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ABSTRACT

Descriptor-based artificial intelligence (AI) has emerged as a paradigm for molecular design in organic solar cells (OSCs);
however, it inherently overlooks collective effects governed by bond hybridization, intermolecular coupling, and aggregation
thermodynamics. Such effects are encoded at the solution stage, where pre-aggregation of photoactive materials dictates nucleation
pathways, phase separation, and molecular ordering during film formation. Herein, we introduce a YBOV non-fullerene
acceptor featuring sp?-hybridized branched side chains that exhibit an unprecedentedly strong solution-state pre-aggregation
propensity. This behavior translates into highly ordered solid films with a densely packed crystalline microstructure, enabled
by a thermodynamically stabilized core-terminal dimer. As a result, incorporation of YBOV into OSCs not only outperforms the
benchmark L8-BO-based device, but also confers an effective nucleation seeding-agent function across diverse host OSC platforms,
delivering efficiencies of up to 19.67% via green-solvent processing by alleviating the intrinsic current-voltage trade-off. Machine-
learning predictions largely match experimental photovoltaic parameters with a slight upward bias, except for open-circuit
voltage , which exhibits anomalous behavior driven by pre-aggregation-driven seeding effects beyond descriptor-based AI. This
work establishes sp?-hybridized branched side chains as a new molecular design principle, introducing pre-aggregation-enabled
seeding effects beyond Al prediction and providing a universal strategy for high-performance OSCs.
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1 | Introduction

Organic solar cells (OSCs) have emerged as leading candidates
for next-generation photovoltaic technologies owing to their
solution processability, mechanical flexibility, lightweight nature,
and tunable molecular design [1-8]. Among the various strategies
explored, the advent and rapid development of A-D-A’-D-A
type non-fullerene acceptors (NFAs), typified by the Y6 series,
have been particularly transformative, pushing power conver-
sion efficiencies (PCEs) beyond 20% [9-15]. Pre-aggregation of
photoactive materials has recently gained attention as a decisive
factor in governing nucleation, phase separation, and molecular
ordering during film formation [16]. Properly controlled pre-
aggregation can act as a template for subsequent crystallization,
leading to more ordered molecular packing, finely tuned domain
sizes, and enhanced charge-transport networks [17]. However,
unlike polymer donors that exhibit chain entanglement and
strong intermolecular interactions favoring pre-aggregation in
solution, most high-performance NFAs intrinsically lack this
behavior. The scarcity of NFAs with strong pre-aggregation thus
represents a critical bottleneck that continues to hinder further
advances in device performance.

Side-chain engineering is one of the most powerful molecular
design strategies to regulate solubility, intermolecular interac-
tions, and aggregation behavior [18-28]. By tuning the length,
branching position, or steric volume of alkyl side substituents, it
is possible to directly influence 77— stacking distances, molecular
orientation, and donor-acceptor phase separation within the
photoactive layer. The bulky sp3-branched alkyl side chains
ubiquitously adopted in state-of-the-art NFAs, while effective in
ensuring solubility and solution processability, inevitably weaken
intermolecular coupling, suppress pre-aggregation in solution,
and restrict microstructural control during film formation [29].
This inherent trade-off between solubility and pre-aggregation
remains a major obstacle, underscoring the urgent need for
innovative side-chain design strategies that simultaneously pre-
serve processability while promoting strong pre-aggregation
and directed crystallization. In addition, processing solvent has
been increasingly recognized as a critical factor governing the
transfer of aggregation behavior into the solid-state thin film
microstructure. From this perspective, o-xylene was employed
as a halogen-free green solvent for processing in this study.
Compared with conventional halogenated solvents, o-xylene
exhibits lower toxicity and higher industrial compatibility, while
its relatively high boiling point and limited solubility provide pro-
cessing conditions that effectively reflect molecular aggregation
and stacking behavior in solution.

Motivated by the recognition that sp*-hybridized branched side
chains impart intrinsic rigidity, suppress torsional disorder, and
reinforce intermolecular 7-7 interactions, in this study, we
designed and synthesized a novel YBOV NFA that departs
from the long-standing reliance on bulky sp*-branched side
chains. Comprehensive spectroscopic and structural analyses
revealed that YBOV exhibited exceptionally strong solution-
state pre-aggregation, in stark contrast to the benchmark L8-BO
with conventional sp-branched side chains, which translated
into tighter 7—m stacking, higher crystal density, and enhanced
electron mobility through a thermodynamically stabilized core-
terminal dimer. OSC studies confirmed the superior performance

of YBOV-based devices compared with L8-BO counterparts. More
interestingly, when incorporated into diverse host systems, YBOV
functioned as effective pre-aggregation-driven seeds, enlarging
domains and enhancing crystallinity, thereby boosting photo-
voltaic performance and delivering a champion PCE of 19.67%
via green-solvent processing. In parallel, machine-learning (ML)
framework was developed to predict OSC performance across
750 devices, showing strong agreement with experimental short-
circuit current (J), fill factor (FF), and PCE values albeit
with a modest upward bias; whereas open-circuit voltage (V)
deviated due to anomalous voltage behavior originating from
pre-aggregation—driven seeding effects that are not captured
by descriptor-based models. The pre-aggregation-driven seeding
effects enabled by sp-hybridized branched side chains, as intro-
duced here, provide a unique and broadly applicable pathway to
advance OSC performance.

