Table S8). It is important
to note that the high-performance devices were fabricated by
a greener solvent, o-xylene, rather than halogenated toxic
solvents. The formation of the asymmetric alloy also results in
a higher glass transition temperature (Tg) compared to each
individual component due to the heteroatom interactions,
thereby enhancing the thermal stability of the device.39,40

2. Results and discussion
2.1 Synthesis

The synthetic routes of CBr2B, CBrB and CBrB–Cl are depicted
in Scheme 1. Compound 1 was synthesized following proce-
dures described in the literature.23 Grignard reaction of
compound 1 by isopropyl magnesium chloride lithium chloride
complex followed by transmetalation with ZnCl2 resulted in TT-
ZnCl, which was further reacted with 2,3-dibromo-1,4-
diiodobenzene through Negishi coupling reaction to afford
tetrabrominated compound 2 in a yield of 68%.

Palladium-catalyzed Buchwald–Hartwig amination of
compound 2 with 2-hexyldecyl amine constructed the central o-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Rational design and chemical structures of halogen-engineered acceptors: CBr2B, CBrB, and CBrB–Cl; acceptor alloying strategy of
CBrB–Cl and CB–Se; and comparison of dielectric constants for the neat acceptor films and their blends with PM6.
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benzodipyrrole moiety in compound 3. Vilsmeier reaction of
compound 3 led to the formation of formylated compound 4.
Direct bromination of compound 4 using four or one equivalent
of N-bromosuccinimide (NBS) in the presence of ferric chloride
efficiently produced the dibrominated compound 5a and the
monobrominated compound 5b, with yields of 95% and 90%,
respectively. Subsequent condensation of 5a and 5b with FIC
afforded CBr2B and CBrB, respectively. Additionally, conden-
sation of 5b with Cl–IC resulted in the asymmetric CBrB–Cl.
2.2 Optical, electrochemical and thermal properties

The absorption spectra are illustrated in Fig. 2a with the
parameters summarized in Table 1. Our previous research
demonstrated that increasing the electron-withdrawing nature
of the heterocycle A0 or the substituents on the o-BDPmoiety led
to a blue shi in the absorption spectrum.27 CBr2B exhibits
Scheme 1 Synthetic routes for center-brominated CBr2B, CBrB and CB

© 2025 The Author(s). Published by the Royal Society of Chemistry
a more blue-shied absorption maximum (lmax) at 710 nm in
chloroform compared to Y6–16, which shows lmax at 734 nm,
indicating that the stronger electron-withdrawing effect of the
two bromine atoms in CBr2B relative to the thiazole (Tz) unit in
Y6–16. It is worth noting that the absorptionmaximum of CBr2B
is slightly red-shied compared to its diuorinated analog, CFB
(lmax at 704 nm),27 suggesting that introducing a weaker
electron-withdrawing bromine indeed can extend the absorp-
tion range of o-BDP-based NFAs. Further reducing electron-
withdrawing ability by removing one bromine from CBr2B,
forming CBrB, results in a consistent red-shied lmax to
718 nm. Additionally, replacing FIC with Cl–IC results in the
most red-shied lmax at 734 nm for CBrB–Cl, due to the
enhanced intramolecular charge transfer (ICT) effect from the
fused backbone to the terminal accepting unit. On the other
hand, all three NFAs show a signicantly red-shied absorption
rB–Cl.

Chem. Sci., 2025, 16, 17391–17407 | 17393
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Fig. 2 (a) Normalized absorption spectra of CBr2B, CBrB and CBrB–Cl in chloroform and in film state. (b) Energy levels diagram of PM6, CBr2B,
CBrB, CBrB–Cl and CB–Se obtained from cyclovoltammetry. (c) DSC measurements of CBr2B, CBrB and CBrB–Cl with a ramping rate of 10 °
C min−1. Optimized molecular geometries with corresponding dipole moments and electrostatic potential (ESP) distributions for (d) CBr2B, (e)
CBrB, and (f) CBrB–Cl.
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maximum when transitioning from chloroform solution to the
lm state, with Dl max values ranging between 60 to 70 nm,
indicating strong intermolecular interactions among the three
brominated NFAs. To determine HOMO/LUMO energy levels of
CBr2B, CBrB and CBrB–Cl, cyclic voltammetry was employed
(Fig. S1) with the resulting energy level diagrams illustrated in
Fig. 2b. CBr2B exhibits a deeper HOMO energy level of −5.83 eV
and a similar LUMO energy level of −4.01 eV compared to Y6–
16, indicating that dibromo atoms may have stronger electron-
withdrawing ability over the thiadizole moiety. As a result, the
removal of one central bromine elevates both HOMO and
LUMO energy levels in CBrB, which is benecial for increasing
the Voc value. CBrB–Cl exhibits deeper HOMO and LUMO
Table 1 Summary of optical and electrochemical properties of CBr2B, C

NFA
Extinction coefficienta

[×105 cm−1 M−1]

lmax [nm]

Dl [nm] loSolu Film

CBr2B 1.46 710 775 65 86
CBrB 1.68 718 782 64 86
CBrB–Cl 1.72 734 801 67 88

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

17394 | Chem. Sci., 2025, 16, 17391–17407
energy levels compared to CBrB. However, the difference in
LUMO energy between CBrB and CBrB–Cl is larger than that in
HOMO energy, resulting in a narrower bandgap for CBrB–Cl,
which is advantageous for reducing energy loss.

