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Selectivity: A Homochiral Strategy to Improve Organic Solar Cell
Performance

Shuang Li, Fumitaka Ishiwari,* Shaoxian Li, Yumi Yakiyama, and Akinori Saeki*
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Abstract: Asymmetric design has emerged as an effective strategy to enhance the performance of non-fullerene acceptors
(NFAs) in organic solar cells (OSCs). Although most asymmetric NFAs focus on lateral (i.e., left-right) asymmetry, out-
of-plane anisotropy has remained underexplored, despite its ability to induce both a vertical dipole moment and molecular
chirality, thereby potentially enabling functionalities such as chirality-induced spin selectivity (CISS). With this perspective,
we develop chiral and bifacial NFAs, (S,5)-1E4F, and (R,R)-IE4F, featuring an indacenodithiophene (IDT) core bearing
a hydrophilic oligo(ethylene glycol) group and a hydrophobic phenyl group on the bridging sp*-carbons. Their racemic
counterpart (rac-IE4F) and a non-bifacial achiral isomer (meso-IE4F) are also synthesized as the controls. Compared to
meso-1E4F, the bifacial isomers exhibit higher solubility, more favorable molecular packing for carrier transport, and larger
dipole moments. Notably, neat (S,5)/(R,R)-IE4Fs and their bulk heterojunctions with PBDB-T exhibit pronounced CISS
effect, with spin polarizations of ~70% and ~50%, respectively. Consequently, OSCs based on homochiral bifacial IE4Fs
achieve a power conversion efficiency of 8.17%, three times higher than that of meso-IE4F. This study highlights the impact

.

of isomerization in NFAs and provides a new molecular design strategy for homochiral asymmetric NFAs.

J

Introduction

Organic solar cells (OSCs) have garnered significant atten-
tion as a viable solution for sustainable energy produc-
tion, attributed to their excellent solution processability,
lightweight characteristics, and flexibility.'*] In this decade,
substantial advancements have been made in the power
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conversion efficiencies (PCEs) of OSCs, reaching 19%-—
20% in binary[>¢! and ternary!’'!l single-junction devices, as
well as tandem devices.['>1*] Despite these improvements,
OSC:s still lag behind the lead halide perovskite solar cells
(~26% PCE).I'>*'8] The development of innovative materials
is therefore key to further enhancing OSC performance. As
such, non-fullerene acceptors (NFAs)['?!] are the premier
class of materials that simultaneously satisfy the requirements
of a narrow bandgap energy (E,), optimal energy offset and
miscibility with p-type semiconductors, and large electron
mobilities. This is in sharp contrast to the conventional soluble
fullerenes.?>2]

Over the past decade, various molecular design strategies
have been explored for NFAs, leading to the development of
benchmark molecules such as ITIC and Y6.[25-28] However,
these state-of-the-art NFAs generally possess laterally and
facially symmetric structures. More recently, the asymmetric
molecular design has attracted attention to improve the
performance of NFAs (Figure 1a).**%] For instance, Li
et al.’%! introduced an asymmetric small molecule acceptor,
Y6-40 (Figure 1a, right), by attaching highly polarized oligo
(ethylene glycol) side chains to the one of two pyrrole units
of the Y6 core. The oligo (ethylene glycol)-appended Y6-40
displayed a higher dielectric constant (¢, = 5.13) than Y6
(e; = 3.36), which improved exciton dissociation and reduced
charge recombination in OSCs. Feng et al.’] synthesized
asymmetric NFAs (Figure 1b, IDT-OB) incorporating one
alkyl (n-octyl) and one aryl (4-hexylphenyl) side chain on
the same sp?-bridged carbons of indacenodithiophene (IDT)
core and achieved a high PCE of 9.17% with the IDT-OB-
based OSCs. Introducing asymmetric side chains to bridging
sp? carbon atoms of C, symmetrical 7 -cores such as IDT leads

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 1. a) Examples of conventional bilateral asymmetric NFAs. b)

IDT-based NFA with different substituent groups on sp® carbon atoms.
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to isomerization and generates NFA molecules as a mixture
of syn and anti-isomers. The anti-isomer is centrosymmetric
and achiral, while the syn isomer is chiral but synthesized as
a racemic mixture of (S,S) and (R,R) isomers. Accordingly,
there has been limited research focusing on the effect of
isomerization for OSCs. Indeed, the IDT-OB (Figure 1b) was
used as a mixture of syn and anti-isomers.’”38] Our group
has developed new asymmetric skeletons, namely “bifacial”
chiral m-conjugated molecules such as C,-chiral bifacial
indenofluorenes(*#°!1 and Cs-chiral bifacial truxenes,[*#2]
which have two different substituent groups on their bridging
sp3-carbon atoms. These molecules demonstrate efficient
surface passivation for perovskite solar cells and circularly
polarized luminescence emitters, respectively. Importantly, we
have recently reported a C,-chiral bifacial IDT according to
the “bifacial” strategy with application to polymerizing with
benzothiadiazole (BT) monomers.*}] The obtained chiral
bifacial IDT-BT copolymers exhibit a chirality-induced spin
selectivity (CISS) effect with a spin polarization (SP) value of
nearly 70% using spin-coated amorphous thin films.[*]