2 | Results and Discussion
2.1 | Synthesis and Characterization

Figure 1a depicts L8-BO and YBOV, which are isostructural at
the conjugated backbone and outer side chains but differ at the
inner side chains. The benchmark high-performance L8-BO NFA
features conventional sp*-branched side chains at both the inner
and outer positions, whereas YBOV incorporates sp?-hybridized
branched inner side chains. Starting from ethyl-3-ethylhept-2-
enoate, the key sp?-hybridized branched side chain precursor,
1-bromo-3-ethylhept-2-ene (3), was synthesized via a three-step
route. The target YBOV was subsequently prepared following
the established Y6-series protocol, employing sequential trans-
formations including Stille cross-coupling, Cadogan reductive
cyclization, alkylation, Vilsmeier-Haack formylation, and final
Knoevenagel condensation. Synthetic details and full characteri-
zation data are available in Figure 1b and Supporting Information
(NMR, MALDI-TOF MS). Relative to L8-BO (—5.75/—3.89 eV),
the YBOV showed slightly upshifted HOMO/LUMO energy levels
(—5.66/—3.80; from cyclic voltammetry; Figure S1), indicative of
the regulated solid-state packing imparted by the sp?-hybridized
branched side chains.

To the impact of sp?-hybridized branched side chains on
intermolecular interactions, we comparatively examin the
optical properties of L8-BO and YBOV (Figure 1c). To access
molecular absorption in the monomeric state with negligible
intermolecular interactions, UV-vis spectra were first recorded
in dilute solutions (0.02 mM) [30]. Both NFAs exhibited nearly
identical (0-0) absorption maxima at 732 nm, similar onsets,
and strong absorption across 550-800 nm. Upon increasing
concentration from 0.02 to 0.64 mM, YBOV exhibited a
pronounced growth of the shoulder peak at 680 nm, with the
Tggo/175, ratio rising from 0.45 to 0.57, evidencing enhanced
intermolecular interactions and a propensity for pre-aggregation
in solution [31-33]. By contrast, L8-BO showed negligible
spectral or intensity changes over the same concentration
range, consistent with monomeric behavior in solution. In the
solution state, the solvent molecular movement can obscure
intermolecular interactions and their associated electronic
transitions. To overcome this limitation, UV-vis absorption
spectra were measured in a polymer matrix, which suppresses

20f12

Advanced Energy Materials, 2026

85UB01 7 SUOIIOD BA1IER1D) 8[edl|dde a1y Aq peusenob a2 sejole YO ‘9SO S8|nJ 0 ARIq1T 8UIUO /8|1 UO (SUONIPUOD-PUE-SWLBIW0D A3 1M A1 1[UlUO//SANL) SUONPUOD PUe SWis | 8y} 88S *[9202/50/c0] Uo ArlqiTauliuo (1M ‘JO Inisu| feuoieN Ues|n AQ 2960, WUSe/Z00T OT/I0p/uoo" A im Azelq joul U0 peoueApe//sdny wouy pspeojumod ‘0 ‘0r89yTIT



a 0.02mM
0.04mM
- 0.08mM
R= E H ’ ——0.16mM
Q —o0.32mM
——0.64mM
H‘ v H
sp*-Hybridized Branched ~ sp?-Hybridized Branched
(b) ﬁ\/-o- 400 600 800 1000
~o E“o’\
0j OJ OH Br Wavelength (nm)
(o] 1 o 1 | — 0.02mM
F 3 F F NaH (60%) LiAlH, PBry 5 0.04mM
—_— > > £ ———0.08mM
THF S 0. 0.16mM
Et,0 Et,0 % ooy
[ sp*=L8-BO/sp2=YBOV | 5 o
(e) <
g
[
N
yBOW-.\..Ha Hy Hetoomm| 18-BO- Hay Mo Ho | 2
M _ I A 0.0amM | y N — g
M AN Jh\—— 0.08mM L e ’ 400 600 800 1000
L\\ A —L 0.17mM l ~ ] (d) Wavelength (nm)
\ \ ] ! 1 1
‘}\‘\—’\\\ J)'\‘\\. —}N\— 0.33mM 1 — = 40]—YBOVPS fim
n S ,.,‘ \ *‘ R o.c6mm .l e | ; - - - YBOV solution
\ N VL W ) 1 1 % o
M AL s Il . A4 2
\ A \ \ 1 | I
B \V U S i \ \—{ 2.6mm | = 2
\ “a ! \ X l 1 1 <
SmM L Toa
y y ey ep— y y y y pfle— N
9.2 8.8 8.4 7.6 10.0 2.6 9.2 88 7.6 202
F1 (pprm) F1 (pprm) £ 0
(M) ]
. 0.0 v . X
H, Hp H, N L /1 H, Hy I-!C 400 600 800 1000
________________________ o YBOV / . - T Wavelength (nm)
H H ¥ 8 /s e b coccomoonoco i-. Cy
i ] & 4 v g | ° (g)
: : i A : : ! =40 —rBOV M «— ~14nm
i i i Ry N i i 3| —res0fim (0-0)
: : ' e @ | g > <
: ' L e AR N T : | Sos
e —— ® an E : ;
SIlt=ES-- B e e s SO0 Cc i u_!_‘_ = i VMV R jv_ Cb- EUB o -1)
: : ; LeBO A | & L ¥ By <
: 0 0 ] : : : Toa
' ' 1 ' ' ' N
N i ] ] { i | s
1 : ; : : o2
: ; : : : | 2
H H R o3 IR I e b AR I ~ deccccomsmonss 2 Cu 0.0
L= bbbkttt Ca S & Ca 400 600 800 1000
THNMR - Wavelength (nm)

FIGURE 1 | (a)Chemical structures of L8-BO and YBOV. (b) Synthetic route of sp>-hybridized branched side chain. (c) Normalized absorption
spectra of YBOV and L8-BO in o-xylene solution. (d) UV-vis absorption spectra for YBOV polystyrene film (0.32 mm). (e) Concentration-dependent 'H
NMR spectra of YBOV and L8-BO (c = 0.02-5 mm) in CDCls. (f) 3C—'H correlation spectra NMR spectra of YBOV and L8-BO by HMBC measurement.

