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1 Introduction

Organic solar cells (OSCs) have been recognized as a promising
route to green energy with unique features of lightweight [1], low-
cost [2,3], solution-processability [4,5], semi-transparency [6,7],
and flexibility [8,9]. As one of the light-harvesting components,
fullerene-based compounds have served as a pioneer for acceptors
due to their high electron affinity, good processability, excellent and
isotropic charge transport, etc. [10—14]. With the emergence of non-
fullerene acceptors (NFAs), the power conversion efficiency of OSCs
has surged from less than 10% to over 20% due to the broad
absorption, tunable energy level and lower energy loss of NFAs [15—
22]. Note that the most irreplaceable characteristics of fullerene
acceptors have been inherited by NFAs except the excellent isotopic
charge transport [23], rendering a strict limitation to tune the
specific molecular stacking orientations of NFAs during film
formation [13,24,25]. Exploring three-dimensional (3D) NFAs with
fullerene-mimicking conformations may help to escape from the
cumbersome operation of morphology control, by achieving two-in-
one advantages of both fullerene and NFAs. However, the 3D
molecular geometry of NFAs will inevitably impede their tight
intermolecular stackings, making it quite challenging to construct
high-performance OSCs [26-28].

To maximize the advantages of fullerene-mimicking conforma-
tion while circumventing its hindered intermolecular stacking, we
proposed a new pathway to build the fullerene-conformation-
mimicking NFAs in this work: extending the backbone of NFAs
towards multiple directions through a 3D molecular centrally-
extended center (Figure la). Note that both the structure of
centrally-extended center [29,30] and connection type with NFA
backbones [31-35] determine the molecular conformation and
intermolecular packing modes significantly. Herein, two 3D
centrally-extended structural cores of triptycene and octahedral
chelated iridium(III) complex were delicately applied. Among them,
triptycene afforded the highly rigid and symmetrical CH25 by fusing
with three NFA backbones (Figure 1b) [36]. In another case, an
exotic CH61 was constructed by connecting three central units of
NFAs to an octahedral chelated iridium(III) complex through the

single-bond. Both CH25 and CH61 exhibit the three-dimensional,
propeller-like conformation with six 2-(3-ox0-2,3-dihydroinden-1-
ylidene) malononitrile (INCN) terminals extending towards different
directions, thus mimicking the charge transport property of
fullerene-based acceptors to some extent. Due to the featured
coordinate bond and single-bond connection, CH61 exhibited a
relatively flexible molecular skeleton compared to that of CH25. The
systematic investigation revealed that CH61 also possesses the
enhanced light harvest, weaker exciton binding, more balanced
hole/electron transport and suppressed non-radiative charge
recombination. As a result, PM6:CH61-based binary OSC achieves
an excellent efficiency of 17.85%, which not only greatly surpasses
that of 3.41% for PM6:CH25 but also represents a quite rare high-
performance system for a three-dimensional trimeric acceptor.
Please note that although these 3D NFAs achieve a comparable
electron mobility compared to the state-of-the-art acceptors (Figure
S1 and Table S1, Supporting Information online), their isotropic
charge transport is hard to clearly evaluate, making the relation
between 3D structure and isotropic charge transport still unclear.
Overall, this work demonstrates the potential for high-performance
OSC systems by designing fullerene-conformation-mimicking NFAs
with a two-in-one feature of both fullerene acceptors and NFAs.

2 Results and discussion

The synthesis route to CH61 and corresponding characterization
analysis were illustrated in Scheme S1 (Supporting Information
online) and Figures S19-S30. As revealed by density functional
theory (DFT) calculations, both CH25 and CH61 possess the three-
dimensional fullerene-mimicking configurations with six cantile-
vers extending towards different directions (Figure 1c and Figure
S2). Among them, CH25 has a highly symmetrical structure
(Cs, point group), whereas CH61 is less symmetrical due to the
central iridium(III) induced facial isomers [37]. This results in a
significantly larger dipole moment for CH61 (9.04 Debye) compared
to CH25 (0.02 Debye). The spatial distribution of the highest
occupied molecular orbitals (HOMOs) and the lowest unoccupied
molecular orbitals (LUMOs) is similar for both CH25 and CH61
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Figure 1 (Color online) (a) Molecular design of fullerene-mimicking NFAs. (b) Chemical structures of CH25 and CH61. (c) Optimized configurations and dipole moments () derived from

DFT calculations.

(Figure S3). The HOMOs are located on N,S-heterocycle, while the
LUMOs further spread to INIC terminals with the most probability
on cyano-groups. The rare distribution of frontier molecular orbitals
on triptycene or tris(2-phenylpyridine)iridium manifests that the 3D
centrally-extended center mainly works as an effective molecular
stacking regulator rather than the chromophore. Therefore, the
comparable HOMO and LUMO energy levels could be afforded by
DFT calculations (Figure S3) and cyclic voltammetry (CV)
measurements (Figure 2a and Figure S4).

