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Broader context

Non-fused core-linked star-shaped oligomer
acceptors for stable binary organic solar cells
with over 19% efficiencyt

Cheng Sun,#* Jianxiao Wang,#* Fuzhen Bi, {2 2° Huanxiang Jiang,®
Chunming Yang, €2 € Yonghai Li, 2 *3°¢ Junhao Chu®*® and Xichang Bao () *2°¢
Star-shaped oligomer acceptors are promising candidates for high-performance and robust organic
solar cells (OSCs). However, the limited diversity of this community of acceptors leaves a significant
knowledge gap regarding their structure—performance relationship. Herein, we designed two new star-
shaped oligomer acceptors, namely 3BY and 3QY by introducing non-fused central units to bridge the
Y-acceptor arms. The structural variability of the non-fused cores provides an available platform to finely
regulate the aggregation properties of oligomers. In particular, the triazine center of 3QY allows
multisite intramolecular non-covalent interactions, which can not only improve the molecular self-
assembly, but also refine the pre-aggregation of the polymer donor and film-forming kinetics of the
heterojunction blend. Finally, assembled PM6:3QY solar cells realized a very impressive efficiency of up
to 19.27%, far outperforming that of PM6:3BY (17.75%) and ranking the highest efficiencies among
the reported OSCs based on oligomer acceptors. Meanwhile, the considerable molecular sizes of the
star-shaped molecules retard molecular diffusion, affording notable device stability with a large Tgoy
over 3000 h for PM6:3QY device under thermal stress. This study establishes a reliable structure-
performance relationship and demonstrates the great potential of non-fused core-bridged star-shaped
oligomers for the fabrication of high-efficiency OSCs with long-term stability.

The past several years have witnessed the exciting development of organic solar cells (OSCs) due to the emergence of innovative small molecular acceptors.
However, the inherent large diffusion coefficients of small molecules usually deteriorate the heterojunction morphology, resulting in unsatisfactory device

stability and uncertain application prospects. Therefore, retarding molecular diffusion by extension of the molecular size is considered a reliable solution for

obtaining robust heterojunction textures and solar cells. Star-shaped oligomer acceptors with three-dimensional extended molecular configurations have

emerged as a good candidate for high-performance and stable OSCs. However, their limited diversity creates a significant gap toward understanding the

structure-performance relationship, and thus hinders the advances of this community material. In this study, we report two new star-shaped oligomer

acceptors, namely 3BY and 3QY, featuring non-fused cores to link the surrounding arms. The non-fused parts endow improved flexibility and adaptability to

alleviate their constraint on the oligomer configurations and aggregations. Of them, 3QY with multisite intramolecular non-covalent interactions displays

refined film-forming kinetics and heterojunction textures, realizing an outstanding efficiency up to 19.27% (the highest value among oligomer acceptors) and a

notable Ty, over 3000 h under continuous thermal annealing. This study presents a promising approach for high-performance and stable OSCs by engineering

the star-shaped oligomers with versatile non-fused cores.
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tions in wearable electronic devices, indoor Internet of Things,
and building integrated photovoltaics.'™ The ongoing innova-
tion of acceptors has flourished the development of OSCs.
In particular, OSCs based on polymeric donors and small
molecular acceptors have achieved over 19% power conversion

This journal is © The Royal Society of Chemistry 2025
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efficiencies (PCEs)*® and even reached 20% very recently based
on self-assembled monolayer hole-transporting materials.”®
However, bulk-heterojunction (BHJ) solar cells containing
abundant small molecular acceptors often suffer from insuffi-
cient device stability, ascribed to the degeneration of the
morphology caused by the rapid diffusion of small molecules
under various stresses.'®'? Therefore, there remains an urgent
demand for innovative acceptors to modulate film-forming
kinetics and heterojunction textures for more satisfactory PCEs
and long-term stabilities."**®

Oligomer acceptors are a class of promising candidates to
break through the current challenges faced by organic photo-
voltaics."®>* Compared to small molecular acceptors, oligomers
are typically equipped with relatively larger molecular sizes and
molecular weights (MWs), which dictate greater glass-transition
temperatures (T,) and thus lower diffusion coefficients for
robust morphologies.”*> Currently, most oligomer acceptors,
including dimers and trimers, feature linear molecular config-
urations, which endow them with polymer-like characteristics
and intense molecular aggregations.’®>” Nevertheless, OSCs
with over 18% efficiency and improved stabilities have been
reported. For example, Sun recently designed a linear hetero-
trimer acceptor, namely TQT, by integrating two different
Y-monomers with benzothiadiazole and quinoline core moie-
ties,”® and the assembled PM6:TQT-based device realized
a decent PCE of 18.52% with exceptional device stability.
It should be noted that linear oligomer acceptors with uniform
molecular ordering usually exhibit strong self-aggregation
properties, making it greatly difficult to optimize the film-
forming kinetics of BHJ systems for achieving the optimum
exciton/charge states.>*> Under these circumstances, star-
shaped oligomers are receiving increasing attention as an alter-
native to manage molecular aggregation.