To assess the thermal properties, hence the stability of the
brominated acceptors, thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) were conducted (Fig. S2
and 2c). All three NFAs exhibit high decomposition tempera-
tures (Td) around 330 °C, indicating excellent thermal stability.
The melting temperatures (Tm) of the NFAs differ signicantly.
CBrB shows a Tm of 217.3 °C with a fusion enthalpy (DHm) of
12.9 J g−1 compared to CBr2B with a higher Tm of 224 °C and
a fusion enthalpy of 14.3 J g−1, suggesting stronger
BrB and CBrB–Cl

nset
b [nm] Eoptg

c [eV] HOMOd [eV] LUMOd [eV] Eeleg
d [eV]

0 1.44 −5.83 −4.01 1.82
8 1.43 −5.79 −3.99 1.80
2 1.41 −5.81 −4.02 1.79

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

© 2025 The Author(s). Published by the Royal Society of Chemistry
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intermolecular interactions due to the additional bromine atom
and the more symmetric structure. For CBrB–Cl, replacing FIC
with Cl–IC further enhances intermolecular interactions,
resulting in the highest Tm of 267.7 °C and the greatest fusion
enthalpy of 20.11 J g−1, even surpassing that of the symmetric
CBr2B. The observed trend in Tm and DHm (CBrB–Cl > CBr2B >
CBrB) aligns well with the trend in Dlmax, fully correlating the
relationship between molecular structure, intermolecular
interactions, and optical properties.
2.3 Computational frontier molecular orbitals and dielectric
constants

Theoretical calculations were performed at the B3LYP/6-
311G(d,p) level of theory to obtain the frontier molecular
orbitals and electrostatic potential (ESP) diagrams of CBr2B,
CBrB, and CBrB–Cl, as shown in Fig. S3 and 2d–f. To simplify
the computational process, all side chains were replaced with
methyl groups. Compared to CBr2B, CBrB exhibits elevated
LUMO and HOMO energy levels, indicating that the removal of
one bromine atom from the o-BDP moiety effectively reduces
the central electron-withdrawing effect. This impact is more
pronounced on HOMO energy, resulting in a narrower bandgap
for CBrB. Additionally, replacing the terminal group FIC with
Cl–IC in CBrB–Cl leads to a downshi in both HOMO and
LUMO energy levels at −5.93 eV and −3.87 eV, respectively.
Notably, the downshi effect is more signicant for the LUMO,
attributed to the increased electron density localization on the
terminal group, which further narrows the bandgap of CBrB–Cl.
The inuence of bromine atom removal is also evident in the
ESP distribution analysis (Fig. 2d–f). Asymmetric CBrB and
CBrB–Cl display negative ESP on the bromine atoms and posi-
tive ESP on the hydrogen atoms of the o-BDP moiety, leading to
an uneven ESP distribution along the molecular backbone. The
molecular dipole moment (m) of the symmetric CBr2B was
calculated to be 0.32 debye. In contrast, the asymmetric CBrB,
which eliminates one bromine atom, exhibits a signicantly
higher m of 0.84 debye. Substituting the uorine atoms in CBrB
with chlorine to form CBrB–Cl further increases the dipole
moment to 1.27 debye. This substantially larger m in CBrB–Cl
may enhance intermolecular interactions and lead to a different
molecular packing pattern compared to the other two NFAs.
Another asymmetric NFA, CB–Se, shows a m of 1.44 debye, which
is comparable to that of CBrB–Cl, and was therefore selected as
the acceptor alloy counterpart for CBrB–Cl, which will be di-
scussed in the following sections. The dielectric constants (3r) of
the three materials were measured by electrochemical imped-
ance spectroscopy to further investigate the effect of heavier
heteroatoms. Compared to CBrB, which has a lager dipole
moment and a 3r of 3.63, CBr2B exhibits an even higher 3r of
3.89. This result is likely due to the increased polarizability
introduced by the additional bromine atom, which is another
factor that would affect the value of 3r. Similarly, CBrB–Cl shows
an even higher 3r of 3.92, which may be attributed to the larger
dipole moment of the C–Cl bond. The CB–Se containing a more
polarizable selenium atom shows the highest 3r of 4.04. Adding
CB–Se into CBrB–Cl with a ratio of 1 : 3 also enhances the 3r to
© 2025 The Author(s). Published by the Royal Society of Chemistry
4.00. The increased 3r values could contribute to a reduction in
exciton binding energy, thereby facilitating exciton dissociation
and enhancing charge transport dynamics.8–10
2.4 Molecular packing in single crystals

To investigate the inuence of di- andmono-bromination in the
o-BDP core on molecular packing behavior and to elucidate the
intermolecular interactions modulated by halogenation, single
crystals of CBr2B, CBrB, and CBrB–Cl were grown and analyzed
using X-ray diffraction. The crystals were obtained via the vapor
diffusion method under dark conditions, and their crystallo-
graphic parameters are summarized in Table S1. As shown in
Fig. 3a, the symmetric CBr2B molecule exhibits a p-core torsion
angle (q) of 4.25°, along with small dihedral angles (F) between
the DNBND core and the two outer A units, both measuring less
than 2.20°, indicating a high degree of coplanarity. In contrast,
the asymmetric CBrB displays similarly small F values but
features amore twisted central core, with an increased q value of
7.03°. This torsion is likely due to the signicant size difference
between the hydrogen and bromine atoms on the o-BDPmoiety.
Notably, CBrB–Cl presents the most planar central core, with
the smallest q value of 1.07° and F values around 1.00°, sug-
gesting that the introduction of the Cl–IC unit strengthens
intermolecular interactions, thereby inuencing the overall
molecular conformation.

Driven by multiple p–p interactions, CBr2B, CBrB, and
CBrB–Cl molecules self-assemble into a grid-like, three-
dimensional interpenetrating network, creating multiple path-
ways for electron transport (Fig. 3b). Interestingly, CBr2B and
CBrB exhibit remarkably similar packing characteristics.
Within the unit cells of both CBr2B and CBrB (Fig. 3c and d), six
molecules are accommodated, forming ve distinct dimeric
packing modes: the S-shaped TT-1 mode (terminal-to-terminal,
TT), the U-shaped TT-2 mode, the V-shaped CT-1 mode (core-to-
terminal, CT), the M-shaped CT-2 mode, and the Y-shaped CC-
TT mode (core-to-core, CC). Notably, in the CC-TT mode of
CBr2B, the two molecules are slightly offset to minimize steric
hindrance derived from the four bromine atoms. In contrast,
CBrB molecules exhibit a shorter p–p stacking distance and
greater overlap in the CC–TT mode. Additionally, the void
spaces in the overall packing pattern of CBrB are slightly
smaller than those observed in CBr2B, suggesting a more
compact molecular arrangement in the asymmetric NFA. In
contrast, CBrB–Cl, featuring a Cl–IC end-group, exhibits
dramatic changes in its overall packing pattern (Fig. 3b).
Compared to CBrB, CBrB–Cl displays a kaleidoscope-like
packing network with a reduced number of dimeric packing
modes, indicative of increased packing order and crystallinity.25