(g) Normalized absorption spectra of YBOV and L8-BO in thin film.

molecular mobility and minimizes solvent effects, thereby
providing a more static environment for analyzing pre-
aggregation structures (Figure 1d) [31]. In this experiment,
polystyrene was selected as the polymer matrix because it
contains a phenyl moiety resembling that of o-xylene, a solvent
used in device fabrication, while showing no spectral interference
within the absorption region of the acceptor. Furthermore, the
composition concentrations were designed by considering
both the average intermolecular distance and phenyl moiety
density, allowing comparison of interaction differences across
concentrations. UV-vis absorption spectra measured in the
polymer matrix revealed that YBOV exhibited more pronounced
pre-aggregation behavior than observed in solution. Specifically,
within the matrix, the shoulder peak at 680 nm increased
markedly, with the Ig,/I;;, ratio rising from 0.506 to 0.901,
accompanied by a slight red shift in the absorption onset. These
results indicate that confinement within the polymer matrix

restricts molecular mobility, thereby promoting pre-aggregation
of YBOV, enhancing the shoulder peak intensity, and altering the
optical properties.

To further clarify the molecular pre-aggregation in the solution
state, "H NMR spectra were recorded over a concentration range
from 0.02 to 5 mM (Figure le and Figure S2). With increasing
concentration, YBOV exhibited pronounced upfield chemical
shifts, most notably for H, (9.107 — 8.77-8.53 ppm) associated
with the vinylene =-bridge in the conjugated backbone, as
well as for H, and H, of the 3-(dicyanomethylene) indanone
terminal groups, whereas L8-BO remained nearly unchanged.
Besides, YBOV exhibited increased complexity in proton signal
multiplicity at higher concentrations, exemplified by H, transi-
tioning from a singlet to a doublet of doublets. These features
collectively indicate a strong propensity of YBOV toward pre-
aggregation, governed by 77 stacking interactions involving the

Advanced Energy Materials, 2026

30f12

85UB01 7 SUOIIOD BA1IER1D) 8[edl|dde a1y Aq peusenob a2 sejole YO ‘9SO S8|nJ 0 ARIq1T 8UIUO /8|1 UO (SUONIPUOD-PUE-SWLBIW0D A3 1M A1 1[UlUO//SANL) SUONPUOD PUe SWis | 8y} 88S *[9202/50/c0] Uo ArlqiTauliuo (1M ‘JO Inisu| feuoieN Ues|n AQ 2960, WUSe/Z00T OT/I0p/uoo" A im Azelq joul U0 peoueApe//sdny wouy pspeojumod ‘0 ‘0r89yTIT



surrounding terminal groups [34, 35]. To gain deeper insight
into the solution-state molecular pre-aggregation behavior, we
also recorded heteronuclear multiple bond correlation (HMBC)
spectra for the two NFAs at high concentration (5 mM) (Figure 1f
and Figure S3), with the J-coupling constant set to ~10 Hz to
resolve BC-'H couplings separated by two or more bonds. In the
HMBC spectra, L8-BO showed clear heteronuclear correlations
between carbons (C,, C,, C., and Cy) in the vicinity of the
terminal groups and the corresponding H,, H,,, and H,. It should
be noted, however, that the apparent H, and H, correlation in
the C; region cannot be assigned unambiguously due to signal
overlap from neighboring carbons (C, and C;) (Figure S4). In
contrast, in YBOV, the HMBC signals for carbons adjacent to
H, were either absent or markedly attenuated, attributable to
local electronic changes such as reduced J-coupling efficiency
and accelerated relaxation processes induced by pre-aggregation
[36].

In the solid film, absorption extended to ~900 nm, and YBOV
displayed a 14 nm blue shift in both absorption maximum
and onset relative to L8-BO (Figure 1g). Moreover, the relative
intensity ratio of the (0-0) to (0-1) vibronic transitions revealed
stronger intermolecular electronic coupling for YBOV. A higher
(0-0)/(0-1) ratio is generally associated with enhanced 7-7
interactions and closer molecular packing, since intermolecular
electronic coupling stabilizes the lowest-energy transition while
suppressing higher vibronic transitions [37, 38]. This trend indi-
cates that YBOV undergoes more effective aggregation and tighter
molecular packing during film formation compared with L8-BO.

2.2 | Crystal Structures and Film Properties

Single-crystal X-ray diffraction (SCXRD) analysis was carried
out to investigate how variations in side-chain hybridization
(sp® vs. sp?) affect the molecular crystal structures and packing
motifs. A high-quality single crystal of YBOV was grown by slow
diffusion of acetone into a dibromomethane solution, whereas
the crystal structure of L8-BO was retrieved from the Cambridge
Crystallographic Data Centre (CCDC No. 2005533). As illustrated
in Figure 2a, the alignment of five molecular units along the hor-
izontal and diagonal directions yielded a YBOV lattice (33.876 A
x 68.000 A) distinguished by pronounced compactness along the
horizontal axis, whereas L8-BO crystallized into a broader lattice
(54.871 A x 50.440 A) exhibiting nearly isotropic packing across
both orientations [39]. To shed light on the divergent packing
structures (Figure 2b), we examined the 7-7 stacking dimeric
configurations. YBOV was found to adopt two distinct dimeric
configurations: a core-terminal dimer, in which both the core
and terminal segments of one molecule simultaneously overlap
with the conjugated core and terminal regions of another, and
a terminal-terminal dimer oriented diagonally. By contrast, the
L8-BO crystal exhibited three dimeric configurations, comprising
a core-core dimer and two types of terminal-terminal dimers
oriented diagonally and horizontally, respectively.