In this work, we proposed and synthesized a series of novel
asymmetric NFA molecules named (S,5)-1E4F, (R,R)-IE4F
(Figure 1c) based on a bifacial IDT 7 -conjugated backbone to
investigate the effects of isomerization in OSCs. The achiral
and non-bifacial anti isomer (meso-IE4F) and the racemic
mixture (rac-IE4F) of (S,S)-1IE4F, (R,R)-IE4F were also
synthesized and evaluated for comparison. We adopted the
m-conjugated core structure of IE4F*] developed by Z. Ge,
J. Hou, and coworkers, due to its facile synthetic procedure.
The side-chain design employed the same combination of
hydrophilic oligo(ethylene glycol) and hydrophobic phenyl
groups as in our previous work.[*}] This combination facili-
tates chiral resolution by chiral HPLC and is also expected
to enhance the dipole moment through the contribution of
the oligo(ethylene glycol) unit. Compared to non-bifacial
meso-1E4F, the bifacial NFA molecules [(S,S)-IE4F, (R,R)-
IE4F, and rac-IE4F] exhibit higher dipole moment, enhanced
solubility, and more favorable orientation of molecular pack-
ing. Interestingly, the spin-coated films of (S,S)-IE4F and
(R,R)-1E4F exhibited a CISS response with spin polarization
values of 60%-70%, similar to our previously reported
bifacial IDT-BT polymers. When the bifacial NFAs are
integrated with the optically inactive PBDB-T donor polymer,
the resulting bulk heterojunctions (BHJs) OSCs demon-
strate improved film morphology, efficient charge separation,
improved charge transport, and prolonged charge carrier
lifetime. Furthermore, the BHJs of PBDB-T:(S,S)-IE4F and
PBDB-T:(R,R)-IE4F exhibit CISS behavior with the SP
values of —-48.8 + 9.3% and + 51.6 £ 10.3%, respectively. To
the best of our knowledge, this is the first report on the CISS
behavior of OSCs BHJs. These enhancements contribute to
higher short-circuit current density (Jsc), open-circuit voltage
(Voc), and fill factor (FF) values in bifacial NFA-based OSCs.
Specifically, the OSC fabricated with PBDB-T:(S,S)-IE4F and
PBDB-T:(R,R)-IE4F achieved a maximum PCE of ~8%,
which is over three times greater than that of PBDB-T:meso-
IE4F based OSCs (Figure 1d), thereby demonstrating the
potential of NFA homochiralization as a new strategy for
improving device performance.

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Scheme 1. Synthesis of (S,S)-1E4F, (R,R)-|E4F, rac-1E4F, and meso-IE4F.
EH represents 2-ethylhexyl.

Results and Discussion

Synthesis and Theoretical Calculations

According to Scheme 1, meso-1E4F, rac-1E4F, (S.S)-1E4F,
and (R,R)-IE4F (Figure 1c) were synthesized following the
same procedure as the previously reported IE4F synthesis, *]
except for the use of stereochemically defined IDT cores
bearing different substituents on the sp’-carbon bridge
(compounds 5 s). These compounds 5 s enabled the con-
trolled synthesis of meso, racemic, and enantiopure (S,5)-
and (R,R)-isomers of NFAs and were identical to those
employed in our previous synthesis of chiral bifacial IDT-
BT copolymers. In our previous study, the meso isomer was
not isolated. In the present work, the meso and racemic
compounds were successfully separated by SiO, column
chromatography, with R; values (n-hexane:CH,Cl, = 4:1)
of 0.51 for meso-4 (2.5 g, 43% yield) and 0.32 for rac-4
(1.1 g, 19% yield). Subsequently, rac-4 (900 mg) was readily
resolved into (S,S)-4 (first fraction, 412 mg, 92%) and (R,R)-
4 (second fraction, 449 mg, 99%) by chiral HPLC (DAICEL,
CHIRALPAK IG, diameter: 20 cm x length: 25 cm, eluent:
EtOAc:n-hexane = 1:2).[}] The chemical structure of meso-
4 was unambiguously identified by a combination of 'H
and C NMR spectroscopy, IR, high-resolution mass spec-
trometry. Single-crystal X-ray diffraction analysis of meso-5
(Figure S1) clearly determined its meso stereochemistry. The
enantiomeric structures of (S,S)-IE4F and (R,R)-IE4F were
confirmed by their mirror-image circular dichroism (CD)
spectra in tetrahydrofuran (THF) (Figure 2a). Thermogravi-
metric analysis (TGA) revealed a 5% mass loss at over
270 °C for all the obtained IE4Fs (Figure S2), indicating their
sufficient thermal stability for OPV application. From the
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Table 1: Summary of the optical and electronic properties of meso-1E4F, rac-1E4F, (S,S)-IE4F, and (R,R)-1IE4F NFA molecules.

HOMO (eV)] Eg°P! (eV) LUMO (eV) Jemax (nm)?) Amax (nm)® y (Debye)©)
meso-E4F —5.90 1.42 —4.48 682 763 0
rac-1E4F —5.81 1.47 —4.34 681 758 -
(S,S)-IE4F —5.81 1.47 —4.34 679 760 17
(R,R)-IE4F —5.81 1.48 —4.33 680 752 17

3) Photoabsorption maximum in THF ) Photoabsorption maximum in the thin film states 9 Calculated dipole moment.

differential scanning calorimetry (DSC) measurement, these
NFAs do not show any clear sign of phase transition in the
temperature range of —-50-200 °C (Figure S3).