Within the unit cell of CBrB–Cl (Fig. 3c and d), only the S-
shaped TT-1 mode, M-shaped CC–TT mode, and S-shaped
CT–CT modes are observed. The emergence of the CT–CT
mode is associated with the Cl–IC unit, which enhances inter-
molecular interactions between the bromine atom on the
central unit and the chlorine atom on the terminal group. The
bromine-chlorine short contact approximates the sum of the
van der Waals radii of these atoms, suggesting strong non-
Chem. Sci., 2025, 16, 17391–17407 | 17395
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Fig. 3 (a) The monomolecular crystallographic structure of CBr2B, CBrB, and CBrB–Cl single crystals. (b) Top views of the 3D interpenetrating
packing patterns of CBr2B, CBrB, and CBrB–Cl single crystals. (c) Packing arrangements within each unit cell, accompanied by corresponding
enlarged side views of CBr2B, CBrB, and CBrB–Cl single crystals. (d) Dimeric packing modes within each unit cell of CBr2B, CBrB, and CBrB–Cl
single crystals. For clarity, all alkyl side chains are omitted.
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covalent interactions. In addition, the packing coefficients of
the single crystals were calculated using Platon soware to
further investigate the packing density of the three brominated
NFAs. Compared to CBr2B, which exhibits a packing coefficient
of 63.7%, CBrB shows a higher value of 64.7%, indicating
a denser overall packing, consistent with its smaller void space
as discussed above. Furthermore, CBrB–Cl displays the highest
packing coefficient of 66.9% among the three NFAs, suggesting
its most tightly packed crystal structure. The formation of CT–
CT dimeric packing congurations, strengthened by bromine-
chlorine interactions, along with the densely packed and
highly ordered structure of CBrB–Cl, is expected to signicantly
enhance charge transfer efficiency.41,42
17396 | Chem. Sci., 2025, 16, 17391–17407
2.5 Device characteristics

In this study, OPV devices were fabricated using an inverted
architecture (ITO/ZnO/active layer/MoO3/Ag). PM6 was
employed as the p-type donor material, blended with the three
NFAs at a weight ratio of 1 : 1.2. The active layers were prepared
by spin-coating PM6:NFA solutions in the non-halogenated
solvent o-xylene, without adding any additives. The J–V curves
and EQE spectra of the devices are presented in Fig. 4a, with
corresponding photovoltaic parameters summarized in Table 2.
The PM6:CBr2B-based device exhibits a high Voc of 0.89 V, an
excellent FF of 74.82%, and a moderate Jsc of 24.88 mA cm−2,
resulting in a PCE of 16.57%. The moderate Jsc of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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PM6:CBr2B device is primarily attributed to the blue-shied
absorption range rather than issues with charge dynamics, as
evidenced by the high EQE values exceeding 83% across the
absorption spectrum of CBr2B (Fig. 4b). CBrB features an
asymmetric structure, formed by the removal of one central
bromine atom, which enhances the intramolecular charge
transfer (ICT) effect, upshis the LUMO energy level, and red-
shis its absorption spectrum. As a result, the PM6:CBrB-
based device exhibits a signicantly improved Jsc of 25.78 mA
cm−2, along with an elevated Voc of 0.90 V and a FF of 74.72%,
resulting in an enhanced PCE of 17.28%. Notably, the
improvement in Jsc is achieved without compromising Voc or FF,
highlighting the critical role of carefully tuning the electron-
withdrawing ability of o-BDP-based NFAs. This advancement,
accomplished through precise control of bromination, under-
scores the great potential of the o-BDP central core for molec-
ular design in high-performance inverted OPVs.

More encouragingly, the PM6:CBrB–Cl-based device ach-
ieved an even higher PCE of 17.69%, accompanied by an
impressive Jsc of 26.39 mA cm−2, while maintaining a Voc of
0.90 V and a high FF of 74.93%. Beyond the red-shied
absorption induced by the Cl–IC unit, the highly ordered
packing structure observed in the single crystal of CBrB–Cl
Fig. 4 (a) J–V curves and (b) EQE spectra of optimized PM6:CBr2B, PM6:
diagram of the OPV parameters in the PM6:CBrB–Cl:CB–Se device comp
(e) Jsc versus light intensity and (f) Jph versus Veff diagrams of the optimized
mobilities of the optimized binary and ternary devices obtained by SC
photovoltage (TPV) with their corresponding fitting curves (solid curve
based devices.

© 2025 The Author(s). Published by the Royal Society of Chemistry
likely contributes to the enhanced Jsc. Through meticulous
molecular design, we thus successfully overcome the typical
trade-off between Voc and Jsc. Furthermore, the retention of
a high Voc despite the deeper LUMO energy level of CBrB–Cl
indicates a signicant reduction in energy loss. From CBr2B to
CBrB–Cl, the Jsc improves by 6.1% without compromising Voc,
demonstrating the effectiveness of our halogen-engineering in
ne-tuning the properties of o-BDP-based NFAs. Beyond
molecular-level engineering, the acceptor alloy strategy has
emerged as an effective approach to ne-tune the properties of
OPV devices.37–40 To further enhance device performance, we
explored an acceptor alloy system combining CBrB–Cl and CB–
Se,25 both asymmetric o-BDP-based NFAs. CB–Se features
a slightly higher LUMO energy level and a marginally red-
shied absorption peak relative to CBrB–Cl, while both share
similar optimal thermal annealing window with PM6 at around
150–160 °C.25 These complementary characteristics make CB–Se
an ideal alloying component with CBrB–Cl to optimize the
active layer morphology and electronic properties. Utilizing the
non-halogenated solvent o-xylene, the optimized PM6 : CBrB–
Cl : CB–Se (1 : 0.9 : 0.3) acceptor alloy delivered a remarkable
PCE of 18.33%, accompanied by a signicantly enhanced FF of
CBrB, PM6:CBrB–Cl and PM6:CBrB–Cl:CB–Se based devices. (c) Radar
ared with the PM6:CBrB–Cl based device. (d) Voc versus light intensity,
binary and ternary devices. (g) Schematic diagramof electron and hole
LC measurements. (h) Transient photocurrent (TPC) and (i) transient
s) of PM6:CBr2B, PM6:CBrB, PM6:CBrB–Cl and PM6:CBrB–Cl:CB–Se
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Table 2 Optimized device parameters for the binary and ternary OPVs

