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ABSTRACT: Designing acceptors with low nonradiative energy losses
without compromising short-circuit current density and fill factor
remains a critical challenge for achieving high-efficiency organic solar
cells. In this study, we design and synthesize two acceptors, named a-
Th2Cl and a-Th2Br, featuring a halogenated thiophene unit grafted via
a single bond onto the central core, an approach that extends beyond
conventional central core conjugation extension acceptor design. The
rotation around the single bond can result in twist conformation, and
the aggregation-caused quenching effect during the transition from
solution to film is effectively suppressed, favoring increasing photo-
luminescence quantum yields. X-ray crystal structure analysis reveals
that a-Th2Br exhibits unusual molecular packing behavior with strong
J-aggregation. Theoretical simulation demonstrates that a-Th2Br
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aggregates exhibit a reduced extent of excited-state charge transfer and enhanced fluorescent oscillator strength compared to the
benchmark acceptor L8-BO, rationalizing the observed high photoluminescence quantum yields and low nonradiative energy losses
for the two acceptors films and corresponding organic solar cells. Moreover, when blended with PM6, both acceptors yield favorable
bulk heterojunction morphologies. As a result, binary organic solar cells based on PM6:a-Th2Cl and PM6:a-Th2Br deliver power
conversion efficiencies of 19.87 and 20.60% (certified 20.05%), with impressively low nonradiative energy losses values of 0.202 and
0.194 eV, respectively. These results highlight the potential of central core engineering in simultaneously suppressing nonradiative
losses and maintaining a high short-circuit current density and fill factor in high-performance organic solar cells.

H INTRODUCTION

of the molecular packing of acceptors. For typical high-

In recent years, significant advancements in organic photo-
voltaic materials, particularly nonfullerene acceptors, have led
to remarkable improvements in the power conversion
efficiency (PCE) of organic solar cells (OSCs), with
efficiencies now surpassing 20%.' " However, compared to
inorganic and perovskite solar cells, OSCs still exhibit relatively
lower efficiencies, primarily due to their substantial non-
radiative energy losses (AE,,) ranging from 0.2 to 0.4 eV,'%™"
resulting in a reduced open-circuit voltage (Vo). Recent
studies by Bredas et al. suggest that enhancing the photo-
luminescence quantum yield (PLQY) of the low-bandgap
component in the active layers can reduce AE,, in OSCs."*
However, low-bandgap fused-ring electron acceptors typi-
cally have a longer emission wavelength, at the same time, their
almost completely planar configurations can cause severe
aggregation-caused quenching (ACQ) effects during aggrega-
tion, resulting in very low PLQY in films."> To achieve a high
PLQY in acceptors, it is crucial to conduct an in-depth analysis
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performance Y-series acceptors like Y6,' BTP-eC9,"” and L8-
BO,"® single-crystal structural analyses uniformly show that
these acceptors have a tendency to form a three-dimensional
interpenetrating network structure through strong 7—x
interactions. This structure includes H-aggregations based on
the central core and J-aggregations based on the end
groups.'”™** Usually, H-aggregates exhibit weak emission or
are even nonemissive. This is because in H-aggregates, the
molecules are arranged in parallel, with strong intermolecular
interactions and negative nearest-neighbor coupling, leading to
a nonradiative deactivation process.”””>* Recent work by Bo et
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Figure 1. (a) Molecular structures of a-Th2Cl and a-Th2Br. (b, c) Normalized absorption spectra of L8-BO, a-Th2Cl, and a-Th2Br in the CHCl,
solution and in the films. (d) Energy levels of PM6, a-Th2Cl, and a-Th2Br.

al. demonstrated that introducing bulky steric groups to the
central core suppresses H-aggregation, inhibiting the ACQ
effect and yielding significant improvements in PLQY and
Voc.2*7*® However, the sharp decline in binary device
efficiency serves as a reminder: the complete lack of central
participation in stacking may cause excessively severe
disruption of molecular packing, which leads to diminished
device response and reduced fill factor. For Y-series acceptors,
the central core plays a vital role in their photophysical
properties, influencing not only absorption, orbital energy
levels, and molecular packing, but also crystallinity and charge

transport.ls’zgfg’2 Therefore, the modifications of the central

core should not completely prevent it from participating in

stacking. Instead, the goal is to enable headgroup involvement

in stacking while reducing the H-aggregate content. This

approach strikes a balance between achieving high PLQY,

maintaining favorable morphology, and charge carrier mobility,

thus enhancing overall device performance. Therefore, it is

challenging to design acceptors with suitable intermolecular

packing but weak ACQ, which can attribute to obtain high V¢
while achieving high Jsc and FF.