A large dipole moment plays an important role in OSC
device performance, because it often leads to a high relative
dielectric constant, which in turn can reduce the exciton
binding energy and suppress charge recombination losses
through stronger intermolecular interactions.[**#] To evalu-
ate the electron distribution and dipole moments of the IE4Fs
molecules, density functional theory (DFT) calculations were
performed to compute the electrostatic potential (ESP) and
polarization of the molecules, at the B3LYP/6-31G(d,p) level
of theory. The calculated dipole moment vectors for (S,S)-
IE4F and (R,R)-1E4F have magnitudes of 1.7 Debye (Table 1)
and are oriented in the out-of-plane direction, pointing from
the ether (OR) substituent toward the phenyl (Ph) group
(Figures 1c and S4), whereas the magnitude of the dipole
moment of meso-IE4F is 0 Debye due to its centrosymmetric
molecular structure. This value (1.7 D) is comparable to that
of previously reported bilaterally asymmetric NFAs, such as
Y6-40 (2.6 D)’ although the former is oriented in the
out-of-plane direction. In contrast to previously reported
asymmetric NFA designs—which typically induce in-plane
dipole moments through lateral structural asymmetry—our
bifacial approach enables the introduction of out-of-plane
dipole moments via a bifacially asymmetric structure. This
result is consistent with the higher molecular polarity of rac-
IE4F [a 1:1 mixture of (S,S)-IE4F and (R,R)-IE4F], which
exhibits a lower SiO, TLC R; value of 0.25 (EtOAc:n-
hexane = 2:3) than meso-1E4F (0.60) due to its dipolar bifacial
structure. Recent studies have suggested that the magnitude
of the quadrupole tensor can play a beneficial role in charge
separation processes.[*”*8] The quadrupole tensor compo-
nents of (§,5)-IE4F were calculated to be XX = -210.083,
YY = 101.835, ZZ = 108.248, XY = 75.396, XZ = -0.026,
and YZ = 0.009 in the Debye-A unit.l*’! For the (R,R)-IE4F
enantiomer, only the signs of the XY and XZ components
are reversed, while YZ and the diagonal components remain
unchanged (XX = -210.083, YY = 101.835, ZZ = 108.248,
XY = -75.396, XZ = 0.026, and YZ = 0.009). This behavior
corresponds to a reflection through the YZ plane (x — -
x), which is consistent with the mirror-image relationship
between the two molecular structures. The quadrupole tensor
magnitudes (Q) calculated for (S,5)-IE4F and (R,R)-IE4F
were both 147 eay? (e: elementary of a charge, ayp: Bohr
radius). On the other hand, meso-IE4F exhibited quadrupole
tensor components of XX = -210.395, YY = 102.804,
77 = 107.590, XY = 74.9, XZ = -7.611, and YZ = 6.542.
The Q value calculated from these values was 147 eay?,
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which is identical to those of (S,5)-1E4F and (R,R)-1E4F. This
value (147 eay?) is larger than that of a typical NFA such as
ITIC (51.3 eay?),[*] which may contribute to efficient charge
separation.

Photophysical and Chiroptical Properties

We measured and compared UV-vis absorption and circular
CD spectra of IE4Fs in diluted THF solution and in thin
films prepared by spin-coating of the chlorobenzene (CB)
solution (1500 rpm, 10 mg mL ") (Figure 2a—f). All the IE4Fs
exhibited almost identical UV-vis absorption spectra with the
maximum at 680 nm in solution (Figure 2b). A red shift of
~80 nm was observed in the neat IE4F films (Figure 2d)
compared to their solution-state spectra, indicating enhanced
aggregation or planarization upon film formation. The highest
occupied molecular orbital (HOMO) energy levels of the
thin films of meso-IE4F, rac-1E4F, (S,S)-1E4F, and (R,R)-1E4F
were determined by photoelectron yield spectroscopy (PYS)
(Figure S5). Their bandgap energies (E,) were determined
from the onset of UV-vis absorption spectra in the film states
(Figure S6), and the lowest unoccupied molecular orbital
(LUMO) energy levels were calculated by HOMO + E,.
The energy diagrams of IE4F are summarized in Figure 2g
and Table 1. We found that the racemic and homochiral
bifacial IE4Fs have similar energy diagrams, whereas the non-
bifacial meso-IE4F exhibits a slightly lower HOMO level
than other bifacial IE4Fs, likely due to the differences in
the molecular packing in the thin-film state. The energy
diagram of PBDB-T, a representative donor polymer used
in the present study, is also shown in Figure 2g. All the
IE4Fs have complementary absorption profile and enough
HOMO-HOMO and LUMO-LUMO offsets with PBDB-T.

(S,S) and (R,R)-IE4F showed mirror-imaged CD spectra
in both solution (Figure 2a) and in film (Figure 2c). However,
the spectral shapes were markedly different between the two
states, as also seen in the absorption spectra (Figure 2b,d),
suggesting substantial changes in chiral molecular conforma-
tion and higher-order structure upon film formation. The
formation of higher-order structure in the film is further
supported by the angle- and side-dependent CD responses
observed in the film state (Figure S7),[*’! as well as by the 2D-
GIWAXS measurements discussed in a later section. Notably,
the spectral shapes of CD spectra in the film state exhibited
clear bisignate CD signals on mainchain charge transfer (CT)
band in the longer wavelength region.