Typical star-shaped oligomer acceptors are equipped with at
least three spatially arranged acceptor arms, which can provide
multiple-dimension channels through orbital hybridizations
for exciton dissociation and charge transport. Meanwhile, their
enlarged MW and molecular size are conducive to elevating T,
which can help enhance device stability.**° Fully conjugated
multiple-arm frameworks have been realized by fusing two
or more Y-acceptors at the benzothiadiazole (BT) moiety
through a dehydration reaction between diamine intermediates
and ketones. For example, Li and coworkers reported the fully
fused star-shaped oligomer DP-BTP,”® which showed a greater
T, than that of a small molecule acceptor and thus enhanced
device stability. However, the binary device exhibited a moderate
PCE of 15.08% due to its excessive self-aggregation behavior.
Another molecular design strategy is to connect the endcaps
of Y-acceptors with multisite central moieties through high-
yield transition metal-catalyzed coupling reactions. Recently,
Kim and Wei separately reported one three-arm oligomer by
employing the identical electron-donating fused benzotrithio-
phene (TBDT) as the central part.**?° As expected, the resultant
OSC demonstrated improved long-term stability due to its greater
T, parameter. More impressively, the oligomer G-Trimer device
realized an efficiency of 18.39%, which was further improved to
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19.01% by employing a 2PACZ hole-transport layer. These results
suggest the great promise of star-shaped acceptors obtained by
rational molecular design for high-performance and robust solar
cells. However, one possible demerit of such a kind of oligomer is
that the constraint of the central parts may disturb configuration
relaxation, which may deteriorate the film-forming procedures and
molecular orientations.*>™** Unfortunately, star-shaped oligomers
have been under researched and under developed so far, meaning
there is limited molecular diversity among them and insuffi-
cient information about their structure-efficiency relationship.
In particular, the core moieties are expected to generate multi-
faceted impacts on the molecular configurations, self-aggregations,
and intermolecular interactions, which could collectively control
the heterojunction microstructures and exciton/charge kinetics of
solar cells. Therefore, an in-depth study of the mechanisms of star-
shaped acceptors remains highly required.

Herein, we designed and report two new star-shaped accep-
tors, namely 3BY and 3QY, featuring non-fused central regions
(see the chemical structures in Fig. 1(a)). The design concepts
are briefly discussed as follows. (i) Non-fused cores with more
flexibility and adaptability were employed to alleviate the con-
straint effect on the entire molecular configurations and aggre-
gation properties. (ii) Phenyl- and triazine-based central parts
were constructed separately, to investigate for one thing, the
opposite electronic effect, and for another, the configuration
modulation of the non-covalent intramolecular interactions.
(iii) Triazine units with multiple nitrogen atoms are expected
to enhance intermolecular interactions. Encouragingly, it was
found that the release of molecular tension between the central
parts and Y-arms optimized the self-aggregation characteristics
and molecular ordering. Meanwhile, the moderately limited
configuration flexibility of 3QY enabled appropriate inter-
actions with the donor PM6 skeleton, allowing the preferred
pre-aggregation and solution-to-film transformation kinetics
for admirable phase separation. Besides, the larger contribu-
tion of delocalized singlet exciton species to charge transfer in
the PM6:3QY system further improved the exciton/charge beha-
viors. Eventually, an outstanding PCE of up to 19.27% was
achieved from the assembled PM6:3QY binary device, superior
to that of the PM6:3BY device (17.75%) and ranking the highest
among OSCs based on oligomer acceptors reported to date. The
improved T, of 3QY compared to that of 3BY enabled enhanced
device stability, with a greater evaluated Tgqq, of over 3000 h for
the PM6:3QY device compared to that of PM6:3BY (720 h) under
continuous thermal stress. These discoveries suggest the sig-
nificant effects of manipulations of the molecular center on the
photoelectronic performance of star-shaped acceptors and
highlight the great potential of non-fused cores for efficient
and robust organic solar cells.

Results and discussion

The synthetic approaches for the two oligomers are given in
Fig. 1(a), with the synthesis details and characterizations pro-
vided in the ESI.{ By connecting the core 3BT or 3QT with an
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(@) Synthetic routes of the two star-shaped oligomers, 3BY and 3QY. (b) Chemical structures and optimized molecular configurations.

(c) Calculated internal reorganization energies (e, 4,) and VIE. (d) Absorption spectra of the oligomers in dilute chloroform solutions and as thin films.

(e) TRPL spectra of the neat film.

asymmetrical acceptor Y-2FBr through a Stille coupling, the two
oligomers 3BY and 3QY were obtained with notable yields of
over 70% for the coupling procedure. At first, we investigated
the core-mediated molecular configurations based on density
functional theory (DFT). Fig. 1(b) gives the optimized molecular
configurations of the two oligomers, which showed comparable
fan-shaped architectures with the three Y-blades relatively
evenly surrounding the central region, affording quasi three-
dimensional (3D) molecular structures (Fig. S1, ESIT). We then
focused on the core segments 3BT and 3QT to disclose the
distinctions. As depicted in Fig. 1(b), the two molecules had
similar dihedral angles between the thiophene linkers and
Y-arms (labeled as B), but were dramatically different in terms
of the dihedral angles between the benzene or triazine center
and the adjacent thiophenes (labeled as a). The 3BT part
showed a largely twisted molecular structure with significant
o values of 26°32°. On the contrary, the 3QT segment had
excellent molecular planarity with negligible « values smaller
than 0.4°, which were attributed to the diminished steric hin-
drance and further enhanced non-covalent N---H interactions