In this work, we report two acceptors, a-Th2Cl and a-Th2Br
(Figure 1a), which feature a central unit with a grafted and
halogenated thiophene unit. Notably, compared to the more
planar conjugate benchmark acceptor L8-BO (PLQY =
4.40%), they possess the same optical bandgap, but a-Th2Br
showed high emission (PLQY = 9.65%). X-ray crystal structure
analysis of a-Th2Br demonstrates that the thiophene unit
connected via a freely rotatable single bond provides moderate
steric hindrance while ensuring central core participation in
stacking. This effectively suppressed excessive aggregation.
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Meanwhile, a-Th2Br exhibited more obvious J-aggregation
characteristics while achieving an ordered stacking network,
which led to a significant suppression of ACQ_(Figure 2e).
Compared to L8-BO (AE,, = 0.244 eV), devices based on a-
Th2Cl and a-Th2Br exhibited significantly reduced AE,, of
0.202 and 0.194 eV, respectively, enabling both a-Th2Cl and a-
Th2Br systems to achieve Vi over 0.91 V when paired with
PM6 as the donor. Consequently, a high PCE of 20.60%
(certified 20.05%) was achieved for the PM6:a-Th2Br-based
device, with a high Vi of 0.914 V, Jc of 27.67 mA cm™, and
FF of 81.47%. This work demonstrates that the twisted
conformation central core can maximize the advantages of Y-
series molecular while effectively decoupling the performance
limitations of OSCs from high energy losses caused by low
luminescence efficiency.

B RESULTS AND DISCUSSION

The synthetic route and the corresponding characterization of
a-Th2Cl and a-Th2Br are presented in the Supporting
Information. The molecular symmetry is expected to directly
affect the optoelectronic properties and molecular pack-
ing.**"*> The UV—vis absorptions of a-Th2Cl and a-Th2Br
in solution and thin film are shown in Figure 1b. It is worth
noting that the absorption edges of the two acceptors are
nearly identical to that of L8-BO,"® a typical Y-series acceptor.
This provides an opportunity to directly compare energy losses
of their corresponding devices, especially AE, . As depicted in
Figure 1b,c, the maximum absorption peaks (4,,,,) of L8-BO,
a-Th2Cl, and a-Th2Br in chloroform are all at 731 nm. In
films, the absorptions of L8-BO, a-Th2Cl, and a-Th2Br were
all redshifted with A, peaks at 799, 794, and 799 nm,
respectively. This redshift suggests the presence of strong
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Figure 2. (a) Monomolecular structure of a-Th2Br. (b, ¢) Molecular packing patterns in a-Th2Br single-crystals. (d) Three types of intermolecular
packing modes and corresponding 7—7 stacking distances of a-Th2Br. (e) PLQY of a-Th2Cl, a-Th2Br, and L8-BO in solution and film, and
corresponding relative values of PLQY decreasing from solution to film. (f) Iy and ;o calculated from the temperature-dependent PL spectra. (g)
The calculated charge-transfer ratio and the fluorescent oscillator strength (f,,.) for the S, states of L8-BO and a-Th2Br dimers, the values averaged

on the 1000 dimers extracted from the MD-simulated films.

intermolecular interactions in the solid films.*® Figure 1d and
Figure S3 present the energy levels of PM6, a-Th2Cl, and a-
Th2Br estimated from the cyclic voltammetry (CV) measure-
ment. The HOMO/LUMO energy levels are — 5.64/—3.78 eV
for a-Th2Cl and — 5.65/—3.78 eV for a-Th2Br, respectively.
The variation of energy levels agrees well with the DFT
calculations (Figure S4). To reveal the molecular packing
patterns in the solid state, the single crystal of a-Th2Br by the
solvent diffusion method has been grown and measured by X-
ray diffractions. The corresponding crystallographic data are
summarized in Table S12. As shown in Figure 2a, unlike most
of Y-series acceptors, a-Th2Br exhibits an unusually nonplanar
backbone with a large dihedral angle of 21.05° from the side
view. Additionally, the grafted thiophene unit on the central
core is also not at the same plane as the adjacent pyrazine unit
with a dihedral angle of 9.26°. This special bending structure is
conducive to suppress excessive intermolecular aggregation.37
As displayed in Figure 2d, a-Th2Br possesses three packing
modes of “dual end-to-central” (dual E/C), “end-to-end” (E/