We then fabricated BHJ films of the IE4Fs with PBDB-
T by spin-coating CB solutions of their 1:1 (w/w) mixtures

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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(3 mg mL~') at 2000 rpm on quartz, and measured their UV-
vis absorption and CD spectra (Figure 2e.f). The BHJ films
of rac-, (S,S)-, and (R,R)-IE4F with PBDB-T showed slight
blue shifts (14.5 nm) in the IE4F absorption bands compared
to their neat films. In contrast, the PBDB-T:meso-1E4F film
showed no such shift, maintaining the same absorption max-
imum as the neat meso-IE4F film. Although the absorption
maximum of PBDB-T remained essentially unchanged across
all samples, minor changes were observed in the relative
intensities of the 0-0 and 0-1 transitions. The CD spectra
of BHJ films based on homochiral (S,S)-IE4F and (R,R)-
IEA4F (Figure 2e) exhibited a pronounced dependence on the
incident side and angle of the probe light, particularly in the
500-700 nm region corresponding to PBDB-T absorption, and
similar behavior was observed for neat PBDB-T films, which
are optically inactive (Figure S8). These signals are attributed
to artifacts arising from linear dichroism (LD), which strongly
depends on the incident angle and measurement side of the
probe light (Figure S8).[l The observed LD likely originates
from anisotropic molecular alignment of PBDB-T in the film
(as discussed in a later section). In the shorter wavelength
region around 250 nm, the BHJ films exhibited CD signals
identical to those of the neat (S,S)-IE4F and (R,R)-IE4F
films (Figure 2c,e). Furthermore, at incident angles where the
PBDB-T CD signal was negligible (front: 45°, Figure S7b),
the CD spectra of the BHJ films closely matched those of the
neat (S,5)-IE4F and (R,R)-IE4F films (Figure 2e, solid lines).
The preservation of the homochiral NFA-derived chiroptical
response in the BHJ films suggests that these systems could
also exhibit chirality-induced phenomena such as the CISS
effect.

CISS Properties of Neat and BHJ Films

CISS is a phenomenon in which up or down spin-polarized
current preferentially passes through a chiral substance
to generate spin-polarized current. The CISS effect has
attracted much attention because it offers a new approach
for manipulating spins.”>!l Previously, homochiral Y6
derivatives were reported to exhibit CISS effects, which
contributed to suppressed charge recombination and
enhanced photocatalytic hydrogen evolution performance.[>?]
However, to date, no study has applied CISS-active
homochiral NFAs to OSCs, leaving the impact of molecular
chirality on photovoltaic performance largely unexplored.
Therefore, we investigated the CISS properties of chiral
bifacial NFAs and explored their application in OSCs. The
CISS properties of chiral bifacial IE4Fs were evaluated
using the same experimental protocol as in our previous
study on chiral bifacial IDT-based polymers. (S,S)-IE4F
and (R,R)-IE4F thin films were fabricated by spin coating
their 5 mg mL~! solution in CB at 1500 rpm onto highly
oriented pyrolytic graphite (HOPG). The film morphology
of (S,5)-IE4F and (R,R)-IE4F thin films on HOPG were
first characterized by tapping mode atomic force microscope
(AFM) as shown in Figure S9. We confirmed the film
thickness is 22.6 £ 5.1 nm with root-mean-square surface
roughness (R,) of 0.29 nm for (§.5)-IE4F neat film and the
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Figure 3. a) Up (pink) or down (sky blue) spin-polarized current-voltage
curves of the thin film of (S,S)-IE4F on HOPG. Unaveraged curves are
shown as thin pink and blue lines. Spin polarization as a function of the
applied voltage for b) (S,5)-1E4F (red) and (R,R)-IE4F (blue) and c)
PBDB-T:(S,S)-IE4F (red) and PBDB-T:(R,R)-IE4F (blue).

film thickness is 21.8 £+ 1.9 nm with R, of 0.31 nm for (R,R)-
IEA4F neat film. A neodymium (Nd) magnet was placed on top
of the paramagnetic CoCr cantilever during the measurement,
with either the “N” or “S” pole facing the cantilever to
maintain its magnetization in the “up” or “down” direction,
respectively. This magnetization control allowed for the
selective detection of up- and down-spin-polarized currents
(Iup and Iqown) throughout the measurement process. To
obtain averaged I,,-V and I4owa-V characteristics, over 100
I-V curves were recorded at different sample positions under
each magnetization conditions. As a result, the (S,5)-IE4F
thin film exhibit higher /4own than I, (Figure 3a), indicating
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that down-spin polarized current preferentially passes
through the (S,S)-IE4F thin film. Conversely, the (R,R)-IE4F
thin films exhibited I, than Ijown (Figure S10), indicating
selective transport of up-spin polarized current. These results
confirm the observation of the CISS effect in the thin films of
the chiral bifacial NFAs. Based on the averaged /gown-V and
I,-V curves, the spin polarization (SP) values were calculated
to be —62.3 + 9.5% and + 71.8 + 18.3% (Figure 3b) for
(8,9)-1E4F and (R,R)-IE4F thin films, respectively. Notably,
the chirality-dependent sign of the SP —negative for the (S,S)-
isomer and positive for the (R,R)-isomer— was consistent with
the enantiomer-specific SP behavior previously observed in
our bifacial IDT-BT polymers.[*]