Active layer
Blend ratio
in wt% Voc [V] Jsc [mA cm−2]

Jsc,EQE [mA cm−2]
(error%) FF [%] PCE [%]

PM6:CBr2B 1 : 1.2 0.892 (0.896 � 0.004) 24.88 (24.57 � 0.26) 24.24 (2.57) 74.82 (74.59 � 0.47) 16.57 (16.40 � 0.12)
PM6:CBrB 1 : 1.2 0.901 (0.897 � 0.003) 25.78 (25.73 � 0.14) 25.19 (2.23) 74.72 (74.53 � 0.35) 17.28 (17.115 � 0.10)
PM6:CBrB–Cl 1 : 1.2 0.897 (0.896 � 0.007) 26.39 (26.22 � 0.13) 25.67 (2.28) 74.93 (74.78 � 0.54) 17.69 (17.54 � 0.10)
PM6:CBrB–Cl:CB–Se 1 : 0.9 : 0.3 0.904 (0.899 � 0.003) 26.69 (26.84 � 0.12) 26.11 (2.17) 76.35 (75.01 � 0.70) 18.33 (18.04 � 0.19)
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76.35% and simultaneous improvements in Voc of 0.904 V and
Jsc of 26.69 mA cm−2.

All the key parameters of the ternary device apparently
surpass those of the binary PM6:CBrB–Cl device as shown in the
radar diagram in Fig. 4c. The results demonstrate that carefully
engineered acceptor alloys synergistically optimize charge
generation, transport, and collection, ultimately leading to
enhanced device efficiency. The PCE of 18.33% ranks among
the highest reported for inverted devices without any ZnO
treatment, as shown in Table S8. It should also be noted that the
Se atom in CB–Se, which can enhance intermolecular interac-
tions and promote denser packing within the acceptor alloy
system, may contribute to the improvement of the active-layer
morphology.25 The dielectric constants of the blend lms of
asymmetric NFAs, PM6:CBrB, PM6:CBrB–Cl, and PM6:CBrB–
Cl:CB–Se were measured to be 3.86, 4.14, and 4.23, respectively,
aligning well with the trend in dipole moment and the trend of
3r of the neat lms. The enhanced device performance closely
correlates with the increasing 3r, indicating the critical role of
bulk dielectric properties in charge dissociation and
transport.8–10 However, although the PM6:CBr2B blend exhibits
a higher dielectric constant (3r = 4.02) than PM6:CBrB, its
limited absorption range constrains the overall device perfor-
mance. Additionally, to estimate the synthetic efficiency, the
synthetic complexity (SC) of the new NFA materials were
calculated (Schemes S2–S5) and summarized in Table
S4.43 CBrB–Cl shows a lower synthetic complexity of 83.16
compared with Y6 (83.52), CBr2B (88.19), CBrB (88.56), AQx-2
(91.30) and L8-BO (96.46). Furthermore, gure-of-merit (FOM)
dened as PCE/SC were also calculated to incorporate the PCE
factor into the evaluation.44 CBrB–Cl demonstrates the highest
FOM value (0.213), surpassing those of Y6 (0.188), L8-BO
(0.190), AQx-2 (0.182), CBr2B (0.188), and CBrB (0.195). The
FOM values of our NFAs fall within the range of 0.18–0.21,
which is comparable to Y-series NFAs and indicates a good
balance between device performance and synthetic complexity.

2.6 Charge dynamics analysis

To gain deeper insight into charge recombination behavior, we
investigated the dependence of light intensity (Plight) on both Voc
and Jsc. The corresponding results are presented in Fig. 4d and
e. The relationship between Jsc and Plight can be described by the
power-law equation Jsc f (Plight)

a, where the exponent a serves
as an indicator of bimolecular recombination. The a value is
determined from the slope of the logarithmic plot of Jsc versus
Plight. An a value close to 1 suggests minimal bimolecular
17398 | Chem. Sci., 2025, 16, 17391–17407
recombination, indicative of efficient charge transport.45,46 On
the other hand, the dependence of Voc on Plight follows the
relationship Voc f n(kT/q)ln(Plight), where n is the ideality factor,
k is the Boltzmann constant, T is the absolute temperature, and
q is the elementary charge. An n value close to 1 indicates less
trap-assisted recombination.47 The a values for the binary
systems PM6:CBr2B, PM6:CBrB, and PM6:CBrB–Cl are 0.964,
0.968, and 0.977, respectively, which are also very close to 1.
This indicates that bimolecular recombination is effectively
suppressed across all three systems. Similarly, the ideality
factors (n value) for these blends are also close to 1, with values
of 1.07 for PM6:CBr2B, 1.06 for PM6:CBrB, and 1.04 for
PM6:CBrB–Cl, indicating that trap-assisted recombination is
efficiently suppressed in the binary systems. Notably, the
PM6:CBrB–Cl-based device exhibits a and n values closest to 1,
signifying the most effective suppression of both bimolecular
and trap-assisted recombination and highlighting the signi-
cant effects of increasing dielectric constant in decreasing
charge recombination rates. This, combined with its most
redshied absorption spectrum, contributes to the highest Jsc of
26.39 mA cm−2 among the binary devices. The ternary
PM6:CBrB–Cl:CB–Se device, with a and n approaching ideal
values of 0.982 and 1.03, respectively, exhibits even stronger
suppression of recombination processes. The largely sup-
pressed recombination, which may result from the large
dielectric constant of both CBrB–Cl and CB–Se, along with the
complementary absorption characteristics of CBrB–Cl and CB–
Se, synergistically leads to an even higher Jsc of 26.69 mA cm−2.
The relationship between photocurrent density (Jph) and effec-
tive voltage (Veff) was evaluated to elucidate the charge dissoci-
ation and collection characteristics of the OPVs.48 The exciton
dissociation efficiency (Pdiss) is determined by the ratio of Jsc to
the saturated current density (Jsat), while the charge collection
efficiency (Pcoll) is dened as the ratio of Jmax to Jsat. As illus-
trated in Fig. 4f, all OPV devices exhibited high Pdiss values
exceeding 98%, indicating efficient exciton dissociation.
PM6:CBrB–Cl showed a higher Pcoll of 88.35% compared to the
PM6:CBr2B and PM6:CBrB systems, suggesting that more effi-
cient charge collection also contributes to its higher Jsc and
PCE. Furthermore, with the incorporation of CB–Se, the ternary
PM6:CBrB–Cl:CB–Se device exhibited the highest Pdiss of
99.12% and Pcoll of 88.77%.