43631

E), and “dual end-to-bridge” (dual E/b). The corresponding
n—n stacking distances are 3.610 3.460, and 3.341 A,
respectively. Particularly, as shown in Figure 2b, a-Th2Br
first forms a dimer stacking through Mode 1 and then each
dimer stacks with each other through Mode 2 and Mode 3,
thereby forming an ordered two-dimensional (2D) stacking
network (Figure 2c), with a molecular packing density (MPD)
as high as 61.9%. It is worth noting that all three modes exhibit
strong J-aggregation properties,”® which enable the molecule to
effectively suppress the aggregation-caused quenching (ACQ)
effect and achieve a high PLQY in the aggregated state. The
PLQY and time-resolved photoluminescence (TRPL) meas-
urements were carried out to investigate the emission efficiency
and exciton lifetime (7) in two acceptors. As shown in Figure
S6, we tested the fluorescence quantum yields of a-Th2Cl, a-
Th2Br, and L8-BO in dilute chloroform solutions, which were
19.95, 20.70, and 18.47%, respectively. In thin films, their
PLQYs were 8.52, 9.65, and 4.40%, respectively. The relative
values of PLQY decreasing from solution to film for L8-BO, a-
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Th2Cl, and a-Th2Br are 76.18, 57.29, and 53.38% (Figure 2e),
respectively, clearly showing that this asymmetric molecule
significantly suppresses the ACQ_effect and will contribute to
decrease AE,, in relevant OSCs according to the established
results on the energy losses mechanism analysis.’

The 7 values for L8-BO, a-Th2Cl, and a-Th2Br are 1.24,
1.37, and 1.40 ns (Figure S8), respectively. Based on the

equation of PLQY = . i'k = 7k,,'"*** the radiative (k,) and

nonradiative (k,.) recombination rate constants are 3.55 X 10’
and 7.71 X 108, 6.22 X 107 and 6.68 X 10%, and 6.89 X 107 and
6.45 X 10% s~ for L8-BO, a-Th2Cl, and a-Th2Br, respectively.
The fast radiative decay process and high PLQY are observed
in a-Th2Cl and a-Th2Br, which should be attributed to their
twisted central core units and efficient J-aggregation. According
to the Marcus—Levich—Jortner theory, k,, can be described by
the equation:*"**

nr

o |
k., = V(4rdJyT) 0 Z £ .1.5 exp
j=0

(ECT - ]hﬁ - j'5)2
47y T
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here, D is the mean frequency of high-frequency vibrations, and
other parameters are described in the Supporting Information.
Enhancing molecular rigidity or lattice ordering can effectively
inhibit vibrations, thus minimizing electron—phonon coupling
and curtailing nonradiative energy losses in 0SCs.* Therefore,
we measured the temperature-dependent steady-state photo-
luminescence (PL) spectra (excited at 765 nm) for L8-BO, a-
Th2Cl, and a-Th2Br, which have been shown in Figure S10.
The electron—phonon coupling strength (y o) of these
acceptors was calculated by fitting the temperature-dependent
fwhm of the PL peaks, I'(T), using the following equation:

I(T) =T+ ,=1, + EL},O;O, where I'y represents a

ekl — 1
temperature-independent constant due to scattering from
structural disorder or imperfections, I} accounts for the
longitudinal optical (LO) phonon (Frohlich) interaction, 714
is the coupling strength, and E, ¢ is the LO phonon energy."
The calculated I'j values were 66 meV for L8-BO, 54 meV for
a-Th2Cl, and 52 meV for a-Th2Br (Figure 2f), which suggest
enhanced structural ordering. The y; o values were determined
to be 1.03, 0.75, and 0.58 eV for L8-BO, a-Th2Cl, and a-
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Table 1. Photovoltaic Performance Parameters of OSCs Based on PM6:L8-BO, PM6:a-Th2Cl, and PM6:a-Th2Br and

Measured under the Illumination of AM 1.5G (100 mW cm™2)

active layer Voc [V] Jsc [mA cm™?]