For CISS characterization, BHJ films of PBDB-T:(S,S)-
IE4F and PBDB-T:(R,R)-IE4F were spin-coated onto HOPG
from CB solutions (3 mg mL~!, 1:1 w/w) at 2000 rpm, using
the same conditions as for the CD measurements. The film
thickness was determined to be 22.1 £+ 2.5 nm with R, of
1.17 nm for the (S,S)-based BHJ film, and 29.8 £+ 3.3 nm
with R, of 1.11 nm for the (R,R)-based film (Figure S9).
The resulting BHJ films on HOPG were then evaluated
for their CISS properties using the same spin-polarized mc-
AFM technique as applied to the neat films. As a result,
CISS effect was also observed for these BHJ films (Figure
S11), and the SP values of PBDB-T:(S,S)-IE4F and PBDB-
T:(R,R)-IE4F BH]J films were calculated to be —48.8 &+ 9.3%
and + 51.6 + 10.3% (Figure 3c), respectively. These BHJ
films exhibited spin selectivity consistent with their neat
counterparts: the (S,5)-based BHJ facilitated preferential
transport of down-spin-polarized current, while the (R,R)-
based BHJ favored up-spin-polarized current. Although the
observed SP values were slightly lower than those of the
neat films, likely due to dilution of the chiral environment
by the optically inactive PBDB-T, this result provides the
first experimental insight into the CISS behavior of BHJ
films composed of homochiral acceptors and optically inactive
donors.

Stereochemistry-Dependent Solubility

During the preparation of precursor solutions for spin-
coating, we noticed a pronounced difference in solubility
among the IE4F isomers depending on their stereochemistry.
Accordingly, we examined their solubilities in CB at 25 °C
by carefully diluting their saturated solutions (Figure S12).
Consequently, the solubilities of meso-IE4F in CB at 25 °C
was determined to be 6.3 mg mL~!, whereas those of rac-1E4F,
(S,5)-1E4F, and (R,R)-IE4F were approximately 30 mg mL~!,
respectively. Despite the different stereochemistries, the bifa-
cial isomers exhibited nearly fivefold higher solubility than the
meso isomer, highlighting the significant impact of the bifacial
architecture on solubility enhancement. Since a high solubility
plays a key role in achieving optimal BHJ nanostructure, these
findings underscore the advantages of the bifacial molecular
design. Furthermore, the remarked solubility differences
among the isomers indicate that stereochemical tuning can
serve as an effective strategy for improving solubility in chiral
mw-conjugated systems.
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Photovoltaic Performance

To investigate photovoltaic performance, a series of OSC
devices based on PBDB-T:IE4Fs were fabricated with an
inverted structure of glass/ITO/ZnO/BHJ/MoO3/Ag, which is
described in detail in Supporting Information. The film thick-
nesses of the active layers of PBDB-T:meso-1E4F, PBDB-
T:rac-1IEAF, PBDB-T:(S,S)-IE4F, and PBDB-T:(R,R)-IE4F
blends under the optimized conditions were measured to be
131, 99, 101, and 106 nm, respectively. The current density—
voltage (J-V) curves of the best performing OSCs measured
under simulated AM 1.5 G solar simulator illumination are
shown in Figure 4a, and the corresponding photovoltaic
parameters are summarized in Table 2. The rac-1E4F, (S.S)-
IE4F, and (R,R)-IE4F-based OSCs exhibited overall superior
Jsc, Voc, and FF values compared to meso-1IE4F-based OSCs.
Consequently, the best performing OSCs based on rac-1E4F,
(S,S)-IE4F, and (R,R)-IE4F exhibited PCE of 6.92%, 7.85%,
and 8.17%, respectively, which is over three times greater than
2.36% of meso-IE4F-based OSC. Notably, owing to larger
Jsc and FF values, the enantiomerically pure (S,S)-IE4F
and (R,R)-IE4F-based OSCs exhibited further higher PCE
compared to rac-IE4F-based OSCs. The external quantum
efficiency (EQE) spectra (Figure 4b) revealed maximum
EQE values of 63%, 67%, and 65% for rac-, (S,S)- and (R,R)-
IE4F-based devices, respectively, while the meso-IE4F-based
devices exhibited a much lower value of 28%. Importantly,
despite the nearly identical absorption spectra of the BHJ
films (Figure 2f), the Jsc integrated from EQE curves also
supported the measured Jsc (Table 2).

To understand the charge recombination mechanism of
the OSC devices, the dependence of Jsc under different light
intensities (Pjign) Was measured (Figure 4c). The correlation
between Jsc and Py can be represented as Jsc o Plighls.
When the slope of the logarithmic plot (S) is close to 1, the
bimolecular charge recombination in the device is negligible.
The S values were determined to be 0.959, 0.966, 0.982,
and 0.985 for meso-1E4F, rac-1E4F, (S,S)-IE4F, and (R,R)-
IE4F-based OSCs, respectively. Compared to rac-1E4F-based
OSCs, the weaker bimolecular recombination in (S,S)-IE4F
and (R,R)-IE4F-based OSCs is responsible for the enhance-
ment of Jsc and FF. Li et al. have recently reported that
in homochiral Y6-based systems exhibiting the CISS effect,
spin-selective charge transport may contribute to the suppres-
sion of charge recombination.®?] Although the underlying
mechanism remains under investigation, it is noteworthy that
our (S,5)- and (R,R)-IE4F-based OSCs, which exhibit CISS,
show reduced bimolecular recombination, potentially hinting
at arelated phenomenon. The meso-IE4F-based OSC showed
a slightly small but almost comparable S value of 0.959.
Accordingly, the low Jsc of meso-IE4F-based OSC could be
attributed to the low charge separation efficiency influenced
by phase separation in the BHJ film (vide infra).