Binding energy calculations from molecular dynamics simu-
lations revealed that YBOV strongly favors the more stable
core-terminal dimer (—3.012 eV) over the terminal-terminal
dimer (-1.245 eV), whereas L8-BO forms the core-core dimer
(—2.302 eV) along with terminal-terminal counterparts (—1.524

and —1.605 eV). As a result, YBOV establishes effective and
continuous pathways in the vicinity of the terminal regions,
supported by higher LUMO electron densities arising from mul-
tifaceted intermolecular interactions (core—core, core-terminal,
and terminal-terminal) [40]. In contrast, L8-BO predominantly
relies on terminal-terminal interactions, which interrupt path-
way continuity and force charges to detour through intramolec-
ular routes before re-entering terminal-based channels. These
mechanisms are schematically illustrated in Figure 2c. Conse-
quently, YBOV exhibited a higher crystal density (1.282 mg/mm?®)
than L8-BO (1.248 mg/mm?), translating into enhanced electron
mobility (4, ) determined by space-charge-limited-current (SCLC)
method (4.76 X 107> cm? V7! s7! vs. 3.92 X 10~ cm? V! s7! for
YBOV- and L8-BO-only films, respectively; Figure S5) [11].

To correlate the crystal packing with film crystallinity and orien-
tation, grazing-incidence wide-angle X-ray scattering (GIWAXS)
was conducted on neat NFA films (Figure 2d,e). Both NFA films
exhibited a predominant face-on orientation, as reflected by a
pronounced (010) 7-7 stacking peak in the out-of-plane (OOP)
direction, with d-spacings of 3.55 A (YBOV) and 3.58 A (L8-
BO) and corresponding crystallite coherence lengths (CCLs) of
27.0 and 19.9 A, respectively, together with distinct (110)/(11-1)
lamellar peaks in-plane (IP). Upon closer inspection, we also
found that in addition to the azimuthally oriented (021) peaks
observed for both films, YBOV exclusively exhibited an additional
OOP peak at g = 0.861 A, along with IP peaks at g = 0.589 and
1.003 A~!, signifying more robust 77— interactions and superior
crystalline properties.

2.3 | Organic Solar Cells

To evaluate the influence of the side-chain hybridization (sp® vs.
sp?) on photovoltaic performance, OSC devices based on bulk-
heterojunction (BHJ) active layer were fabricated in a conven-
tional structure of glass/ITO/PEDOT:PSS/active layer/H75/Ag.
The active layer comprised a blend of the D18 donor polymer and
NFAs dissolved in o-xylene with CS, (Figure S6 for the polymer
donor D18 and N3). 1,4-diiodobenzene (DIB), corresponding to
60% of the total blend solution weight, was incorporated, followed
by thermal annealing at 100°C for 2 min. Detailed optimization
procedures are described in the Supporting Information. The
current-voltage (J-V) characteristics of the optimized devices
under AM 1.5G illumination (100 mW cm™2) are shown in
Figure 3a, and the corresponding photovoltaic parameters are
summarized in Table 1. The L8-BO-based device showed a PCE
17.04%, with Jgc of 24.45 mA cm™, a Vi of 0.868 V, and a
FF of 80.26%. The YBOV-based device delivered an improved
PCE of 17.64%, accompanied by a markedly increased V. of
0.926 V, which is ascribed to the synergistic effect of the unique
intermolecular packing and the upshifted LUMO energy levels of
YBOV. However, the PCEs were constrained by insufficient cur-
rent density, which motivated us to further study ternary blends
based on the well-established high-current density D18:N3 sys-
tem. Under the same processing conditions (o-xylene/CS,/DIB),
the N3-based binary system achieved a PCE of 17.53%, with a very
high Jgc of 27.18 mA cm~2 as reported and expected, yet a some-
what low V5 and comparable FF values relative to YBOV- and
L8-BO-based devices. Through precisely controlled composition
tests (Figures S7,S8, Tables S1, S2, and S3), both the L8-BO and
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YBOV ternary systems were optimized at a content of 30 wt.%.
However, while the L8-BO-based ternary system showed little
improvement over its binary counterpart due to a fundamental
Jsc—Voc trade-off that limited the maximum attainable PCE, the
optimized YBOV-based ternary device achieved a champion PCE
of 18.74%, enabled by the concurrent realization of enhanced Jg¢
and adequately preserved Voc (PCE of 19.02% with 2PACz). As
shown in Figure 3b and Table 1, the calculated Jy. values from
external quantum efficiency (EQE) spectra are in good agreement
with those measured from the J-V curves.

To elucidate the origin of the performance differences, we
conducted a series of comprehensive studies. First, in addition
to extracting the optical bandgaps (E,) from the EQE spectra, we
measured the electroluminescence external quantum efficiency
(EQEg, ) of the optimized blended films (Figure S9) to quantify
total energy loss (Ej,). The E,, is evaluated according to the
equation Ej,, = AE, + AE, + AE;, where AE, originates from
the inevitable radiative recombination defined by the Shockley-
Queisser limit, AE, corresponds to additional radiative recom-
bination below the bandgap, and AE; accounts for nonradiative
recombination. In the case of AEj;, the value is determined using
the relation (AE; = — kTIn(EQEy,)) [41].
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TABLE 1 | Photovoltaic parameters of optimized OSCs under illumination of AM 1.5G, 100 mW cm™2.