864 | Energy Environ. Sci., 2025, 18, 862-873

induced by the triazine center.”**® In addition, it seems that
the electronic property of the core segments had limited
impacts on the molecular frontier orbitals of the oligomers
(Fig. S2, ESIf). This conclusion was further confirmed by
comparing the highest occupied molecular orbitals (HOMO)
and lowest unoccupied molecular orbitals (LUMO) of the two
acceptors obtained from DFT calculations and cyclic voltam-
metry (CV) measurements (Fig. S3, ESIT). We also calculated the
internal reorganization energy (Zin), which is an important
metric of energetic cost for structural relaxation after ionization
(Table 1 and Fig. 1(c)). Interestingly, 3QY exhibited a smaller
electron internal reorganization energy (/.) of 41.82 meV than
that of 3BY with a . of 45.08 meV. According to Marcus—
Levich-Jortner formalism, which describes the relationship
between the electron-transfer rate and internal reorganization
energy,*®*® 3QY should favor a faster electron-transfer rate and
higher intermolecular electron mobility. Likewise, the equally
large hole internal reorganization energies (4;) (up to 57 meV)
suggest the inferior hole-transport capacities of the two accep-
tors. Besides, 3QY was equipped with a slightly greater vertical

This journal is © The Royal Society of Chemistry 2025
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Table 1 Basic physical properties and frontier energy levels of 3BY and
3Qy

A nm
MW (g ME;““ HOMO/  Je /n VIE
mol ')  Solution Film (eV) LUMO (eV)?Y (meV) (meV) (eV)
3BY 5660 742 787 1.43 —5.65/—3.80 45.08 56.92 6.01
3QY 5663 748 792 1.42 —5.67/-3.83 41.82 57.86 6.05

“ Calculated from the onset wavelength of the film absorption spectra.

ionization energy (VIE) of 6.05 eV than that of 3BY (6.01 eV),
which is in favor of harvesting electrons from donors more
efficiently.

The basic photophysical properties were investigated by ultra-
violet-visible near-infrared absorption spectroscopy (UV-vis),
steady-state photoluminescence (PL), and time-resolved photo-
luminescence (TRPL) spectroscopy. Albeit with very similar
absorption profiles, 3QY demonstrates mildly red-shifted absorp-
tion profiles in both dilute solution and thin film (Fig. 1(d)),
revealing the enhanced intra- and inter-molecular interactions by
the triazine segment. Based on the onset wavelengths of film
absorption, the optical bandgaps (Eg™) of 3BY and 3QY were
determined to be 1.43 and 1.42 eV, respectively. The PL spectra of
the neat films (Fig. S4, ESIT) suggested the remarkably stronger
emission from 3QY, which can help suppress the undesirable
non-radiative energy according to previous literature.*® Besides,
the TRPL spectrum of 3QY suggested a slightly delayed decay
process, yielding a longer lifetime () of 0.942 ns than that of 3BY
(Fig. 1(e)). The prolonged fluorescence lifetime of 3QY could be
expected to suppress geminate recombination and was partially
correlated with its less intrachain disorder.

In the following, we focus on the aggregation behaviors of
the two star-shaped acceptors in dilute solutions, thin films,
and film-forming processes. Variable temperature absorptions
were initially measured to evaluate the temperature-dependent-
aggregation (TDA) properties. As given in Fig. 2(a) and (b), both
the acceptors exhibited comparable TDA properties in chlor-
obenzene solutions. Upon heating, the 0-0 absorption peaks
were gradually blue-shifted with a generally reduced intensity,
suggesting de-aggregated intermolecular relaxation. The film
absorption spectra were further combined to determine the
TDA properties. Apparently, the final 0-0 peaks (110 °C) lay in
between the 0-0 and 0-1 peaks of the film absorptions. This
confirmed the notable pre-aggregations of the two oligomers,
which could be collectively attributed to their partial 3D con-
figurations, considerable MW over 5600 Da (Table 1), and
resultant polymer-like behaviors with moderate molecular
entanglements. In addition, 3BY had a routine TDA propen-
sity with a gradually reduced absorbance, which however,
decreased first and then increased for 3QY (Fig. 2(c)). This
counterintuitive aggregation property may suggest that the 3QY
molecule could find adjacent molecules to partly rearrange in
hot solutions where intense molecular movements can occur.
The unique phenomenon of 3QY could be correlated with its
distinctive triazine center, featuring strong electronegativity
and a N-heteroatom effect.

This journal is © The Royal Society of Chemistry 2025
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Next, grazing incidence wide-angle X-ray scattering (GIWAXS)
measurements were conducted to study the crystallinity and
molecular orientations of the neat films.>® As shown in Fig. 2(d)
and (e), and Fig. S5 (ESIt), both the oligomers delivered typical
face-on orientations with dominating n—r diffractions (010) favor-
ing intermolecular charge hopping. For more specific informa-
tion, the (010) peak was resolved into two separate diffraction
components, labeled as peak 1 and peak 2, respectively (Fig. 2(f)).
The parameters of the m-n stacking spacing (d...) and crystal
coherence lengths (CCLs) for each peak are summarized in
Table S1 (ESIT). Judging from the limited molecular spacings of
peak 1 (d = ~3.60 A) and peak 2 (d = ~3.80 A), both the diffraction
components should arise from n-n stacking but with different
aggregation structures. In particular, peak 2 delivered much
higher crystallinity with a doubled CCL of ~2.20 nm compared
to peak 1 (1.03 nm). Therefore, it is reasonable to define peak 1
and peak 2 as sub-crystalline and crystalline diffractions, respec-
tively. As suggested in Fig. 2(f) and Table S1 (ESIt), both the
crystalline and sub-crystalline components were slightly enhanced
from 3BY to 3QY. From 3BY to 3QY, the crystalline profile was
enhanced with a reduced d,_, from 3.83 to 3.80 A and increased
CCL from 2.19 nm to 2.26 nm. The improved molecular ordering
of 3QY should arise from its outstanding planar configuration of
the core region assisted by intramolecular conformational locks.
Synergistically contributed by the preferred molecular orientation
and lower internal reorganization energy (Table 1), a greater elec-
tron mobility of the 3QY neat film of 0.83 x 10~ * em> V' s~ was
achieved compared to that of 3BY (0.59 x 10~ * em® V" s ') based
on the space-charge-limited current (SCLC) model (Fig. S6 and
Table S2, ESIY).