Furthermore, to evaluate the charge extraction in the
devices, we investigated the relationship between photocur-
rent density (J,h, defined as Ji, — Jp, where J. and Jp, are the
current densities under illumination and in dark, respectively)
and the effective voltage (V.g, defined as Vi, — V, where
V is the applied voltage and V, is the voltage at when
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Figure 4. a) |-V curves and b) corresponding EQE spectra of best-performing OSCs devices. c) Light intensity dependence of Jsc and d) J,p, versus

Vefr. The PCE and slope are appended in (a) and (c), respectively.

Table 2: Photovoltaic parameters of OSCs under pseudo sunlight at 100 mW cm

Jsc JscFeE
Active layers (mA cm~2) (mA cm~2)
PBDB-T:meso-IE4F 7.802 (7.47 £ 0.27) 7.02
PBDB-T:rac-IE4F 16.25 (15.93 + 0.35) 14.86
PBDB-T:(S,S)-IE4F 17.35 (16.80 & 0.55) 16.23
PBDB-T:(R,R)-IE4F 17.12 (16.56 £ 0.76) 15.70

—Z_a)
Voc FF PCE
V) (%) (%)
0.641 (0.586 + 0.082) 47.2 (41.4 £ 5.4) 2.36 (1.84 + 0.44)
0.810 (0.780 + 0.028) 52.6 (47.9 & 3.3) 6.92 (5.95 & 0.50)
0.820 (0.789 + 0.022) 55.3 (51.8 £ 4.0) 7.85 (6.88 £ 0.73)
0.820 (0.798 + 0.011) 58.2 (51.8 & 5.0) 8.17 (6.85 + 0.90)

3 ITO/ZnO/BHJ/MoO,/Ag. Blend ratio is D:A = 1:1in CB with 0.5vol% 1,8-diiodooctane (DIO). The values in the brackets are the averages
calculated from more than 10 devices, while others are the parameters of maximum-PCE devices.

Jon is zero), as shown in Figure 4d. The charge extraction
probability (P.y ) was calculated as the ratio of photocurrent
density (Jpy) to the saturated photocurrent density (Jsa),
where Jp, under the short-circuit conditions. The Py values of
PBDB-T:meso-1E4F, PBDB-T:rac-IE4F, PBDB-T:(S,S)-1E4F,
and PBDB-T:(R,R)-IE4F based-OSCs were calculated to
be 93.7%, 95.9%, 98.1%, and 97.7%, respectively. It also
supports the result that enantiomerically pure (S,5)-IE4F and
(R,R)-1E4F based-OSCs performed the highest Jgc.

Structural Analysis of Neat and BHJ Films

Two-dimensional grazing incidence wide-angle X-ray scatter-
ing (2D-GIWAXS) was conducted on the neat (IE4Fs) and
blended films (PBDB-T:IE4Fs). The 2D-GIWAXS images
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and the corresponding out-of-plane (OOP) and in-plane (IP)
1D profiles are shown in Figures 5 and S13, respectively.
Among the neat films, meso-IE4F exhibited a markedly
different 2D-GIWAXS pattern (Figure 5a) compared to the
other isomers (Figure 5b—d). The meso-IE4F film (Figure 5a)
showed a dominant diffraction peak in the IP direction at
Gxy ~ 182 nm™! (d ~ 3.45 A), corresponding to 7—x stacking,
along with a prominent lamellar stacking peak in the OOP
direction (g, ~ 3.9 nm™!, d ~ 16.3 A), suggesting an edge-
on orientation. Notably, additional spot diffractions were
observed along off-axis directions in the 2D-GIWAXS image
of meso-IE4F (white arrows), suggesting the presence of a 3D
molecular ordering unique to this stereoisomer. In contrast,
the rac-, (S,S)-, and (R,R)-IE4F films (Figure 5b-d) exhibited
strong w—n stacking diffraction predominantly in the OOP
direction (g, ~ 18.3-18.4 nm™!), indicative of a face-on
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Figure 5. 2D-GIWAXS images of a) meso-IE4F, b) rac-1E4F, c) (S,S)-IE4F,
and d) (R,R)-1E4F neat films. Those of BH| blend films are shown in
e-h), respectively. The d-spacing (d-) and its coherence length (L;) are
superimposed. 1D profiles along in-plane and out-of-plane directions
are shown in Figure S13.

orientation favorable for vertical charge transport. However,
a closer inspection of the 2D-GIWAXS patterns reveals subtle
yet distinct differences between rac-IE4F and the enantiopure
(85,5)- and (R,R)-IE4F films, as detailed below. Specifically,
the rac-IE4F film (Figure 5b) exhibits a prominent diffraction
peak in the OOP direction at g, ~ 3.9 nm~' (black arrows
in Figures 5b and S13) in addition to off-axis spot diffraction
(white arrow), indicating the presence of a much higher-
order 3D molecular ordering. In contrast, such diffraction
features are absent in the enantiopure (S,5)- and (R,R)-1E4F
films, suggesting that the racemic film adopts a more ordered
supramolecular structure than its enantiopure counterparts. It
is also noteworthy that the enantiopure (S,5)-1E4F and (R,R)-
IE4F neat films (Figure 5c,d) exhibited crystal coherence
lengths (L.,) of 35.8 and 36.2 A, respectively, which are larger
than the 34.1 A observed for rac-IE4F (Figure 5b).