Active Layer Voc* [V] Jsc* [mA cm-2] Jou [MA cm-2] Fill Factor® [%] PCE? [%]

D18:N3 0.821 (0.825) 27.18 (26.13) 25.83 78.46 (78.64) 17.53 (16.96)
D18:YBOV 0.926 (0.926) 23.99 (23.59) 22.81 79.32 (79.08) 17.61 (17.28)
D18:L8-BO 0.868 (0.867) 24.45 (23.96) 23.38 80.26 (79.45) 17.04 (16.50)
D18:N3:YBOV (30%) 0.853 (0.851) 27.47 (27.40) 25.91 79.99 (79.58) 18.74 (18.56)
D18:N3:L8-BO (30%) 0.831 (0.831) 26.65 (26.42) 25.36 79.78 (79.74) 17.68 (17.50)

2The average device values are obtained from 12 cells.

As summarized in Figure 3c and Table S4, while the N3-based
binary device had a lower E,,, primarily due to its notably
reduced AE, compared with the other binary counterparts, the
YBOV-based binary device showed the lowest AE; of 0.206 eV, its
optimized ternary device achieved the lowest E,, of 0.535 eV with
simultaneously low AE, and AE;. These findings substantiate that
the N3-based binary device primarily alleviates radiative recombi-
nation, whereas the L8-BO- and YBOV-based counterparts serve
to suppress nonradiative recombination losses. Remarkably, the
optimized YBOV-based ternary system achieves a concurrent
reduction of both radiative and nonradiative recombination
pathways [42].

The charge recombination mechanism is further investigated
by correlating the illumination intensity (Pyg) and Vo
of the devices (Figure S10). According to equation Vyr «
n(kT/@)In(Pyg,) (where k, T, and g denote the Boltzmann
constant, the absolute temperature, and the elementary charge,
respectively), the fitted ideality factor (n) values of the binary
systems follow the order N3< L8-BO < YBOV, being consistent
to their increasing E,. Interestingly, the YBOV-based ternary
system exhibited a n value approaching unity, indicative of
suppressed monomolecular (trap-assisted) recombination. This
finding indicates that YBOV incorporation into the N3 binary
platform fosters a more favorable domain morphology within the
active layer, despite the concomitant E, enlargement.

As observed for their n values above, both the hole mobility (uy,)
and gy, in the optimized blended films increased in the order:
YBOV ternary > L8-BO ternary > N3 binary > L8-BO binary
> YBOV binary (Figure 3d and Table S5). When comparing the
binary systems, the N3-based device proves particularly effective
in facilitating charge transport across donor-acceptor interfaces,
thereby yielding the enhanced Jg.. Note that upon incorporating
YBOV into the N3 binary platform, the 4, was markedly increased
while the y, was retained, leading to the highest u,/u. as 0.71,
which underpins its superior device performance. The origins of
these advantageous charge transport and dynamic properties can
be further rationalized by the morphological studies described
below.

2.4 | Machine-Learning Prediction

To further examine the effect of side-chain hybridization (sp?
vs. sp?) on device performance, we employed an ML framework
trained on molecular structure descriptors. Figure 4a presents
the overall workflow of the OSC-ML models used to predict

photovoltaic parameters directly from molecular structure infor-
mation [43, 44]. The process begins with the assembly of a curated
OSC dataset, in which device-level photovoltaic parameters
(Voes Jsc» and FF) were extracted from peer-reviewed reports
under 1 sun AM 1.5G illumination. The dataset incorporates
both molecular structures and composition information. Entries
were selected from BHJ-based devices fabricated under solution
processing (spin-coating) conditions to ensure reliable structure-
property correlations. Among the various BHJ OSC systems,
we chose binary and ternary (one donor: two acceptors) blends
(325 and 425 combinations; a total of 750 candidate OSCs). For
molecular encoding, we used extended connectivity fingerprints
(ECFPs) as descriptors. ECFPs represent molecular structures
as connectivity-based bit vectors that capture the presence of
local atomic or functional-group environments and their neigh-
borhood relationships [45]. These fingerprint vectors were then
used as input features for model training. Compared with other
molecular descriptors, ECFPs provide a more generalizable and
chemically intuitive representation, particularly well-suited for
detecting the influence of subtle structural variations. In the
present study, this choice was motivated by our focus on verifying
whether targeted functional-group substitutions (particularly
inner side-chain modification) translate into measurable changes
in device performance. To construct the full input set for model
training, the generated ECFP-based bit vectors (i.e., molecular
descriptor) of each component were weight-averaged. Model
construction was then carried out using the XGBoost algorithm
with 10 fold cross-validation. XGBoost is a gradient-boosted
decision tree method that sequentially builds an ensemble of
weak learners to minimize prediction error while incorporating
regularization to prevent overfitting. This approach was selected
because it effectively captures non-linear relationships while
reducing overfitting, thereby ensuring robust predictive perfor-
mance. Within this framework, separate sub-models were trained
for V¢, Jsc, and FF, respectively, and the predictive performance
of the OSC-ML models was evaluated.