To figure out the film-formation characteristics of the two
star-shaped oligomers, in situ absorption measurements during
spin-coating from chloroform solutions were performed.>">>
Fig. 2(g) and (h) present the 2D-absorption contour plots.
Generally, the film-formation procedure can be divided into
three individual steps, including solution-state, solution-to-film
transformation, and post-film stage.>® In the transformation
stage, where molecules reach a critical concentration and start
to aggregate into orderly aggregations brick by brick, one can
extract the time and magnitude of absorption shifts for mon-
itoring the film-forming kinetics.” The peak shifts for the
maximum absorptions of 3BY and 3QY are shown in Fig. 2(i)
with the corresponding absorption spectra provided in Fig. S7
(ESIt). During the transformation stage, both the oligomers
displayed similar red-shifts by ~34 nm, but, however, experi-
enced rather different transformation durations; where by 3BY
endured a slow and gradual transition with a relevant time of
162 ms, while 3QY went through a quick and straight transition
with the duration dramatically shortened to 85 ms. The step-
wise transformation of 3BY may correspond to the emergence
of different aggregation structures, which would result in more
irregular and nonuniform aggregates. Contrarily, 3QY experi-
enced a more homogeneous nucleation pathway, generating
ordered assemblies quickly and completely, as partly supported
by the above results based on GIWAXS (Fig. 2(f)). The acceler-
ated film-formation of 3QY should be attributed to the stronger
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Fig. 2

(a) and (b) Temperature-dependent absorptions of 3BY and 3QY in dilute chlorobenzene (CB) solutions, and (c) corresponding evolutions of the

maximum absorptions. (d) and (e) 2D patterns of the GIWAXS measurements. (f) Overlapping peak fitting and resolving of the (010) diffractions in the OOP
direction. (g) and (h) 2D in situ absorption patterns and (i) corresponding time-dependent maximum absorption shifts of 3BY and 3QY casted from

chloroform solutions (10 mg mL™?).

intermolecular interactions modulated by the unique molecular
center.

Conventional BHJ solar cells with an architecture of glass/
ITO/PEDOT:PSS/active layer/PDINN/Ag were fabricated to explore
the photovoltaic performances of the two star-shaped acceptors.
Here, polymer PM6 was employed as a donor to match the
acceptors. Details of the device fabrication and optimization are
provided in the ESI,f with relevant data collected in Table S3
(ESIt). The optimal current density-voltage (J-V) plots and photo-
voltaic parameters are shown in Fig. 3(a) and Table 2, respectively.
The PM6:3BY device demonstrated an optimized PCE of 17.75%,
with a large open-circuit voltage (Voc) of 0.969 V, short-circuit
current density (Jsc) of 23.92 mA em >, and fill factor (FF) of
76.59%. More impressively, the PM6:3QY device realized a cham-
pion PCE of up to 19.27%, with Voc of 0.951 V, improved Jsc of
26.36 mA cm ™2, and FF of 76.86%. Notably, the efficiency of the
PM6:3QY device was certified by the National Center of Inspection
on Solar Photovoltaic Products Quality (CPVT). The certified PCE

866 | Energy Environ. Sci., 2025, 18, 862-873

of the PM6:3QY solar cell reached 18.80%, with a V¢ of 0.955 V,
Jsc of 26.02 mA cm 2, and FF of 75.62% (Table 2 and Fig. S8,
ESIt). Fig. 3(b) displays some reported high-performance OSCs
(PCE > 17%) based on oligomer acceptors in the previous
literature compared with this study, with the relevant photovoltaic
parameters summarized in Table S4 (ESIf). It can be observed
that most of the enumerated PCEs were below the line of 19%,
and the efficiency of 3QY undoubtedly ranked as the highest
among all the reported oligomer acceptors so far, including linear
and star-shaped oligomers. Fig. 3(c) depicts the EQE profiles
of PM6:3BY and PM6:3QY solar cells, which suggests an
improvement of PM6:3QY in nearly the full wavelength range
from 300-900 nm and hence its more efficient exciton utiliza-
tion efficiency. Besides, the EQE profiles were globally consis-
tent with the absorption spectra of the corresponding active
layers (Fig. S9, ESIt). Based on the EQE spectra, the Jid" of
PM6:3BY and PM6:3QY devices were found to be 22.86 and
25.10 mA cm >, respectively, with small deviations of less than