In the 2D-GIWAXS pattern of the PBDB-T:meso-1E4F
blend film (Figure 5e), a diffraction peak at ¢, ~ 17.3 nm~!,
characteristic of the face-on w—r stacking of PBDB-T, was
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Figure 6. AFM height images of a) PBDB-T:meso-E4F, b)
PBDB-T:rac-1E4F, ¢) PBDB-T:(S,S)-|E4F, and d) PBDB-T:(R,R)-IE4F blend
films. The R, values are superimposed. The image size is 3 x 3 ym?,
and the color scale is 0-330 nm for (a) and 0—40 nm for (b—d).

observed. In addition, multiple isotropic Debye-Scherrer
rings derived from meso-1E4F were observed, indicating the
presence of randomly oriented microcrystalline domains of
meso-1E4F. These features suggest that PBDB-T and meso-
IE4F crystallized separately due to their poor miscibility,
leading to a disordered and non-uniform blend microstruc-
ture. In contrast, the PBDB-T:rac-1IE4F, PBDB-T:(S,S)-1E4F,
and PBDB-T:(R,R)-IE4F blend films (Figure 5f-h) showed
stronger face-on-orientated diffraction than the PBDB-
T:meso-1EA4F film. This can be attributed to the overlapping
face-on m—m stacking contributions from both PBDB-T and
the bifacial IE4Fs. This preferred orientation is beneficial
for vertical charge transport in OSC devices. Overall, the
2D-GIWAXS analyses of both neat and BHJ films reveal
that the bifacial NFA design promotes more ordered w—m
stacking in the out-of-plane direction and facilitates favorable
molecular alignment, particularly in the enantiopure systems,
thereby supporting more efficient charge extraction and
higher photovoltaic performance.

We also investigated the surface structure of BHJ films
by AFM, and the corresponding topography images are
shown in Figure 6. AFM observation of PBDB-T:meso-1E4F
BHIJ (Figure 6a) revealed a non-uniform surface with large
aggregates of meso-IE4F molecules, consistent with multiple
Debye—Scherrer rings in the GIWAXS measurements. The R,
of the PBDB-T:meso-1E4F BH]J film was 53.2 nm (Figure 6a).
The rough texture of the film quality was also observed by
optical microscope (Figure S14). In contrast, the PBDB-T:rac-
IE4F, PBDB-T(S,S)-IE4F and PBDB-T:(R,R)-IE4F blend
films exhibited interpenetrating networks with nanoscale
phase-separated domains (Figure 6b—d), which is typical of
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Figure 7. a) PL spectra of PBDB-T and PBDB-T:meso-|E4F,
PBDB-T:rac-IE4F, PBDB-T:(S,S)-IE4F, and PBDB-T:(R,R)-E4F blend films
excited at 550 nm. b) Comparison of electron and hole mobility values
of PBDB-T:meso-E4F, PBDB-T:rac-|E4F, PBDB-T:(S,S)-IE4F, and
PBDB-T:(R,R)-IE4F blend films. c) TRMC profiles of the blend films
excited at 500 nm. The average lifetime (t) obtained by double
exponential fitting is appended. The PBDB-T:IE4F blend ratio in these
measurements was 1:1 in weight percentage.

optimized BHJ films. The R, values of the PBDB-T:rac-1E4F,
PBDB-T:(S,S)-IE4F, and PBDB-T:(R,R)-IE4F blend films
were 5.16, 5.22, and 5.06 nm, respectively. This favorable mor-
phology facilitates efficient exciton diffusion and dissociation,
enhances carrier transport, and suppresses recombination,
which is a key factor influencing the device performance.

Exciton and Charge Carrier Dynamics in BHJ Films

To investigate the charge separation efficiency, photolumi-
nescence (PL) measurements under 550 nm excitation were
conducted for the PBDB-T, IE4Fs neat films and their blend
films (Figure 7a). The PBDBT:meso-1E4F blend film exhib-
ited 86% PL quenching of PBDB-T, while the PBDB-T:rac-
IE4F, PBDB-T:(S,S)-IE4F, and PBDB-T:(R,R)-IE4F blend
films showed PL quenching as high as 99.3%, 99.3%, and
99.6%, respectively. Compared to PBDBT:meso-IE4F blend,
PBDB-T:rac-1IE4F, PBDB-T:(S,S)-IE4F, and PBDB-T:(R,R)-
IE4F blends exhibited more efficient excitons dissociation
into charge carriers, which is consistent with the higher Jsc
values of these devices relative to the meso-based device.
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Furthermore, the Urbach energies (E,) of the PBDB-
T:meso-1E4AF, PBDB-T:rac-IE4AF, PBDB-T:(S,S)-IE4F, and
PBDB-T:(R,R)-IE4F blends were calculated to be 81, 46, 47,
and 55 meV (Figure S15), respectively. The higher degree of
energetic disorder in the PBDB-T:meso-IE4F blend film is
consistent with its inferior BHJ film structure and results in
more severe energy loss in the OSCs.