Additionally, hole-only and electron-only devices were
fabricated to evaluate hole and electron mobilities through
space-charge-limited current (SCLC) measurements.48 The
calculated hole (mh) and electron (me) mobilities are 2.57× 10−4/
© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.79 × 10−4, 3.10 × 10−4/4.31 × 10−4, and 3.77 × 10−4/5.08 ×

10−4 cm2 V−1 s−1 for PM6:CBr2B, PM6:CBrB, and PM6:CBrB–Cl
devices, respectively (Fig. 4g). Among these, PM6:CBrB–Cl
devices exhibited the highest mh and me values, along with the
most balanced electron-to-hole mobility ratio of 1.35, which
correlates with the highest PCE observed in the binary system.
The enhanced mobility can be attributed to the higher crystal-
linity of CBrB–Cl, as evidenced by its elevated melting temper-
ature (Tm) and the largest Dlmax in the absorption spectra. By
incorporating CB–Se into the PM6:CBrB–Cl system, the hole
and electron mobilities are further amplied to 4.42 × 10−4 and
5.66 × 10−4 cm2 V−1 s−1, respectively, with an even more
balanced me/mh ratio of 1.28. The more balanced me/mh
PM6:CBrB–Cl:CB–Se device may further contribute to the
enhanced Jsc and PCE of the devices. The examination of charge
extraction time and carrier lifetime provides valuable insights
into the charge carrier dynamics of OPVs. To this end, transient
photocurrent (TPC) measurements were conducted to deter-
mine the charge extraction time, while transient photovoltage
(TPV) measurements were used to evaluate the carrier lifetime
of the devices.49 As shown in Fig. 4h, the charge extraction times
for PM6:CBr2B, PM6:CBrB, and PM6:CBrB–Cl are 0.37 ms, 0.37
ms, and 0.35 ms, respectively. These small and comparable
values indicate efficient charge extraction in all devices. In
contrast, the carrier lifetimes follow an ascending trend, with
values of 44.87 ms for PM6:CBr2B, 44.99 ms for PM6:CBrB, and
49.35 ms for PM6:CBrB–Cl. The longer carrier lifetime observed
in PM6:CBrB–Cl-based devices suggests better suppression of
charge recombination, which contributes to an enhanced
charge collection probability (Pcoll). These advantages in
PM6:CBrB–Cl-based devices are further amplied by the
Fig. 5 Two-dimensional color plots of transient absorption spectra (TA
blend films. (d) TAS of the PM6:CBrB–Cl:CB–Se blend at selected del
PM6:CBrB–Cl:CB–Se blend. (f) Charge separation (CS) signal rise and dec
blend films.

© 2025 The Author(s). Published by the Royal Society of Chemistry
incorporation of CB–Se. The ternary PM6:CBrB–Cl:CB–Se device
exhibits a synergistic effect, with the shortest charge extraction
time of 0.33 ms and an extended carrier lifetime of 55.49 ms.
Combined with the complementary absorption characteristics
of the two NFAs, these factors lead to improved Jsc and PCE.

Additionally, time-resolved photoluminescence (TRPL)
spectroscopy was employed to investigate the exciton lifetimes
in the NFA neat lms. The CBr2B and CBrB lms exhibited
similar exciton lifetimes of approximately 0.6 ns (Fig. S6).50,51 In
contrast, the CBrB–Cl lm showed a slightly prolonged exciton
lifetime of 0.65 ns, which may contribute to the enhanced
exciton dissociation observed in the corresponding devices.
Notably, the CBrB–Cl:CB–Se lm exhibited a signicantly longer
exciton lifetime of ∼0.79 ns, likely attributed to the heavy atom
effect.

The charge dynamics of the PM6:CBrB–Cl:CB–Se blend were
further explored using femtosecond transient absorption spec-
troscopy (fs-TAS) to elucidate the impact of the acceptor alloy
system on exciton-to-charge transition dynamics.52–54 For these
experiments, the PM6:CBrB–Cl, PM6:CB–Se and PM6:CBrB–
Cl:CB–Se blends were deposited onto quartz substrates, excited
at around 810 nm (targeting acceptors), and probed between
600 and 1000 nm. Upon excitation, all blend lms exhibit
a negative ground state bleaching (GSB) signal of acceptors at
∼820 nm and a positive localized exciton (LE) signal at∼930 nm
(Fig. 5a–c and S7), consistent with the features observed in neat
lms (Fig. S8). Simultaneously, another negative signal appears
at ∼640 nm in all blend lms, assigned to the GSB signal of
PM6, indicating an ultrafast hole transfer process from acceptor
to donor.
S) for (a) PM6:CBrB–Cl, (b) PM6:CB–Se, and (c) PM6:CBrB–Cl:CB–Se
ayed times. (e) Kinetic traces at selected probe wavelengths for the
ay dynamics for PM6:CBrB–Cl, PM6:CB–Se, and PM6:CBrB–Cl:CB–Se
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As the GSB signal of PM6 decays, a new positive signal
emerges at ∼690 nm, indicating the formation of the charge-
separated (CS) state.52–54 To analyze the CS dynamics, its rise
and decay characteristics were tted. The PM6:CBrB–Cl lm
exhibits a faster CS signal rise time constant (srise = 0.35 ps) and
a shorter decay time constant (sdecay = 191 ps), while PM6:CB–
Se shows a slower srise = 0.47 ps but a longer sdecay = 387 ps. A
faster rise time suggests more efficient charge separation,
whereas a longer decay time indicates extended carrier lifetime
and suppressed bimolecular charge recombination.53,54 The
alloy-type PM6:CBrB–Cl:CB–Se lm effectively integrates the
advantages of both CBrB–Cl and CB–Se, achieving balanced CS
characteristics with a faster srise = 0.39 ps and a longer sdecay =
309 ps, synergistically enhancing Jsc and FF in the ternary
system.
2.7 Energy loss analysis