Figure 4b,c show strong agreement between predicted and exper-
imental values for Vi, and Jg.. The coefficients of determination
(R?) were 0.77 for Vi and 0.85 for Jgc, with values closer to 1
meaning that the models more reliably captured the experimental
trends. Although the ML model yielded comparatively lower
R? values for FF (Figure 4d), the accuracies determined within
parameter-specific tolerance thresholds (+0.05 V for V¢, £2 mA
cm™? for Jg, and +5% for FF) remained consistently high,
reaching 87.73% for V¢, 82.80% for Jgc, with a moderate 77.60%
for FF, thus attesting to the overall robustness and reliability
of the framework [46]. In addition, we calculated the PCEs
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FIGURE 4 | (a) Schematic workflow of the OSC-ML framework: data collection from literature, molecular encoding using ECFPs, and model

constructing using XGBoost with 10-fold cross-validation. Correlations between experimental and predicted values for (b) V¢, (c) Jsc, and (d) FF,

respectively. The diagonal solid line indicates a perfect positive correlation, in which the predicted values are equivalent to the experimental values (R?

=1.0). The band within diagonal upper and lower dash lines denotes absolute tolerances (= predicted value — experimental value) (+0.05 V for Vg,
+2 mA cm~? for Jgc, and +5% for FF). Comparison of experimental and predicted values for (e) V¢, (f) Jsc, and (g) FF in representative binary and

ternary OSCs.

by multiplying the individually predicted V¢, Jgc, and FF
and dividing by the input power (100 mW cm™), achieving
an accuracy of 80.27% within +1.5% tolerance (Figure S12a),
identical to those produced by a dedicated ML model trained
directly on PCEs (Figure S12b). This strong consistency confirms
that the multiplicative approach provides physically consistent
and reliable predictions, reinforcing the robustness and internal
coherence of the framework.

Using this validated ML framework, we investigated the
structure-performance relationships by comparing predicted
outputs with experimental photovoltaic parameters of both
binary and ternary blends, measured under the conditions
shown in Figure 3a and illustrated in Figure 4e-g for direct
comparison of their values. Across all the compositions,
the predicted photovoltaic parameters closely mirrored the
experimental data, albeit higher than the experimental values.
Notably, however, YBOV-containing systems such as D18:YBOV
and D18:N3:YBOV showed the opposite trend in Vi, yielding
lower predicted V. values relative to the experiments. Because
the ML model employed in this study was trained on ECFPs,
the systems with highly similar molecular backbones (e.g.,
N3, L8BO, and YBOV) were expected to produce similar

prediction trends under typical solution-processing conditions
represented in the training dataset. The dataset largely consisted
of devices fabricated using volatile solvents such as chloroform
and chlorobenzene, where active layer morphology is generally
governed by intrinsic molecular structure. Consequently, the
model effectively provided a structure-based baseline expectation
for photovoltaic behavior. Nevertheless, the experimental results
for the YBOV-containing systems deviated from this baseline,
suggesting the presence of additional physical effects that are
not encoded in the structural descriptors alone [47]. We posit
that this divergence in V. stems from the favorable influence of
strong pre-aggregation behavior induced by the sp?-hybridized
branched side chains of YBOV during actual OSC fabrication,
an effect that lies beyond the predictive capability of current ML
models.

2.5 | Film Formation Kinetics

In situ photoluminescence (PL) measurements were performed
to investigate the effect of side-chain hybridization on the kinetics
of the blended film formation. The excitation wavelength was set
to 660 nm to electively probe the photophysical behavior of the

Advanced Energy Materials, 2026

7of 12

85UB01 7 SUOIIOD BA1IER1D) 8[edl|dde a1y Aq peusenob a2 sejole YO ‘9SO S8|nJ 0 ARIq1T 8UIUO /8|1 UO (SUONIPUOD-PUE-SWLBIW0D A3 1M A1 1[UlUO//SANL) SUONPUOD PUe SWis | 8y} 88S *[9202/50/c0] Uo ArlqiTauliuo (1M ‘JO Inisu| feuoieN Ues|n AQ 2960, WUSe/Z00T OT/I0p/uoo" A im Azelq joul U0 peoueApe//sdny wouy pspeojumod ‘0 ‘0r89yTIT



D18:L8-BO

(@ D18:YBOV

E
o
b 2
% <
%
K
—
ot & 10s
A £
(b) Stage | Stage Il + Stage Ill Stage IV
! L Ll L] T
1.0 - [=e=D18:YBOV D18:L8-BO | - 900:
3 H
S x
bt Pitee m
0.8 4 LT
% ,\ ) ‘-I.‘,T.‘.f.a.g.e " %
c LUNCTSS o 73
8 RO 5
£0.64 '\;.. ,.w.._ﬂ\f"j\f\f L 5403
1 i) ... St Y, E
% .,D'O?‘?.S// " ", 5
© 0.4+ N ", s
N LN St ", s
s {4 0 M. age 11l 23 2
£ ““"'"’.'.'.;.'“J."'“'I'l'fl',',-’ >, ‘ ;
6 0.2 4 : ‘ O § =
z ‘ J TN - 7803
oS ausesoosetest a---.{\»,')\ =
0.0 T r - qaol
0 2 4 6 8 10
Time (s)
FIGURE 5 |

D18:N3:L8-BO

(c) D18:N3:YBOV

EY
o
3 a
% <
i
—
10s
Py E°
(d) Stage | Stage Il + Stage Il Stage IV
— e— —
Ll L] Ll L]
1.0 - [-=~D18:YBOV:N3 D18:L8-BO:N3 | Ly - 900;
-~ ’
~— N
2084 1 ’g"
g ]
- o
£0.6 4 3
1 8405
3 3
E 0.4 4 §
£ g
z° 0.2 4 ."-\‘ ‘g‘
] M - 7803
\ g
0.0 . : . =
0 2 4 6 8 10
Time (s)

(a) Time evolution 2D contour plots of D18:YBOV and D18:L8-BO. (b) Extracted parameters of D18:YBOV and D18:L8-BO. (c) Time

evolution 2D contour plots of D18:N3:YBOV and D18:N3:L8-BO. (d) Extracted parameters of D18:N3:YBOV and D18:N3:L8-BO.