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ee04149f

Open Access Article. Published on 22 November 2024. Downloaded on 4/3/2026 4:38:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Energy & Environmental Science
(a) (b)19.5 . (c) 100
0 Reported oligomer S
- PMé:3BY 190.-.’.'.“169[_____ __~_____\_I ______ 80+
g -54 PM6:3QY ’ star-shaped °
< .
E 101 31851 * o * e = 601
> < Se o ) ° w PM6:3BY
= w o PM6:3QY
@ -151 O 18.0 L o? g 404
€ 2 - ’ .
-204 [ ]
£ 17.54 o o 203
g 254 ) R ° °
S 30 170{ o 8 , 0
00 02 04 06 08 10 0.850 0.875 0.900 0.925 0.950 0.975 300 400 500 600 700 800 900
Voltage (V) Voc (V) Wavelength (nm)
(d) (®) 4,0 : (f)
. =7 PM6:3QY © 1.0 3BY P—o—0—F
55 2 £ 3ay /
. e R B g0
o % \ c
E PM6:3BY - Y o /
o L 0.6 PM6:3BY %= 0.6
< PM6:3QY S 5
£ 10- © 204 /
= £ 0.4- ] /
o = \ °
> 2 Lozl 132°C /160 °Cc
02| = 3 \ﬂéﬂ/
Thermal stability (80 °C) go.o- a3 37
T T 0.0 T T T T T T 4 r . . . . r . .
0.01 V0.1 v 1 0 500 1000 1500 2000 2500 3000 3500 40 60 80 100 120 140 160 180 200
ot (V) Time (hr) Temperature (°C)
(9) - h) (M
1.0 PM6:3BY 1=0.206ns | 404 PM6:3BY 1,~1.48ps | 1.0 PM6:3BY  1,,=2.40 ps
> PM6:3QY 1=0.176 ns g PM6:3QY  1,,=1.28 s s PM6:3QY  r,,,=4.04 us
h—4 ©
@ 0.8 £ 0.84 S 0.8
< S o
2 o >
£ 0.6 2 0.6 2 0.6
o o
g £ 5
N 0.4- 5 0.4 5 0.41
© [ (]
€ N N
S 0.2 S 0.2- © 0.21
=z £ £
= £
0.0 | S 0.01 3 0.01 |
0.0 0.5 10 15 2.0 0 2 4 6 8 0 5 10 15 20
Time (ns) Time (us) Time (us)
Fig. 3 (a) Optimal J-V plots of PM6:3BY and PM6:3QY solar cells. (b) Comparison of the typical OSCs (PCE > 17%) based on oligomer acceptors in the

literature and 3QY. (c) Corresponding EQE profiles. (d) Jon vs. Vg plots. (e) Thermal stabilities under continuous heating at 80 °C. (f) Evolutions of the
deviation metric as a function of annealing temperature for 3BY and 3QY films. (g) TRPL decay plots of PM6:3BY and PM6:3QY blend films. (h) and (i)

Normalized transient photocurrent and photovoltage decay plots.

Table 2 Photovoltaic parameters of the optimal binary OSCs

Active Voo Jsc (J58%) Fioss”
layer W) (mAcm )  FF (%) PCE* (%) (eV)
PM6:3BY  0.969 23.92 (22.86) 76.59 17.75 (17.57 + 0.18) 0.465
PM6:3QY  0.951 26.36 (25.10) 76.86  19.27 (19.06 & 0.20) 0.481
PM6:3QY° 0.955 26.02 75.62 18.80

“ Average parameters with standard deviations obtained from 10
devices. ? Calculated based on the onset wavelength of the EQE spectra.
¢ Certificated by the National Center of Inspection on Solar Photovoltaic
Products Quality (CPVT).

5% compared to the recorded Jsc. In previous work, Li and
colleagues reported two typical star-shaped acceptors named
G-Trimer-C6C8 and G-Trimer-C8C10, respectively.’® The G-
Trimer acceptors, with chemical structures shown in Fig. S10
(ESIY), featured a completely rigid n-conjugated electron-rich
core benzotrithiophene unit. As reported, the PM6:G-Trimer
series solar cells with a universal PEDOT:PSS hole-transport

This journal is © The Royal Society of Chemistry 2025

layer outputted high PCEs over 18%. However, the corres-
ponding Vocs were only 0.899 and 0.911 V, both of which were
significantly smaller than those of PM6:3BY (0.969 V) and
PM6:3QY (0.951 V). These results highlight the amazing regula-
tion of the non-fused cores of star-shaped oligomers on ener-
getics modification for elevated photovoltages and photovoltaic
efficiencies. As is well-acknowledged, the Vs of solar cells are
controlled by energy losses (Ejoss) during the period of photo-
electronic conversion.> Based on the onset wavelength of the
EQE spectra, very small Ej, values of 0.465 and 0.481 eV were
determined for the PM6:3BY and PM6:3QY devices. The photo-
current density (/o) vs. effective voltage (V.¢) was plotted to
probe the charge generation and collection properties of solar
cells. As suggested in Fig. 3(d), both PM6:3BY and PM6:3QY
devices exhibited a very high exciton dissociation probability
(17aiss) of over 99%. However, the latter one had a greater charge
collection probability (1con) of 90.30% than that of PM6:3BY
(88.59%), partly supporting the larger Jsc of the PM6:3QY
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device. In the following, we report our investigations of the
stability of solar cells based on 3BY and 3QY. The two optimal
unencapsulated devices were put on a hot plate set at 80 °C in a
glove box. As depicted in Fig. 3(e), after continuous annealing
for 1315 h, the PM6:3QY device could maintain a larger PCE
preservation of 84% compared to that of PM6:3BY (77%). The
Tgoo, Of the PM6:3QY device could be extrapolated to be 3056 h,
suggesting satisfactory long-term device stability under contin-
uous thermal stress. As shown in Fig. S11 (ESIt) and Fig. 3(f),
the improved stability of the PM6:3QY device could be attrib-
uted to the more robust T, of 3QY (160 °C) than that of 3BY
(132 °C). In spite of the similar molecular weights of 3BY and
3QY, the greater T, of 3QY could be further correlated with its
stronger crystallinity and the intermolecular interactions of the
acceptor with a more coplanar molecular configuration arising
from the distinctive triazine center.