To gain insights into the well-maintained Voc from CBr2B to
CBrB–Cl, an energy loss (Eloss) analysis of the OPVs was con-
ducted. The total Eloss is dened as the difference between the
optical bandgap (Eg) and qVoc (Eloss = Eg − qVoc), where Eg is
determined from normalized FTPS-EQE and electrolumines-
cence (EL) spectra (Fig. 6a–c).55,56 The Eg values of CBr2B, CBrB,
and CBrB–Cl decrease progressively from 1.480 eV to 1.468 eV
and 1.451 eV, respectively, consistent with the red-shied
absorption proles of these NFAs. Correspondingly, the Eloss
values exhibit a declining trend of 0.584, 0.571, and 0.555 eV for
PM6:CBr2B, PM6:CBrB, and PM6:CBrB–Cl devices, respectively,
suggesting that the simultaneous suppression of Eloss is a key
factor in overcoming the trade-off between Voc and Jsc in
PM6:CBrB and PM6:CBrB–Cl-based devices. The total Eloss
consists of three components: charge generation loss (DECT),
Fig. 6 Normalized spectra of EL and FTPS-EQE measurements with the
PM6:CBrB–Cl devices. (d) EQEEL spectra of the optimized binary and tern
Statistical diagramof Eloss of PM6:CBr2B, PM6:CBrB, PM6:CBrB–Cl and PM

17400 | Chem. Sci., 2025, 16, 17391–17407
radiative recombination loss (DEr), and non-radiative recombi-
nation loss (DEnr).57 The charge transfer state energy (ECT) was
estimated by tting the EL and FTPS-EQE spectra (Fig. 6a–c),
with DECT dened as the energy difference between Eg and
ECT.58,59 As shown in Table 3, DECT values are 0.043, 0.041, and
0.035 eV for PM6:CBr2B, PM6:CBrB, and PM6:CBrB–Cl, respec-
tively. The small energy offset between the local excitation (LE)
state and the CT state suggests possible hybridization, which
could weaken the coupling between the highest vibrational
ground state and the lowest CT state, thereby reducing non-
radiative recombination.60–63 DEnr was experimentally deter-
mined from EQEEL measurements (Fig. 6d) using the equation
DEnr = (kT/q)ln(1/EQEEL),64 yielding values of 0.281, 0.271, and
0.258 eV for PM6:CBr2B, PM6:CBrB, and PM6:CBrB–Cl devices,
respectively. The gradual decrease in DEnr aligns with the trend
observed in the Stokes shi (DlStokes) of 86, 82 and 70 nm for
neat CBr2B, CBrB, and CBrB–Cl lms (Fig. 6e), respectively.
Since DlStokes originates from energy losses during internal
conversion and vibrational relaxation, a smaller DlStokes indi-
cates reduced DEnr.26,65 In addition, we observed that CBr2B
demonstrated the lowest PL intensity (Fig. S6a), aligning well
with the lowest response in EQEELmeasurement and suggesting
the existence of the heavy atom effect on CBr2B. Notably, the
suppressed DEnr consistent with the decreasing trend in DECT,
appears to be the primary factor contributing to the reduced
Eloss in PM6:CBrB and PM6:CBrB–Cl devices (Fig. 6f). Further-
more, the introduction of CB–Se into the PM6:CBrB–Cl blend
further reduces DEnr to 0.248 eV (Fig. S9), resulting in an even
lower Eloss of 0.542 eV and the highest Voc obtained for the
PM6:CBrB–Cl:CB–Se-based device. The enhanced dielectric
constant of PM6:CBrB–Cl:CB–Se bulk further corroborates the
observed decrease in DEnr.
corresponding fitting curves of (a) PM6:CBr2B, (b) PM6:CBrB and (c)
ary devices. (e) PL spectra of CBr2B, CBrB and CBrB–Cl blend films. (f)
6:CBrB–Cl:CB-Se devices decomposed intoDECT,DEr andDEnr terms.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Detailed parameters of energy loss analysis of the binary and ternary OPVs

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

b [eV] DECT
c [eV] DEr

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

f [meV]

PM6: CBr2B 1.480 0.896 1.437 0.043 0.260 0.281 1.75 × 10−5 0.584 23.97
PM6:CBrB 1.468 0.897 1.427 0.041 0.259 0.271 2.62 × 10−5 0.571 24.28
PM6:CBrB–Cl 1.451 0.896 1.416 0.035 0.262 0.258 4.67 × 10−5 0.555 22.81
PM6:CBrB–Cl:CB–Se 1.441 0.899 1.407 0.034 0.260 0.248 6.49 × 10−5 0.542 22.08

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

d DEr was determined from the equation: DEr = ECT/q − Voc − DEnr.
e DEnr is determined from EQEEL result, which followed the equation: DEnr = (kT/q)ln(1/EQEEL).

f Eu is obtained by exponential tting of low-energy
part of the FTPS-EQE spectra.
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2.8 Device lm morphology analysis

The nanostructure and molecular packing features signicantly
inuence the charge transport and recombination behaviors of
OPVs. To investigate these effects, grazing incidence wide-angle
X-ray scattering (GIWAXS) experiments were conducted on neat
NFAs and their blend lms with PM6. The resulting 2D
diffraction patterns and corresponding 1D proles in the out-of-
plane (qz) and in-plane (qxy) directions are presented in Fig. 7. In
the 2D GIWAXS patterns of all neat lms, a strong and distinct
p–p stacking (010) diffraction peak was observed in the qz
direction, indicating a predominant face-on orientation for the
NFAs, favorable for efficient charge transport. Compared to
CBrB and CBr2B, which exhibited similar p–p stacking
distances (dp) of 3.59 Å and crystalline coherence lengths (Lcp–p)
of 15.28 Å and 15.71 Å, respectively, the CBrB–Cl lm showed
a slightly reduced dp of 3.57 Å and an increased Lcp–p of 17.14 Å.
This suggests that the chlorinated IC unit enhances molecular
packing interactions.7