The space-charge-limited current (SCLC) method was
employed to evaluate the charge carrier mobility of PBDB-
T:IE4Fs based OSCs. The hole mobility (u,) and electron
mobility (u.) were obtained by fitting the J-V curves with the
Mott-Gurney law. As a result, the PBDB-T:meso-1E4F BHJ
exhibited p, of 3.2 x 107 cm? V™! s7! and g, of 2.1 x 1073
cm? V~! 57!, leading to a highly unbalanced upu; ratio of
0.0037 (Figures 7b and S16, Table S1). This large imbalance
is attributed to the tendency of meso-IE4F molecules prefer
to form large-scale aggregates rather than being uniformly
distributed in the BHJ film, which disrupts continuous
electrons transport pathways and results in lower FF and Jsc
values. On the contrary, PBDB-T:rac-1E4F, (S,S)-IE4F, and
(R,R)-IE4F blend systems more balanced peuy, ratios of 0.80,
0.87, and 1.1, respectively, along with reasonable u, and .
of 3-5 x 107* cm? V! s7!. In particular, the enantiopure
(5,S)-IE4F and (R,R)-IE4F-based BHJs showed not only
higher . and u;, than PBDB-T:rac-IE4F blend, but also more
balanced charge transport. These characteristics contribute
to the higher Jsc and FF observed in the PBDB-T:(S,S)-
IE4F and PBDB-T:(R,R)-IE4F-based OSCs compared to the
PBDB-T:rac-1IE4F-based device.

As an electrode-less method to investigate charge
carrier dynamics, time-resolved microwave conductivity
(TRMC)3334 measurements were performed for the BHIs
with various blending weight ratios (Figure S17). Figure 7c
shows ¢Xu of four PBDB-T:IE4Fs blend films with a 1:1
weight ratio, where Ty and ¢ are the sum of the positive and
negative charge carrier mobilities, and the charge carrier gen-
eration efficiency at the pulse-end, respectively. As a conse-
quence, PBDB-T:rac-IE4F, PBDB-T:(S,S)-IE4F, and PBDB-
T:(R,R)-IE4F BHIJ films exhibited ¢Xppa of 2.3 x 1073,
2.3 x 1073, and 2.0 x 1073 cm?® V™! s7!, respectively, while the
¢ X Umax of PBDB-T:meso-1IE4F BHJ is 7.3 x 107~* cm? V!
s~!. These results are consistent with the observed trends in
Jsc values of the OSCs, where the rac-IE4F, (S,S)-1E4F, and
(R,R)-IE4F-based devices outperform the meso-IE4F-based
one. The charge carrier lifetimes of PBDB-T:meso-1E4F,
PBDB-T:rac-1IE4F, PBDB-T:(S,S)-IE4F, and PBDB-T:(R,R)-
IE4F BHIJs were analyzed by fitting TRMC curves using
double exponential functions. As shown in Figure 7c, the
PBDB-T:rac-1E4F, PBDB-T:(S,S)-IE4F, and PBDB-T:(R,R)-
IE4F BHIs exhibited effective lifetime (t) of 4.0, 4.1, and
3.5 ps, respectively. In contrast, PBDB-T:meso-IEAF BHJ
showed the shorter lifetime of 1.5 ps, again indicating its less
favorable charge transport characteristics. The consistent
trends across device performance and the corresponding
electrical, optical, and morphological measurements highlight
the advantages of our bifacial NFAs. Interestingly, the
enantiopure systems also exhibited pronounced CISS effects,
which may provide an additional avenue for enhancing device
function.

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Conclusion

In this work, we developed a series of novel asymmetric
NFA molecules, namely meso-1E4F, rac-1E4F, (S,S)-1E4F,
and (R,R)-IE4F, based on an asymmetric IDT backbone
with different substituents (i.e., phenyl and ether groups) on
its sp®> carbons. Compared to achiral and centrosymmetric
meso-1E4F, the chiral and bifacial rac-IE4F, (S,S)-1E4F, and
(R,R)-IE4F NFAs have a large dipole moment, enhanced
solubility, and more favorable face-on orientation in the
thin film states. When integrated with PBDB-T, the BHIJs
with rac-IE4F, (S,S)-IE4F, and (R,R)-1E4F showed good film
morphology, efficient charge separation, enhanced charge
transport, and long charge carrier lifetimes. We have also
revealed that neat films of (S,S)-IE4F and (R,R)-IE4F and
their BHJs with PBDB-T exhibit CISS with spin polarizations
of ~70% and ~50%, respectively. Most importantly, the enan-
tiomerically pure (S,S)-IE4F and (R,R)-IE4F-based OSCs
exhibited higher PCE than meso-1E4F and rac-IE4F-based
OSCs. Based on these findings, we propose a homochiral
strategy to enhance the device performance of OSCs, either
through favorable molecular packing that facilitates carrier
transport or through recombination suppression enabled
by the CISS effect. This study introduces the concepts of
molecular chirality and CISS effect, which have not yet
been fully explored in the field of organic photovoltaics, and
presents a new molecular design strategy for developing high-
performance chiral photovoltaic materials. These findings
may also open up possibilities for developing new spin
photovoltaic devices>! based on the CISS effect in chiral
active layers.
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