We next investigated the exciton dissociation, charge extrac-
tion, and recombination kinetics. As indicated in Fig. 3(g), the
TRPL spectrum of the PM6:3QY blend showed a faster decay,
resulting in a smaller fluorescence lifetime of 0.176 ns, com-
pared to that of the PM6:3BY blend (0.206 ns). By integrating
the PL spectra of neat acceptors and donor:acceptor blends,
we could find that PM6:3QY had a higher quench efficiency of
97% than that of PM6:3BY (92%) (Fig. S4, ESIt). These results
suggest the more efficient charge transfer at the interfaces
between PM6 and 3QY, which should partly arise from the
greater VIE of 3QY than that of 3BY (Table 1). In the following,
we explore the charge-recombination mechanism of the two solar
cells by plotting Jsc—Piigh and Voc—Piign curves through measuring
J-V under gradient light intensities (Pjgne). As Fig. S12(a) (ESI})
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shows, the two devices exhibited negligible bimolecular recombi-
nation based on the large pre-exponential factor o approaching 1,
according to the equation Jsc o¢ Piign.”>*® However, considering
the smaller slope (s = kT/g) value of the PM6:3QY device obtained
from the equation Voc oc nkT/qlnPygn, where k, T, and g
represent the Boltzmann constant, Kelvin temperature, and ele-
mentary charge, respectively, the PM6:3QY device should suffer
relatively less trap-assisted recombination compared to that of
PM6:3BY (Fig. S12(b), ESI}).>”*® Transient photocurrent (TPC)
and transient photovoltage (TPV) measurements were next carried
out to investigate the charge extraction and recombination
dynamics.”® As shown in Fig. 3(h), the slightly smaller charge-
extraction times (7.y) of the PM6:3QY (1.28 ps) device than that of
PM6:3BY (1.48 ps) suggested its faster charge-extraction process.
As acquired from the TPV decay plots (Fig. 3(i)), the PM6:3QY
solar cell delivered a notably delayed decay, resulting in a pro-
longed charge-carrier lifetime or recombination time of free
charges (7rec) of 4.04 ps compared to that of PM6:3BY (2.40 ps).
A larger charge-carrier lifetime is crucial to reduce the charge-
recombination probability, and well supports the excellent photo-
voltaic performance of PM6:3QY.

Femtosecond transient absorption (fs-TA) spectra were
further investigated to study the charge-transfer kinetics.®®
The 2D maps of the TA spectra of the two blend films are given
in Fig. 4(a) and (d), with the corresponding spectra for the
decay times displayed in Fig. S13 and S14 (ESIT). Comparable
spectra could be observed for the two blend films with notable
acceptor ground-state-bleaching (GSB) signals at 700-850 nm.
The GSB absorption of PM6 emerged at 640 nm and increased
in the first 10 ps. As the blend films were excited exclusively for
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Fig. 4 (a) and (d) 2D maps of the fs-TA spectra of PM6:3BY and PM6:3QY blend films in the range of 430-760 nm and 840-1400 nm with pump at

780 nm. (b) TA traces showing the hole-transfer kinetics. (c) TA traces of the conversion between LE and DSE excited species. (e) TA traces of the DSE
species in neat acceptors and blend films. (f) TA traces of the excited species probed at ~550 nm in neat acceptors and blend films.
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the acceptors, the GSB appearance of PM6 confirmed success-
ful hole transfer (HT) from the acceptors to PM6. By fitting the
HT kinetics with a biexponential function, we could obtain the
timescale for exciton dissociation and diffusion. As Fig. 4(b)
depicts, the smaller component (z,) and the larger component
(t2) correspond to the time required for exciton dissociation
at the donor/acceptor interfaces, and the time for exciton
diffusion toward the interfaces prior to dissociation, respec-
tively. Both the two blends had comparable 7, of ~0.3 ps and
thus equally ultrafast exciton dissociation; however, PM6:3QY
exhibited a greater 7, than that of PM6:3BY, which could be
attributed to the improved crystallinity of the former blend. The
positive absorption centered at 913 nm belonged to local
exciton (LE) of the acceptors, for which 3QY had a slightly
higher lifetime than that of 3BY. By integrating the LE of the
acceptors and GSB of PM6, near-simultaneous transformation
could be observed. Besides, another notable positive absorp-
tion at greater than 1200 nm caught our attention, which was
attributed to the excitation species of the delocalized singlet
exciton (DSE). The DSE species is a critical intermediate state
from the LE to charge separated states, which facilitates the
generation of free charge carriers even under a small energetic
offset.®" As shown in Fig. 4(c), the decay of the LE and rise of
DSE occurred at a timescale of ~0.4 ps in the two blend films,
suggesting ultrafast conversion from the short-lived LE state to
long-lived DSE intermediate. For comparison, we measured the
TA spectra of neat acceptors of 3BY and 3QY under an identical
pump wavelength (Fig. S15-S18, ESIT). Notably, more conspicuous
DSE signals were detected in the neat acceptors. To describe the
evolutions of this significant intermediate species, we compared

20

Fig. 5
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the decay kinetics of DSE sites in the neat acceptors and blend
films (Fig. 4(e)). The high DSE concentrations in the neat
acceptors were sharply quenched in the blend systems, accom-
panied with notable curtate excited state lifetimes. Specifically,
both the neat acceptors had fairly long-lived DSE states with
over 1000 ps lifetimes. In comparison, the lifetimes decreased
to 730 ps and 625 ps in the PM6:3BY and PM6:3QY blends,
respectively. The synchronous quenching of both the intensity
and exciton lifetime in the blend films suggested the participa-
tion of DSE intermediates in the HT pathways, which was more
effective in the PM6:3QY system. This contribution could be
one important factor to the greater Js¢ of photovoltaic devices.®*
In addition, we also plotted the decay kinetics of the excited-
state absorption (ESA) located at ~550 nm (Fig. 4(f)), which
revealed a similar evolution tendency with the DSE absorption
and thus an efficient HT contribution in solar cells.