Interestingly, the CBrB–Cl:CB–Se blend lm also displayed
a prominent (010) peak in the qz direction, with a similarly small
dp of 3.57 Å and an even larger Lcp–p of 18.24 Å. These results
indicate that the double asymmetric CBrB–Cl:CB–Se blend
forms a compatible acceptor alloy with higher crystallinity.37

PM6:CBrB and PM6:CBr2B exhibited not only strong diffraction
peaks at qxy = 0.3 Å−1 but also weak peaks at qz around 0.3 Å−1,
indicating the side-chain lamellar packing of PM6 in both face-
on and edge-on orientations. In contrast, PM6:CBrB–Cl and
PM6:CBrB–Cl:CB–Se blends displayed solely strong lamellar
peaks at qxy = 0.3 Å−1, suggesting a predominant face-on
lamellar packing. Simultaneously, the p–p stacking peaks in
the qz direction of the blend lms closely resemble those
observed in the neat NFA lms, centered at 1.74, 1.74, 1.75 and
1.75 Å−1 for the PM6:CBrB, PM6:CBr2B, and PM6:CBrB–Cl,
PM6:CBrB–Cl:CB–Se blends, respectively, corresponding to
gradually decreasing dp of 3.61 Å, 3.61 Å, 3.59 Å and 3.59 Å,
consistent with the trend observed in the neat lms. In the
ternary PM6:CBrB–Cl:CB–Se system, the incorporation of CB–Se
led to a signicant increase in the Lcp–p, reaching 25.70 Å. This
enhancement indicates improved molecular packing order
within the ternary blend, which likely contributes to enhanced
charge transport dynamics, ultimately beneting device
performance.37 Furthermore, the Urbach energy (EU) for each
blend was determined by exponential tting of the FTPS-EQE
spectrum,49 yielding values of 23.97 meV for PM6:CBr2B, 24.28
© 2025 The Author(s). Published by the Royal Society of Chemistry
meV for PM6:CBrB, 22.81 meV for PM6:CBrB–Cl, and 22.08 meV
for PM6:CBrB–Cl:CB–Se lms (Fig. S10). The lower Eu of
PM6:CBr2B and PM6:CBrB–Cl compared to PM6:CBrB indicates
a more ordered molecular packing in these two blends,49,66

which is consistent with the GIWAXS results. The smallest EU
observed in PM6:CBrB–Cl:CB–Se lm further conrms the
enhanced packing order induced by CB–Se incorporation in the
acceptor alloy49 (Table 4).
2.9 Device stability

The thermal stability of the thin lms was evaluated using
inverted devices subjected to thermal heating at 85 °C under
dark conditions and the normalized PCEs as a function of
heating time are presented in Fig. 8a. Aer 400 h of thermal
annealing, the PM6:CBrB–Cl:CB–Se-based device demonstrated
superior thermal stability, maintaining over 90% of its initial
PCE, compared to other binary devices exhibiting a steeper
decline in PCE. The thermal stability follows the trend:
PM6:CBrB–Cl:CB–Se > PM6:CBrB–Cl > PM6:CBr2B > PM6:CBrB.
To investigate the effect of central bromination on surface
morphology with or without heating, atomic force microscopy
(AFM) was performed (Fig. 8b–d). As shown in Fig. S11, all neat
lms of the brominated NFAs exhibited very smooth surfaces
with root-mean-square roughness (Rrms) values smaller than
1 nm. When blended with PM6, distinct brillar structures were
observed in all three binary blends, suggesting that the NFAs
form favorable morphologies with PM6, which likely contrib-
utes to the good FF observed in the corresponding devices. The
Rrms values of the blends follow the trend: PM6:CBrB–Cl:CB–Se
(Rrms = 1.72 nm) > PM6:CBrB–Cl (Rrms = 1.41 nm) > PM6:CBr2B
(Rrms = 1.35 nm) > PM6:CBrB (Rrms = 1.22 nm), consistent with
the trend in Lcp–p observed from GIWAXS measurements. This
correlation indicates that the introduction of additional
bromine atom or the substitution with a chlorinated IC unit
enhances the material's crystallinity. Furthermore, the ternary
PM6:CBrB–Cl:CB–Se blend exhibited an increased Rrms of
1.72 nm with a more pronounced brillar structure. This
suggests that CB–Se incorporation promotes high crystallinity
of the blend. Interestingly, aer thermal aging at 85 °C for
400 h, the Rrms values displayed an inverted trend: 4.85 nm for
PM6:CBrB, 3.08 nm for PM6:CBr2B, 2.27 nm for PM6:CBrB–Cl,
and 2.15 nm for PM6:CBrB–Cl:CB–Se-based lms (Fig. 8b–d).
The higher crystallinity of the blends can maintain more stable
surface morphology upon thermal heating, leading to the
Chem. Sci., 2025, 16, 17391–17407 | 17401
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Fig. 7 (a) 2D GIWAXS patterns of CBr2B, CBrB, CBrB–Cl and CBrB–Cl:CB-Se films and (b) their corresponding 1D profiles extracted in out-of-
plane and in-plane directions. (c) 2D GIWAXS patterns of PM6:CBr2B, PM6:CBrB, PM6:CBrB–Cl and PM6:CBrB–Cl:CB–Se blend films and (d)
their corresponding 1D profiles extracted in out-of-plane and in-plane directions.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 4
/1

6/
20

26
 1

2:
12

:1
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
minimal changes in Rrms for PM6:CBrB–Cl and PM6:CBrB–
Cl:CB–Se blends.