NFAs during film formation under the device-fabrication process-
ing solvents (o-xylene/CS,). Note that all the NFAs showed nearly
identical surface energies (41.08-41.61 mJ/m?), as determined
from contact angle measurements, leading to similar miscibility
with D18 (Figure S13 and Table S6). As shown in Figure 5a,b,
Figures S14 and S15, analysis of the normalized PL intensity and
PL maximum emission (PL,,,) wavelength allowed the film-
formation process to be divided into four stages: initial (stage
I), stage II, stage III, and final film (stage IV) [48-50]. During
stage I (0-0.55 s), the PL intensity decreased sharply due to the
rapid evaporation of CS, solvent, which has a high vapor pressure
(48.1kPa at room temperature (RT)). This produced a pronounced
negative slope, reflecting the rapid approach and interaction of
D18 and NFA molecules. In stage II (0.55-3.13 s) and stage III
(3.13-8.92 s), the negative slope of PL quenching became less
steep as o-xylene (vapor pressure: 0.67 kPa at RT) evaporated after
CS,. This progressive evaporation reduced the intermolecular
distance between D18 and NFA molecules, thereby promoting PL
quenching and facilitating enhanced molecular ordering.

In the YBOV-based binary film, the PL intensity exhibited two
distinct regimes during stage II and stage III: in stage II, it
declined with an almost constant slope, whereas in stage III,
the slope gradually steepened over time. By contrast, the L8-BO-
and N3-based binary films displayed a continuous decrease in
PL intensity with an already progressively steepening slope from
stage IT onward, closely resembling the behavior observed in stage
111 of the YBOV-based film.

Assuming negligible pre-aggregation in the solution state and
constant donor-acceptor interactions, the solvent evaporation

process can be described as diffusion-governed according to
Fick’s second law [51]. In this regime, the cumulative evaporated
volume is proportional to \/E, such that the remaining solvent

volume can be expressed as V, — k\/;. Substituting this relation
into the Stern-Volmer equation gives:

Iy
KqTon (1)

L+ o

I =

where I represents the PL intensity at time ¢, I, the initial intensity,
K, the quenching constant, I'; the initial molecular density,
n, the effective number of molecules contributing at a specific
wavelength, V, the initial solvent volume, and k, the evaporation
rate constant, respectively [52].

In the presence of pre-aggregation, the effective number of
contributing n decreases, which accelerates the decay of I. In the
absence of pre-aggregation, the PL intensity decreases gradually
at first and then, with an increasingly steep slope over time,
progresses (Figure S16). Stage III of YBOV-based binary and
stage II of L8-BO- and N3-based binary counterparts followed
the ideal case with constant n, whereas stage II of YBOV-based
binary deviated from this behavior, indicating the presence of
pre-aggregation where n evolves over time.

The PL,,, wavelength was also monitored to track the film-
formation process. The YBOV-based binary exhibited two distinct
PL,., features at 770 nm and 842-872 nm, whereas the L8-BO-
based binary showed a single PL,,, at 780-815 nm. In contrast, the
N3-based binary displayed two distinct PL,,, features at 777 nm
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and 833-888 nm, which correlated well with the time regimes
defined by the PL intensity evolution (stage II and stage III).

For the YBOV-based binary, the onset of the growth stage was
delayed due to pre-aggregation, which reduced the number
of molecules contributing to the monomeric-state peak and
thereby prolonged stage II. During this stage, the PL,,,, remained
unchanged at 770 nm without a red shift. A red shift emerged
only in stage III, signifying crystal growth and the development
of the film microstructure. In contrast, the L8-BO-based binary
demonstrated a simpler crystallization pathway in which the
decreasing intermolecular distance between donor and acceptor
molecules directly promoted aggregation and crystal growth dur-
ing the transition from stage III to stage IV. Consequently, a red
shift of the PL,,, from 780 to 815 nm was already observed starting
from stage I, and in stage IV, film formation was accompanied by
the completion of the overall microstructure. For the N3-based
binary, crystal growth was initiated as early as stage II, facilitated
by the inherently high crystallinity of N3. During stage I, the
rapid evaporation of highly volatile CS, significantly reduced the
intermolecular distance among N3 molecules, thereby triggering
aggregation. As a result, in stage II, the PL .  exhibited a
pronounced red shift to 833-888 nm, signaling the onset of crystal
growth and the formation of the film microstructure.

On the other hand, in the ternary systems (i.e., YBOV or L8-
BO incorporation into N3 binary platform), YBOV-based ternary
showed a stage I (0-0.52 s), followed by a sequentially shortened
stage II (0.52-1.03 s; PL intensity decreased with an almost
constant slope, with PL_,. ~ 770 nm), stage III (1.03-8.82 s;
PL intensity initially moderated but progressively steepened,
accompanied by a red-shifted PL,,, at 823-890 nm), and the
stage IV (b and Figure S17). By contrast, the L8-BO-based ternary
displayed only two stages (stage II and stage IV), characterized by
a continuous decrease in PL intensity from stage II onward and a
red shift of PL ., from 770 to 887 nm, closely resembling the stage
II1 behavior observed in the YBOV-based binary [53].

These results indicate that when YBOV is incorporated into
the N3 binary blend, a distinct stage II emerges due to pre-
aggregation, thereby providing additional time for acceptor—
acceptor aggregation. In contrast, with L8-BO incorporation, the
distinction between stages IT and III vanishes, and film formation
proceeds through alloy-like behavior driven by the continuous
reduction of intermolecular distances.