PM6:L8-BO 0.882 (0.881 = 0.003) 26.90 (26.65 + 0.35)
PM6:a-Th2Cl 0.913 (0.911 + 0.002) 27.12 (26.75 + 0.30)
PM6:a-Th2Br 0.914 (0.915 = 0.001) 27.67 (27.68 % 0.19)
PM6:a-Th2Br° 0.920 26.64

<l [mA cm™2] FF [%] PCE” [%]
2633 80.77 (80.22 + 0.69) 19.16 (18.83 + 0.23)
2625 80.25 (80.17 + 0.48) 19.87 (19.55 + 0.20)
26.64 81.47 (80.56 = 0.63) 20.60 (20.41 + 0.13)
81.81 20.05

“The J$2 is determined from integration of the EQEs to the AM1.5G spectrum. The values in parentheses are average parameters obtained from
15 devices. “Certified values in the Tianjin Institute of Metrological Supervision and Testing Electronic & Instrumental Laboratory.

Table 2. Detailed Energy Loss of the OSCs Based on the PM6:Acceptor Blend

active layer Voc (V) E" (eV) V5 (V) AE, (eV)
PM6:L8-BO 0.882 1.43S 1.169 0.266
PM6:a-Th2Cl 0.913 1.440 1.173 0.266
PM6:a-Th2Br 0914 1.439 1.172 0.267

AE, (eV) AE; (eV) EQE;, (1074 AE;° (eV) Ejoss (eV)
0.043 0.244 1.42 0.229 0.553
0.053 0.208 4.02 0.202 0.527
0.062 0.196 5.56 0.194 0.525

“E, is estimated by the derivatives of the EQE spectra (dEQE/dE). bVi? is the maximum V¢ by the Shockley—Queisser (SQ) limit. “AE,
represents the nonradiative recombination loss, which is calculated from EQEy, using the equation AE;= —(kzT/q)ln EQEg,. Here, k is the

Boltzmann constant and T is the temperature.

Th2Br, respectively (Figure 2f), reflecting effective suppression
of electron—phonon coupling. As discussed above, in the
crystal structure, a-Th2Br adopts a curved backbone, in which
the thiophene unit is connected to the central pyrazine unit
through a single bond, leading to a twisted conformation with a
dihedral angle of around 9°. In contrast, the L8-BO molecule
displays a planar backbone. Grazing incidence wide-angle X-ray
scattering (GIWAXS) measurements of neat films reveal that
a-Th2Br exhibits a longer crystal coherence length (CCL) than
L8-BO (Table S4). These findings indicate that the twisted
conformation between the grafted thiophene unit and the
molecular backbone can enhance structural ordering, thereby
reducing electron—phonon coupling and minimizing the AE_,
in OSC devices.

To further understand excited-state characteristics of
molecular aggregates in films and their impact on k; values,
we carried out all-atom molecular dynamics (MD) simulations
on L8-BO and a-Th2Br films and then performed time-
dependent density functional theory (TDDFT) calculations on
their 1000 dimers extracted from our MD-simulated films (for
details, see “Computational Methods” section in the
Supporting Information). Via our MD-TDDFT calculation,
we examined the percentage of charge-transfer (CT) character
and fluorescent oscillator strength (f,.) for the S, states of L8-
BO and a-Th2Br dimers, the values averaged on the 1000
dimers. Our MD-TDDFT calculation results revealed that the
a-Th2Br aggregates exhibit a lower percentage of CT (84.82%)
compared to the L8-BO aggregates (90.01%), which could
result from a longer 7—7 intermolecular distance for a-Th2Br
aggregates. This is consistent with the distance trend observed
by grazing incidence wide-angle X-ray scattering (GIWAXS)
for L8-BO and a-Th2Br neat films (Table S4). When we
analyzed the different packing patterns in terms of the
percentage of CT and f, we found that the trends observed
for the individual molecules held true across the packing
configurations (Table S3). With an enhancement in the CT
characteristic of the S, excited states, f,,. is normally reduced.
Indeed, our calculation results indicated that a-Th2Br displays
a larger f,. of 0.30, as opposed to the value of 0.24 for L8-BO
(Figure 2g). According to the rate formula of spontaneous
emission, k, o f,... As a result of the larger f,,. value for the a-
Th2Br aggregates in the film, its k; value is thus larger as shown
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in the above experimental results. This enhancement in k,
contributes to a higher PLQY for a-Th2Br compared to that
for L8-BO as discussed above.