The morphology and aggregation properties of the active
layer were subsequently investigated. As described in Fig. 5(a)
and (d), similar fibrous phase-separated textures were observed
for the two blends based on the obtained atomic force micro-
scopy (AFM) images (Fig. S19, ESIT), with a smaller root-mean
square roughness (RMS) of 1.80 nm for PM6:3QY than that
of PM6:3BY (2.16 nm). From the transmission electron micro-
scopy (TEM) images, we unexpectedly discovered larger domains
in the PM6:3QY blend. Therefore, these microscopic results reveal
the greater crystallinity of the PM6:3QY blend with nice fibrous
phase-separations and a smooth surface, which favored the
transportation and collection of free carriers more efficiently.
GIWAXS studies were next carried out to explore the molecular
crystallinity and orientations (Fig. 5(b), (c), and (e)). The two
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(a) and (d) AFM (left) and TEM images (right) of the blend films. (b) and (e) GIWAXS patterns and (c) line-cut profiles. (f) CCLs of PM6 and the
acceptor in their blends resolved from the (100) diffractions in IP azimuth.
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blends displayed alike (010) diffraction peaks in the OOP
direction with a g, of ~17 nm™". However, PM6:3QY had a
slightly greater CCLg;o of 2.22 nm than that of PM6:3BY
(2.00 nm) and hence a more expanded molecular aggregation.
Because of the very close (010) diffraction locations of the
acceptors (g, = 16.67, 16.86 nm™ ') and PM6 (g, = 16.93 nm™ ")
(Fig. S20, ESIf), it was unreliable to distinguish the n-n packing
behaviors of the donor and acceptor in their blends. Fortu-
nately, the well-defined (100) diffraction plots in the IP direc-
tion provided a reliable platform to investigate the donor
and acceptor separately. As given in Fig. S21 (ESIt), the (100)
diffractions could be perfectly divided into two splitting com-
ponents. Judging from the individual (100) diffractions of the
neat acceptors (Fig. 2(d) and (e)) and PM6 (Fig. S20, ESIT), the
two peaks at g, ~3.35 and 4.15 nm " could be classified as the
donor and acceptor components, respectively. We further cal-
culated the CCLs for each resolved profile and display the
results in Fig. 5(f), with the data provided in Table S5 (ESIT).
It is evident that in the respective blend, the 3QY component
had a mildly greater CCL than that of 3BY. More interestingly,
the CCL of the PM6 component in PM6:3QY delivered a marked
increase over that in PM6:3BY. The more ordered molecular
stacking could be expected to facilitate charge transport, sup-
ported by the greater charge mobilities of the PM6:3QY device
obtained from the SCLC method (Fig. S22 and Table S2, ESIY).
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In situ absorption spectra were further combined to eluci-
date the evolutions of the donor and acceptor in the two blend
films.”" As Fig. 6(a) and (b) show, the two systems had similar
2D-absorption appearances with comparable solution-to-film
transformation durations of ~150 ms. However, by extracting
the time-dependent absorption shifts of the donor and acceptor
components separately, an amazing disparity was observed.
In terms of the PM6 component in the two blend solutions
(stage I), a conspicuous bathochromic shift was afforded when
it was blended with 3QY (Fig. 6(c) and Fig. S23, ESIf). This
result signifies the greater pre-aggregation of PM6 when it
interacts with 3QY molecules in solution (I), of which the
preferred pre-aggregation can be partially preserved during
the transformation stage (II), with remaining bathochromic
shift occurring in the post-film stage (III) (Fig. 6(c)). In addition,
both the 3BY and 3QY components displayed comparable
maximum absorptions in their respective blend solutions
(Fig. 6(d) and Fig. S23, ESI}). This suggests the similar pre-
aggregation behaviors of the two oligomers and is logical
because of their infirm intermolecular entanglement compared
to the polymer PM6. Meanwhile, the two acceptors revealed very
close transformation times, which were different from the
kinetics of the neat acceptors (Fig. 2(g)-(i)) and should be
ascribed to the dilute effect of PM6. However, it is worth noting
that the acceptors received enhanced but different aggregations
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(a) and (b) 2D in situ absorption patterns of PM6:3BY and PM6:3QY blends and (c) and (d) relevant maximum peak shifts of the donor and acceptor

in the blends. (e) Schematic of the film-formation kinetics, including solution-stage pre-aggregation, domain growth, and aggregates in the post-film
stage. (f) Optimized molecular configurations and IGMH isosurfaces of the PM6 dimer and the core segments (3BT, 3QT) of the oligomers. PM6-BDT and
PM6-BDD stand for the different interaction regions of the PM6 skeleton.
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at the post-film stage. In particular, 3QY had enlarged shifts
after the transformation stage compared to that of 3BY, sup-
porting the stronger crystallinity of 3QY in the blend film
(Fig. 5(f)). This improvement should be partly attributed to
the stronger inherent self-aggregation and crystallinity of the
3QY molecule than that of 3BY as suggested by the GIWAXS
results (Fig. 2(f)). Additionally, the moderately limited inter-
molecular interactions between the polymer donor and 3QY
(discussed below) should be another factor, which would
suppress the excessive blending and thus promote the homo-
geneous self-aggregation process.