Due to the comparable energy levels, CH25 and CH61 present
similar absorption in solutions with the maximum wavelength

2

locating at 752 and 748 nm, respectively (Figure 2b). Whereas the
maximum absorption peak of CH25 only red-shifted by 46 nm from
solution to film compared to that of 59 nm for CH61, suggesting the
more desired molecular stackings for CH61 [38,39]. Furthermore,
CH61 exhibits slightly larger molar extinction coefficients in
solution and a higher maximum absorption coefficient in films
compared to CH25. (Figure 2c and Figure S5). As displayed in
Figure S6 and Figure 2d, CH25 does not have an obvious n-n
stacking signal in the out-of-plane (OOP) direction revealed by the
grazing-incidence wide-angle X-ray scattering (GIWAXS) measure-
ments. This may result from its 3D molecular geometry and highly
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Figure 2 (Color online) (a) Energy level diagram of PM6, CH25, and CH26 films derived from CVs. (b) Absorption spectra in dilute chloroform and solid film. (c) Molar extinction
coefficients in dilute chloroform. (d) Out-of-plane line cuts of 2D GIWAXS for pristine films. (e) In-plane line cuts of 2D GIWAXS for pristine films. (f) Exciton binding energies estimated

from temperature-dependent PL.

rigid backbone caused by a ring-fusing connection between
centrally-extended triptycene and three NFA backbones. On the
contrary, despite the similar spatial configuration of CH61, an
obvious signal in the OOP direction indicates the markedly n-n
stacking between adjacent molecules (Figure S6 and Figure 2d). As
the linkages between Ir(ppy);s moiety and NFA backbone are
rotatable C—C single bonds, which will rotate and adjust to specific
configurations suitable for intermolecular n-n stackings of CH61
[31,40-42]. Therefore, CH61 yields a n-n stacking distance of
3.74 A and a large crystal coherence length (CCL) of 21.74 A (Table
S3). In the in-plane (IP) direction, CH61 also displays a stacking
distance of 20.3 A with a much larger CCL of 92.7 A comparing to
20.9 A for CH25. Undoubtedly, the better n-n stackings of 3D CH61
will facilitate its efficient charge transport and be beneficial for
achieving high-performance OSCs.

As illustrated in Figures S7 and S8, CH61 possesses the smaller
Stokes shifts of 38 nm in solution and 60 nm in film comparing to
those of 42 and 71 nm for CH25, suggesting the decreased reorgani-
zation energy of CH61 that is beneficial for charge transport [43].
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The smaller exciton binding energy (Ey) of 18.5 meV for CH61 film
could also be observed compared to 45.7 meV for CH25 (Figure 2f),
which may be attributed to the larger dipole moment and more
delocalized exciton of CH61. A smaller E, could separate photo-
generated excitons of CH61 into free charges under a lower driving
force and further reduce the energy losses of OSCs [44-47]. Please
note that Eys were roughly estimated by temperature-dependent
photoluminescence (PL) herein. This makes the absolute values of
Ey, not very meaningful; only the relative magnitude is significant.
The exciton lifetimes of two NFAs were similar in both solutions and
films (Figures S9 and S10).

To evaluate the photovoltaic performances of CH25 and CH61,
the conventional devices were fabricated by using PM6 [48] as the
donor material. CH25-based binary OSCs only presented a PCE of
3.41% with a Vo of 0.933V, Jsc of 6.84 mA cm™2 and FF of
53.43% (Figure 3a and Table 1). Conversely, CH61-based devices
achieved an excellent PCE of 17.85% with a Vo of 0.947 V, Jsc of
24.90 mA cm™? and FF of 75.70%, representing a quite rare high-
performance system for 3D trimeric acceptors. The significantly
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Figure 3 (Color online) (a) Current density-voltage curves. (b) EQE spectra and integral Jsc. (c) The dependence of photocurrent density (J,n) versus the effective voltage (V) curves.
(d) Charge carrier mobility of blend films. (e) Light intensity dependence of Vic. (f) EQEg, plots of CH25 and CH61-based devices.

Table 1 Photovoltaic parameters for 0SCs”

Active layer Voc (V) Jsc (mA/cm?) 53 (mA/cm?) FF (%) PCE (%)
. 0.933 6.84 _ 53.43 341
PM6:CH25 (0.93240.001) (6.68+0.18) 6-50 (52.58+1.04) (3.2840.15)
A 0.947 24.90 75.70 17.85
PM6:CH61 (0.945£0.002) (24.74£0.09) 24.08 (75.68£0.22) (17.70£0.06)

a) Average parameters derived from 15 independent OSCs (Tables S5 and S6). b) Current densities by integrating EQE plots.

lower external quantum efficiencies (EQEs) of CH25-based devices
(Figure 3b) should be attributed to inferior charge transfer/
transport dynamics that are closely related to intermolecular
packing behaviors and film morphology of CH25. For example,
CH25 and CH61-based devices afforded exciton dissociation
efficiencies (74ss) of 87.06% and 97.35%; additionally, the charge
collection efficiencies (7o) were estimated as 58.13% and 83.10%,
respectively (Figure 3c) [49]. The lower 74 of CH25 is consistent
with its quite smaller photoluminescence quenching yield (7pro)
shown in Figure S12. Moreover, the PM6:CH61-based device shows
the larger and more balanced hole/electron mobility (Figure 3d and
Figure S13), which should contribute a lot to its better charge
transport and collection [50,51]. In sharp contrast to PM6:CH25,
the bimolecular recombination in PM6:CH61 is significantly