To evaluate the photovoltaic properties of the two acceptors,
OSC devices were fabricated with a conventional architecture
of ITO/2PACZ/active layer/F3N/Ag. For comparison, a
control device based on L8-BO was also fabricated by using
the same device structure and donor material PM6. Details of
the device fabrication processes are provided in the Supporting
Information. The optimized current density—voltage (J—V)
curves are shown in Figure 3a, and the related device
parameters are summarized in Table 1. The PM6:L8-BO-
and PM6:a-Th2Cl-based devices exhibited PCEs of 19.16 and
19.87%, with V¢ values of 0.882 and 0.913 V, respectively.
More excitingly, a comprehensive enhancement of photo-
voltaic parameters was observed in the PM6:a-Th2Br-based
device, achieving a high PCE of 20.60% (certified 20.05%),
with a high V¢ of 0.914 V, Jic of 27.67 mA cm™2, and FF of
81.47%. Notably, the PCE of 20.60% ranks among the few
reported binary OSCs that have surpassed the 20% efliciency
threshold. The external quantum efficiency (EQE) spectra of
the devices are displayed in Figure 3c. The integrated Jsc
values from the EQE curves were calculated to be 26.33, 26.25,
and 26.64 mA cm™ for PM6:L8-BO-, PM6:a-Th2Cl-, and
PM6:a-Th2Br-based OSCs, which are in agreement with the
measured Jg¢ values in the J—V curves. Additionally, the initial
stability of the three devices was evaluated under identical
conditions. Devices based on PM6:a-Th2Cl and PM6:a-Th2Br
exhibited slightly higher stability than those based on PM6:L8-
BO. As shown in Figure S13, the a-Th2Cl- and a-Th2Br-based
devices retained over 93% of their initial PCE after 700 h of
room-temperature storage, approximately 87% after 700 h of
thermal aging at 65 °C and around 80% after 300 h under
maximum power point (MPP) tracking. In comparison, the
PM6:L8-BO-based device maintained 91.6, 80.4, and 76.2% of
its initial PCE under the same storage, thermal, and MPP
stability tests, respectively.

To gain insight into the high V¢ obtained in both systems,
the energy losses (Ej) in all devices have been analyzed
(Figure 3d), and the relevant data are summarized in Table 2.
According to the Shockley—Queisser (SQ) limit theory, the
energy losses (Ep) of OSCs can be divided into three
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Figure 4. (a) AFM height images. (b) AFM-IR phase images of three blended films by measuring 2216 cm™" signal of acceptors, in which donor
and acceptor domains were marked with blue and red colors, respectively. (c) 2D GIWAXS patterns. (d) Corresponding 1D line-cuts of PM6:L8-

BO, PM6:a-Th2Cl, and PM6:a-Th2Br blend films.

components, as described by the equation Ej , = AE, + AE, +
AE;. The first component AE, is defined as E, — Ve, which is
unavoidable for all types of solar cells originating from the
radiative energy losses above the band gap. The E; values of
the L8-BO, a-Th2Cl, and a-Th2Br blends were 1.435, 1.439,
and 1.440 eV, respectively, determined by differentiating the
EQE spectra (dEQE/dE) (Figure S14). The total energy losses
of L8-BO-, a-Th2Cl-, and a-Th2Br-based devices are 0.553,
0.527, and 0.525 eV, respectively, following the equation Ej =
E; — qVoc. There is no significant difference in terms of AE,
due to the similar energy gaps of the three acceptor-based
devices. The AE, refers to the radiative recombination losses
below the bandgap and is attributed to nonstep function
absorption and can be calculated from qVS%—VS‘S. The AE,
values of the L8-BO-, a-Th2Cl-, and a-Th2Br-based devices are
0.043, 0.053, and 0.062 eV, respectively. The third component
AE; is caused by nonradiative recombination, which can be
directly obtained by measuring the electroluminescence
quantum efficiency (EQEg, ) of the device. We then calculated
the nonradiative energy losses following the equation AE; =

—(kgT/q)In EQEg;. From the EQEyg, plots (Figure 3e), the

PM6:a-Th2Cl and PM6:a-Th2Br blends exhibit a high EQEg,
of 402 X 107* and 5.56 X 107% resulting in a small AE; of
0.202 and 0.194 eV, respectively, which are lower than that of
typical L8-BO-based device (0.229 eV), primarily due to the
high PLQY of their blends as described in the previous section,
representing one of the lowest AE value reported so far
(Figure 3f).