Although the films at final stage IV exhibited comparable PL .
values, their pathways and mechanisms of microstructural devel-
opment differed markedly. In the case of YBOV, the seed-based
stepwise growth mechanism enables more controlled domain
formation, whereas L8-BO relies on a continuous distance-
reduction pathway, which may be relatively limited in terms
of microstructural control. Thus, the pre-aggregation induced
by sp?-hybridized branched side chains acts as seeds during
film formation, modulating the trajectory of microstructural
development and offering an effective strategy for achieving more
precise control over domain formation.

2.6 | Blend Morphology and Microstructure

Tapping-mode atomic force microscopy (AFM), transmission
electron microscopy (TEM), and GTWAXS measurements were
performed to analyze the surface and bulk morphology and
crystallinity of the blended films, as shown in Figure 6. AFM
images of all blends revealed a fibrillar surface morphology, while
TEM clearly visualized nanoscale phase separation with well-
developed bicontinuous networks (Figure 6a) [54]. The binary
films exhibited comparable domain sizes of 80-110 nm. Upon
ternary incorporation, YBOV enlarged the domains to 100-
150 nm, whereas L8-BO reduced them to 30-50 nm, reflecting
their opposite effects on phase separation behavior. Similar
to the neat NFA films, the GIWAXS patterns of all blended
films predominantly exhibited a m—face-on orientation, with
pronounced OOP (010) -7 stacking peaks (Figure 6b,c). The
CCL values followed the order: YBOV ternary (28.3 A) > N3
binary (27.1 A) > L8-BO ternary (26.7 A) > YBOV binary (26.1 A)
> L8-BO binary (23.1A), in line with the domain size variations
described above [55, 56]. Collectively, the enlarged domains and
increased CCL values observed with YBOV incorporation into the
N3 binary platform (in contrast to the opposite trend for L8-BO)
can be attributed to the generation of additional nucleation sites,
confirming that YBOV pre-aggregation acts as nucleation seeds
that directly direct film microstructure development. Figure 6d
schematically illustrates this heterogeneous nucleation-seeding
mechanism of YBOV in the host blend, which facilitates an
increased fibril content and enhanced crystallite quality.

To further substantiate the pre-aggregation-driven seeding effect
of YBOV, its incorporation into various host platforms (e.g.,
PM6:N3, PM6:BTP-eC9, and DI8:L8-BO) was systematically
investigated, and the corresponding photovoltaic properties were
evaluated in detail (Figure 6e, Figures S17, S18, S19, and Table
S7). The OSCs based on these host platforms were optimized
following previously reported protocols to ensure a fair com-
parison. The obtained PCEs were 16.29% (PM6:N3), and 17.04%
(D18:L8-BO), and 16.93% (PM6:BTP-eC9), respectively, which are
in close agreement with values reported in the literature. In
the above morphology and crystallinity experiments, ternary
systems incorporating YBOV in excess of 30 wt.% exhibited a
clear reduction in both domain sizes (Figure S21), suggesting
that excessive loading disrupts the delicate balance of phase
separation and crystallization. This observation highlights that
the pre-aggregation—driven seeding effect of YBOV is most effec-
tively manifested at an optimal incorporation level in ternary
systems, where pre-aggregation can serve as nucleation centers
without over-saturating the host matrix. On this basis, we carried
out additional experiments across a range of optimized host
platforms, incorporating up to 30 wt.% YBOV. Remarkably, in all
host systems examined, the inclusion of YBOV led to improved
device performance, with PCEs increasing to 16.71% (PM6:N3),
18.03% (D18:L8-BO), and 19.67% (PM6:BTP-eC9 with 2PACz).
These consistent enhancements not only validate the role of
YBOV as an effective pre-aggregation—driven seeding agent but
also demonstrate its broad versatility and universal applicability
in modulating microstructural evolution for OSCs.
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3 | Conclusion

In summary, YBOV, a newly designed NFA incorporating sp?-
hybridized branched inner side chains replacing the conven-
tional sp> branches of L8-BO, was synthesized and thoroughly
characterized. Unlike L8-BO, YBOV displayed a pronounced
propensity for pre-aggregation in solution, as verified by UV-
vis, NMR, and HMBC analyses. This pre-aggregation behavior
translated into solid films with superior molecular packing and
enhanced crystallinity, driven by a thermodynamically favored
core-terminal dimer that established continuous terminal path-
ways and imparted higher crystal density relative to L8-BO. These
structural merits directly led to superior photovoltaic perfor-
mance, with the optimized green-solvent-processed YBOV-based
ternary OSC achieving a best PCE of 19.67% through concurrent
enhancement of Jsc- and retention of high V.. Using XGBoost-
based ML framework with ECFP descriptors, the predicted Jg. ,
FF, and PCE values showed good agreement with experimental
results, albeit with a slight upward bias; in contrast, anomalous
Vo behavior arose from pre-aggregation-driven seeding effects
that lie beyond the scope of current ML models. In-depth analyses
clearly demonstrated that the pre-aggregation—driven seeding

effects imparted by YBOV’s sp?-hybridized side chains in given
ternary systems promote enlarged domain sizes, enhanced crys-
tallinity, and more efficient charge transport, thereby boosting
device performance across diverse host platforms. This work rep-
resents the first demonstration of sp?-hybridized branched side
chains, whose pre-aggregation imparts a unique pre-aggregation-
driven seeding effect, providing a broadly applicable molecular
design strategy for high-performance OSCs.
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