Supported by the above results, Fig. 6(e) visibly depicts the
pre-aggregation in the solutions and the final phase-separation
behaviors in the post-film stage of the two blend systems. As for
stage I, the PM6 segments had a stronger pre-aggregation
attribute in the PM6:3QY solution compared to that in
PM6:3BY. However, the corresponding 3QY and 3BY acceptors
showed similar pre-aggregation properties in the two blend
solutions. When it comes to stage III, the homologous pre-
aggregation propensity of PM6 was well-inherited, affording
more orderly interchain stacking and relatively larger domains
of the PM6 component in the PM6:3QY film. The 3QY compo-
nent, meanwhile, received an increased crystallinity over that of
3BY in their respective blend films. The preferable film-for-
mation kinetics of the PM6:3QY system resulted in its unique
morphology, that is, an increased but appropriate phase-separation
with fine fibrous textures and a smooth surface (Fig. 5), favoring
charge generation, transport, and collection while alleviating energy
losses. As we previously suggested, intermolecular interaction
inside a heterojunction is one crucial factor to drive the film-
forming procedure and final morphologies.**>®® Thus, figuring out
the interactions could be helpful to interpret the distinctive phase-
separations, particularly the dramatically different pre-aggregation
behaviors of the PM6 component in the two blends. However, the
largely extended molecular structures of the star-shaped acceptors
with complex spatial configurations make it unrealistic to complete
simulations. Considering the only difference of the two acceptors, it
is reasonable to employ the two central units, namely 3BT and 3QT,
and these should be equivalent to evaluating the interactions
between the donor and acceptor segments. In view of the differ-
ential electronic atmosphere of the PM6 n-skeleton, we progres-
sively put the 3BT or 3QT unit in three separate regions of the PM6
dimer, including the BDT region (labeled as PM6-BDD), BDD
region (labeled as PM6-BDD), and the transition area between
BDT and BDD, for the subsequent calculations. The optimized
packing configurations and calculated Hirshfeld partition (IGMH)
isosurfaces are provided in Fig. S24 (ESIt) and Fig. 6(f). From
the perspective of the molecular electrostatic potential (ESP),
as given in Fig. 6(f), the 3QT segment may favor interactions
with PM6 because of the more positive ESP distributions of 3QT
owing to the electron-deficient triazine. This would enlarge the
ESP difference with electronegative PM6 (Fig. S25, ESIT) and
improve their electrostatic interactions. Beyond our expecta-
tion, all the results suggested greater intermolecular binding
energies (Enin) between PM6 and 3BY than those between
PM6 and 3QY. For instance, when interacting with PM6-BDT,

This journal is © The Royal Society of Chemistry 2025
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3BT/PM6-BDT afforded a larger Epi, (33.72 kcal mol ") than
that of 3QT/PM6-BDT (31.49 kcal mol '), and the same trends
for the other two packing modes (Fig. S24, ESIt). The strong
interactions between PM6 and 3BT should be attributed to the
more relaxed configuration of the 3BT moiety, leaving greater
molecular freedom to interact with the PM6 backbone (Fig. S26,
ESI{). In other words, the multiple N---H intramolecular con-
formational locks of 3QT confine the molecule rotary and
reduce the orbital coupling and global interactions with PM6
(Fig. S26, ESIt). Similar results could be mirrored between the
oligomer acceptors and donor in their blend film. The relatively
stronger interaction between 3BY and PM6 would increase
the opportunity to form heterojunctions and reduce phase-
separations. Likewise, the limited interactions between 3QY
and PM6 would force more prominent self-aggregations of the
homogeneous molecules, which should be one contributor to
the stronger pre-aggregation of the PM6 component in the
PM6:3QY solution. Collectively assisted by the greater crystal-
linity of 3QY, moderately expanded phase-separations
with superior exciton/charge properties were realized for the
PM6:3QY system, affording it with an outstanding photovoltaic
performance.

Conclusion

To conclude, we report two new three-arm star-shaped oligomer
acceptors, namely 3BY and 3QY, featuring non-fused cores to
bridge the acceptor arms. Notably, 3QY carrying a triazine
center endows multisite intramolecular non-covalent interac-
tions, resulting in an accelerated self-assembly and greater
molecular ordering. Meanwhile, the relatively stiffer molecular
configuration of 3QY modulated the interactions with the
donor segment and refined the film-forming kinetics of the
blend systems, affording excellent heterojunction textures and
charge-transfer property for the PM6:3QY system. These merits
collectively account for the outstanding PCE up to 19.27% in
the PM6:3QY solar cell, which represents a new record effi-
ciency for oligomer acceptors so far. Moreover, the large-size
star-shaped oligomers with notable T,s contributed to decent
long-term device stability under continuous thermal annealing.
In summary, this study provides a promising approach to
design star-shaped acceptors by employing non-fused cores
and discloses the structure-performance relationship modu-
lated by non-covalent interactions. These findings should pro-
vide guidance for future research on high-performance and
long-term stable OSCs.
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