The charge transport, generation, and recombination
measurements were conducted to reveal the reasons behind
the different photovoltaic performances. First, the electron
mobility (u,) and hole mobility (u;) of the three blend films
were measured using the space-charge limited current (SCLC)
measurements and the results are shown in Figure 3g. The (y./
up,) of the blend films of PM6:L8-BO, PM6:a-Th2Cl, and
PM6:a-Th2Br were measured to be 5.63/4.92, 5.49/4.96, and
8.28/8.07 X 10™* cm® V™' s™! corresponding to y./uy, ratios of
1.14, 1.11, and 1.03, respectively. Then, the exciton
dissociation (Pg,) and charge collection efficiency (P.y)
were further evaluated by plots of the photocurrent density
(]Ph) versus effective voltage (V) (Figure 3h). Compared
with that of 96.50%/88.23% for the L8-BO-based device, the
values of Py/P.y can be estimated as 98.64%/89.94% and
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Figure S. TA result of PM6:L8-BO, PM6:a-Th2Cl, and PM6:a-Th2Br blend films. (a—c) Contour plots of the time-resolved absorption difference
spectra of the blend films under 800 nm excitation. (d—f) TA spectra of the blend films at different delay times. The hole transfer process at (g) 630
nm and (h) 1550 nm. (i) Statistical graphs of charge-transfer time and lifetime achieved through multiexponential fitting in corresponding

conditions.

98.17%/91.18% for a-Th2Cl- and a-Th2Br-based devices,
respectively. Subsequently, the charge recombination process
was investigated through light-intensity (Pjig)-dependent Ve
and Jsc measurements. Focusing on the relationship of V¢ vs
In Py, Voc & kT/q In(Pyg,), as illustrated in Figure 3i, the
slopes for the L8-BO-, Th2Cl, and a-Th2Br-based devices are
1.20, 1.17, and 1.13 KT/q, respectively. All of the above results
indicate that the devices based on the grafted core acceptor
show superior charge dynamics, contributing to a higher Jsc
and FF in binary devices.

The morphologies of the three blend films were systemati-
cally investigated using atomic force microscopy-based infrared
spectroscopy (AFM-IR). As shown in the Figure 4a, a fibrillar
network morphology was observed in the two blend films.
Furthermore, all of the blend films possess a uniform and
smooth surface. The values of root-mean-square (RMS)
roughness of PM6:L8-BO, PM6:a-Th2Cl, and PM6:a-Th2Br
are 1.29, 1.36, and 1.15 nm, respectively. Then, we recorded
AFM-IR signals of blended films by detecting wavenumber at
2216 cm™’, which is the stretching vibration of the C=N bond
in the three acceptors. As shown in the Figure 4b, it is obvious
that interpenetrating fibrillary networks at nanoscale can be
observed, especially for the PM6:a-Th2Br blend with a clearer
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D/A boundary, which are conducive to effective charge carrier
transport, and thus enable the devices to achieve higher Js: and
FF. Based on a statistical analysis of nanofiber size in Figure
S16, a reduced fiber size can be observed with 14.1 nm for
PM6:a-Th2Cl and 14.7 nm for PM6:a-Th2Br, comparing to
18.3 nm for PM6:L8-BO, suggesting that the introduction of
the grafted unit onto the central unit could enhance molecular
crystallinity and fine-tune-phase domain sizes. Grazing
incidence wide-angle X-ray scattering (GIWAXS) measure-
ment was then performed to investigate the molecular ordering
and packing behavior of the pristine and blend films. The
scattering patterns in Figure 4c indicate the blend films also
exhibit face-on orientation, similar to the neat films, which is
found to be favorable for charge transport.44 As summarized in
Table SS, the (100) diffraction peaks in the in-plane (IP)
direction for the L8-BO-, a-Th2Cl-, and a-Th2Br-blended films
appear at 0.31, 0.30, and 0.30 AL corresponding to lamellar
stacking distances of 20.26, 20.73, and 20.73 A, respectively. In
the out-of-plane (OOP) direction, prominent (010) peaks
associated with 7—x stacking are observed at 1.72, 1.73, and
1.74 A7 for the L8-BO-, a-Th2Cl-, and a-Th2Br-based blends,
respectively. The corresponding 7—7 stacking distances are
3.65, 3.63, and 3.65 A, with CCLs of 21.25, 27.84, and 31.23 A

https://doi.org/10.1021/jacs.5c13302
J. Am. Chem. Soc. 2025, 147, 43629-43639


https://pubs.acs.org/doi/suppl/10.1021/jacs.5c13302/suppl_file/ja5c13302_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c13302/suppl_file/ja5c13302_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c13302/suppl_file/ja5c13302_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c13302?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c13302?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c13302?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c13302?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c13302?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(Figure 4d). These results indicate that although the d-spacing
of pure a-Th2Cl and a-Th2Br films increases compared to L8-
BO, they can still achieve tighter and more ordered packing
when blended with the donor, which is conducive to improving
exciton dissociation, charge transport, and collection, thereby
significantly enhancing Jsc and FF, suppressing energy losses,
and yielding high photovoltaic performance.