4

suppressed, as indicated by a slope close to kT/q (Figure 3e) [52].
A detailed energy loss (E,.) analysis afforded the total E,y¢ of 0.533
and 0.524 eV for CH25- and CH61-based devices, respectively
(Figure S14 and Table S4). It is worth noting that the non-radiative
energy loss (AEs3) of the PM6:CH61-based device is significantly
smaller than that of PM6:CH25, indicated by the markedly large
electroluminescence/fluorescence quantum yields (Figure 3f and
Figure S15). A key advantage of 3D-shaped acceptors is their ability
to effectively suppress the aggregation-caused quenching (ACQ)
effect of acceptor molecules, thereby enabling high quantum yields
and minimal non-radiative energy losses in the solid state [53,54].
The obvious J-aggregation and suppressed H-aggregation of CH61
may account for the higher fluorescence quantum yield [53].
Besides, the PM6:CH61-based device exhibited a smaller Urbach
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energy of approximately 23.4 meV than PM6:CH25 based one
(25.2 meV, Figure S16), further revealing the low energy disorder
in PM6:CH61 films [55].

To gain further insights into the significantly enhanced PCE for
PM6:CH61-based devices, we employed femtosecond transient
absorption (fs-TA) spectroscopy to probe the photo-induced charge
transfer dynamics. As illustrated in Figure 4a, b, the significant
difference is the lack of the donor’s ground-state bleaching (GSB)
signal at 630 nm [56,57], in PM6:CH25 blend films, while it is
apparent in PM6:CH61 blends [58]. This demonstrates the
ineffective hole transfer at the donor/acceptor interface for PM6:
CH25, which consists well with the quite small hole mobility and
poor PCEs. As revealed in Figure 4c and Figure S17, the PM6:CH2 5-
based active layer exhibited an extremely rough surface with a root-
mean-square (RMS) value of 15.74 nm, likely due to the highly
rigid backbone and 3D spatial configuration of CH25. Besides, the
quite poorer solubility of CH25 and its bad miscibility with PM6
(Figure S18 and Table S7) should also be responsible for the large
RMS of CH25-based films, and further limit the improvement of
resulting OSCs. On the contrary, PM6:CH61-based films exhibited a
smoother and more uniform surface with the RMS value of
0.92 nm. Moreover, the suitable donor/acceptor phase separation
is also observed in PM6:CH61 blend films, but not in PM6:CH25
(Figure 4d). In PM6:CH25 blended films, a similar molecular
packing behavior as CH25 neat films was exhibited (Figure 4e, f), as
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the n-m stacking in the OOP direction was apparently weak even
with the facilitation of PM6. In sharp contrast, the diffraction in the
OOP direction for PM6:CH61 was easily noticed with a n-n stacking
distance of 3.88 A and a relatively large CCL of 22.90 A. The
irregular packing of CH25 and poor film morphology should be
responsible for the significantly inferior charge transfer/transport
and photovoltaic performance.

3 Conclusions

With the aim of combining the advantages of fullerene and NFAs,
we proposed a new molecular design pathway of building fullerene-
conformation-mimicking NFAs: extending the backbone of NFAs
through a 3D molecular centrally-extended center. Herein, two 3D
centrally-extended cores of triptycene and octahedral chelated
iridium(IIT) complex were employed, affording the three-dimen-
sional trimeric NFAs of CH25 and CH61 after extending six
cantilevers towards different directions. Compared to the highly
rigid and symmetrical CH25, CH61 gives a relatively flexible
molecular skeleton caused by the featured coordinate bond and
single-bond connection between the iridium(III) complex and NFA
backbones. A systematic investigation disclosed that both CH25 and
CH61 exhibit the propeller-like fullerene-mimicking conformations;
however, their different skeleton rigidity and conjugated orientation
cause quite different intermolecular stacking behavior and nanos-
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Figure 4 (Color online) (a) Contour plots of the TAS spectra of neat and blend films excited at 762 nm. (b) TAS spectra of neat and blend films at different delay times. (c) AFM height
image of blended films. (d) AFM-IR image of blended films. (e) 2D GIWAXS patterns of blended films. (f) OOP and IP line cuts of 2D GIWAXS for blended films.
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cale film morphology. The more favorable aggregation of CH61
gives rise to the weaker exciton binding, more balanced hole/
electron transport and suppressed non-radiative recombination.
Finally, PM6:CH61-based binary OSC achieves an excellent
efficiency of 17.85%, which not only greatly surpasses that of
3.41% for PM6:CH25 but also represents a quite rare high-
performance system for 3D trimeric acceptors. By presenting such
a design vision of fullerene-mimicking, our work will inspire further
efforts to explore highly efficient fullerene-like NFAs with a two-in-
one feature of both fullerene and NFAs.
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