To further elucidate the high thermal stability of the
PM6:CBrB–Cl:CB–Se blend and conrm the formation of the
acceptor alloy, we investigated the UV-Vis deviation metric
(DMT)67–69 results of CBrB–Cl, CB–Se, and CBrB–Cl:CB–Se (3 : 1
in wt%) to determine the Tg of each lm. Among the two
acceptors, CBrB–Cl exhibits a higher Tg (124.11 °C) than CB–Se
(112.96 °C), following the same trend as their melting temper-
atures (Tm). Surprisingly, despite the relatively lower Tg of CB–
Se, incorporating CB–Se into CBrB–Cl (33 wt%) led to an even
higher Tg of 133.27 °C for the blend lm, indicating enhanced
intermolecular interactions and the formation of the alloy
phase (Fig. S12).39,40 This result aligns with literature reports
17402 | Chem. Sci., 2025, 16, 17391–17407
suggesting that the presence of an alloy phase can increase
Tg.39,40 The higher Tg of CBrB–Cl:CB–Se may improve resistance
to thermal stress, contributing to improved morphological
stability and sustained device performance under thermal aging
conditions.68,70

The Flory–Huggins interaction parameter (c), derived from
contact angle measurements (Fig. S13), serves as an effective
indicator for evaluating the miscibility between donor–acceptor
(D–A) and acceptor–acceptor (A1–A2) pairs. As listed in Table S6,
the c values between PM6 and CBr2B, CBrB, and CBrB–Cl are
0.27, 0.28, and 0.22, respectively. These results suggest that all
three NFAs exhibit good miscibility with PM6, which contrib-
utes to the formation of well-dened brillar surface
morphologies and high ll factors (FF) in the corresponding
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The structural parameters deduced from GIWAXS patterns of the neat NFA films and their blend films with PM6. The parameter qxy and
qz indicate the peak centers in in-plane and out-of-plane directions, respectively, and their corresponding dl and dp values were also listed.
Crystalline coherence length, Lc, are derived from the full-width at half-maximum (FWHM) dq using the Scherrer equation with shape factor 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]

CBr2B 0.37 16.98 0.12 47.12 1.75 3.59 0.36 15.71
CBrB 0.36 17.45 0.11 51.54 1.75 3.59 0.37 15.28
CBrB–Cl 0.37 16.98 0.13 43.50 1.76 3.57 0.33 17.14
CBrB–Cl:CB–Se 0.37 16.98 0.13 43.50 1.76 3.57 0.31 18.24
PM6:CBr2B 0.30 20.94 0.06 94.25 1.74 3.61 0.24 23.56
PM6:CBrB 0.29 19.50 0.06 94.25 1.74 3.61 0.25 22.62
PM6:CBrB–Cl 0.30 20.94 0.06 94.25 1.75 3.59 0.23 24.59
PM6:CBrB–Cl:CB–Se 0.30 20.94 0.06 94.25 1.75 3.59 0.22 25.70

Fig. 8 (a) Normalized PCE evolution of PM6:CBr2B, PM6:CBrB, PM6:CBrB–Cl, and PM6:CBrB–Cl:CB–Se-based devices during thermal aging at
85 °C. (b) Schematic representation of Rrms changes in the blend films before and after annealing, along with the corresponding change ratios. (c)
AFM images of as-cast PM6:CBr2B, PM6:CBrB, PM6:CBrB–Cl, and PM6:CBrB–Cl:CB–Se blend films before aging, and (d) after 400 h of thermal
aging.
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devices.71 The introduction of bromine atoms enhances the
intermolecular interactions between the NFAs and PM6, thereby
promoting favorable blend morphology and device perfor-
mance. Furthermore, the c value between CBrB–Cl and CB–Se is
remarkably low (0.03 K), indicating excellent compatibility
between these two asymmetric acceptors. This result conrms
that CB–Se is an effective third component in the ternary blend,
© 2025 The Author(s). Published by the Royal Society of Chemistry
and the good miscibility between CBrB–Cl and CB–Se is the key
factor for the formation of the compatible acceptor alloy.
3 Conclusion

In conclusion, we have conducted a comprehensive study to
understand the relationship between the dielectric constant
Chem. Sci., 2025, 16, 17391–17407 | 17403
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and molecular structure of acceptor materials, which is crucial
for elucidating the charge dynamics and mitigating the energy
losses in OPVs. Mono/dibrominated A–DNBND–A-type accep-
tors, CBr2B, CBrB and CBrB–Cl, were synthesized efficiently
through nitrogen-directing bromination of the central o-ben-
zodipyrrole core. The incorporation of a bromine atom with
moderate electronegativity and high polarizability at the central
core endows CBrB–Cl with the most red-shied absorption
spectrum and the highest 3r of 3.92 among the series. Besides,
CBrB–Cl, featuring Cl/Br non-covalent interactions, forms
a kaleidoscope-like 3D structure with enhanced crystallinity. As
a result, the PM6:CBrB–Cl binary device achieved the highest
PCE of 17.69% with a high Jsc of 26.39 mA cm−2, while main-
taining a Voc of 0.90 V and a high FF of 74.93%. Another
asymmetric acceptor, CB–Se, including a highly polarizable
selenium atom in the core, was introduced as the second
acceptor. Both CBrB–Cl and CB–Se share an optimal thermal
annealing temperature of approximately 160 °C, enabling the
formation of a dual asymmetric acceptor alloy with favorable
morphology and enhanced crystallinity. The combination of
heavy bromine and selenium atoms in the CBrB–Cl:CB–Se alloy
further enhances the overall 3r of 4.23 of the PM6:CBrB–Cl:CB–
Se blend lm, which in turn reduces exciton binding energy,
promotes efficient charge separation, and suppresses charge
recombination, as evidenced by a faster charge separation time
(srise = 0.39 ps) and a longer charge lifetime (sdecay = 309 ps). As
a result, the inverted PM6:CBrB–Cl:CB–Se device exhibits
a simultaneously improved Jsc of 26.69 mA cm−2, a Voc of
0.904 V, and an FF of 76.35%, yielding a remarkable PCE of
18.33%, which is one of the highest among the inverted devices.
The fabrication of the devices was carried out by non-
chlorinated solvent, which meet the needs for avoiding using
toxic processing solvents. Moreover, the selenium-incorporated
CB–Se, with strengthened bromine–selenium interactions, rai-
ses the Tg of the CBrB–Cl:CB–Se acceptor alloy, providing
excellent device stability against thermal aging at 85 °C.
Bromine engineering has proven to be a simple and promising
strategy for imparting exceptional photovoltaic properties
among CB-based analogues. The mono- and di-brominated o-
benzodipyrrole cores readily undergo efficient coupling reac-
tions, enabling the construction of extended p-conjugated
systems from the o-BDP scaffold.
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