Apart from film morphology, the investigation of exciton and
charge dynamics can give us a deeper understanding of the
exciton transport and charge generation behavior in the active
layer. Then, we studied the hole transfer dynamics of blend
films through transient absorption spectroscopy (TAS)
measurement. Due to the distinct absorption regions of the
polymer donor and acceptor, we employed a low power pump
light at 800 nm to exclusively excite the acceptor. As shown in
Figure 5, a new GSB signal at 630 nm, representing PM6
absorption, showed up immediately, suggesting rapid hole
transfer from the acceptor to the donor upon selective
photoexcitation of acceptors. By fitting the GSB signals using
a biexponential model, the 7, and 7, values were obtained,
where 7, represents the dissociation time of exciton at the D:A
interface and 7, represents the exciton diffusion time to the
D:A interface.”” Smaller fitted parameters (z; and 7,) of
PM6:a-Th2Cl (z7; = 0.54 % 0.01 ps, 7, = 10.56 + 0.50 ps) and
PM6:a-Th2Br (7, = 0.42 + 0.02 ps, 7, = 8.75 + 1.48 ps) blend
films (Figure Sg) indicate that exciton dissociation and
diffusion are more efficient than those in PM6:L8-BO blend
film (7; = 0.60 + 0.02 ps, 7, = 21.62 + 0.36 ps), which is
beneficial for suppressing charge recombination, thus improv-
ing Jsc and FF. The photoluminescence (PL) quenching
measurements were carried out to study the charge-transfer
efficiency (Figure S18). Both of the a-Th2Cl- and a-Th2Br-
based blend films exhibit highly efficient electron transfer
efficiency due to the sufficient driving force from the LUMO
energy offset. When the acceptor was selected excited, the a-
Th2Cl- and a-Th2Br-based blends display hole transfer
efficiencies of 90.5 and 91.5%, respectively. Meanwhile, we
also observed the i-Ex state, which exhibit low exciton binding
energy with the electron and hole on separate molecules at
around 1550 nm (Figure S17). The generation of i-Ex tends to
facilitate the charge generation, which is evidenced by the
formation of charge state (CS) at 750 nm in the acceptor
phase of blends as earlier reported.*® The i-Ex lifetimes in the
PM6:L8-BO, PM6:a-Th2Cl, and PM6:a-Th2Br blend films are
18.5S, 24.77, and 35.37 ps (Figure Sh), respectively. The
longer i-Ex lifetime of PM6:a-Th2Br blends is consistent with
the reduced nonradiative charge recombination, corresponding
to the low AE,."

B CONCLUSIONS

In this study, we designed and synthesized two acceptors, a-
Th2Cl and a-Th2Br, which feature a central core-twisted
conformation. This was achieved by introducing chlorinated
and brominated thiophene units onto the central pyrazine
cores of the Y-series acceptors through single-bond linkages.
Comprehensive analyses including crystallographic studies,
molecular simulations, and photophysical properties revealed
that this twisted core design effectively suppresses the
undesirable aggregation-caused quenching (ACQ) effect
while maintaining eflicient intermolecular packing, thereby
contributing to a reduced AE,. Although a-Th2Cl and a-
Th2Br exhibit the same optical bandgap as L8-BO, they
achieved lower AE, values of 0.202 and 0.194 eV, respectively,

compared to L8-BO (0.229 eV). As a result, a high PCE of
20.60% was achieved with PM6:a-Th2Br, demonstrating a high
Voc of 0.914 V, Jsc of 27.67 mA cm™>, and FF of 81.47%. This
places it among the few reported binary OSCs to surpass the
20% efliciency threshold, owing to simultaneous enhancement
of all three key performance parameters. These results
highlight the distinct advantage and potential of the twisted
central core conformation molecular design, particularly its
influence on molecular packing, and may offer valuable
guidance for the development of high-performance acceptors.
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