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Under the guidance of a symmetry-breaking and m-bridge-extending strategy, three asymmetric and
symmetric non-fullerene acceptors (L1, L2, and L3) with DA'D core units and two 2-(5,6-difluoro-3-
oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile electron-withdrawing units (A) have been designed
and synthesized via changing the alkoxy-substituted thiophene bridge unit. The asymmetric A~-DA’'D-=-
A-type non-fullerene acceptor (NFA) L2 displays much improved solubility and a slightly larger molar
absorption coefficient than its symmetric counterparts (L1 and L3). In addition, blend film based on the
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asymmetric NFA L2 shows suitable nanoscale phase morphology and much higher and more balanced
hole and electron mobilities. Hence, compared with L1- and L3-based organic solar cells (OSCs),
optimal L2-based devices can deliver a high power-conversion efficiency (PCE) of 14.06% with simultane-
ously enhanced current density and fill factor values. Our study indicates that a combined symmetry-
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Introduction

Organic solar cells (OSCs) have attracted much attention during
the past several years due to their intrinsic advantages, such as
being lightweight and flexible, having roll-to-roll processing
capacity, etc.’”® In the past several decades, fullerene-derivative
acceptors have become prevalent in the field of OSCs. However,
the inherent drawbacks of fullerene derivatives, such as their
narrow and weak absorption, nonadjustable energy levels, poor
stability, etc., have limited further improvements in the photo-
voltaic performances of OSCs. By 2016, the power conversion
efficiencies (PCEs) of OSCs had reached a bottleneck of approxi-
mately 11%. However, in recent years, researchers have focused
on alternative acceptors, so-called non-fullerene acceptors
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breaking and n-bridge-extending strategy is powerful for the design of high-performance NFAs.

(NFAs), promoting the rapid development of OSCs. Nowadays,
the PCEs of single-junction OSCs have reached over 18%,”®
demonstrating great potential for commercial applications.

Typical high-performance NFAs have A-D-A-type molecular
configurations, which usually consist of three parts:° " a large
planar electron-donating multi-fused-ring core unit (D);
electron-withdrawing terminal groups (A); and out-of-plane
side chains. The insertion of a m-bridge unit between the D
and A units is a possible way to reduce the size of the central
core unit. The introduction of a m-bridge unit has many
advantages, such as reducing the synthetic complexity, adjusting
the molecular planarity, regulating the crystallinity of acceptors,
facilitating mn-electron delocalization, enhancing the charge
transport capacity, and, finally, improving the photovoltaic
performance. A large number of high-performance A-rn-D-n-A
acceptors have been reported.*™**

Recently, Zou et al. reported a series of high-performance
NFAs with A-DA’D-A-type molecular structures, termed Y-series
acceptors."® These acceptors further promoted the photovoltaic
performances of OSCs. Compared with typical A-D-A-type
acceptors (like ITIC and IT-4F), the fused DA'D central core
with two pyrrole rings and “V”-shaped molecular geometry
leads to Y-series acceptors with more n-n stacking possibilities,
stronger near-infrared absorption, and larger photoluminescence
quantum yields.'>"°

Since we reported the first fused-ring acceptors with asym-
metric side chains, symmetry-breaking strategies have drawn a

This journal is © The Royal Society of Chemistry 2022
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Chart 1 The chemical structures of L1, L2, and L3.

lot of attention in the design of fused-ring acceptors.*! Various
asymmetric acceptors with asymmetric core units, asymmetric
side chains, and asymmetric terminal groups have been devel-
oped. Asymmetric molecular design can regulate the dipole
moment, solubility, electron mobility, absorption spectrum,
crystallization behaviour, etc.>”>® State-of-the-art devices based
on asymmetric acceptors have achieved power conversion
efficiencies (PCEs) of over 17%.>°*' However, integrated inves-
tigations involving symmetry breaking, n-bridge extension, and
A-DA'D-A structures are still rare.*

Inspired by the above-mentioned knowledge, symmetric and
asymmetric NFAs (L1, L2, and L3), as shown in Chart 1, with
DA'D cores and 2-(5,6-difluoro-3-oxo-2,3-dihydro-1H-inden-1-
ylidene)malononitrile electron-withdrawing units (A) are designed
and synthesized via regulating the alkoxy-substituted thiophene
bridge unit. Unexpectedly, the asymmetric acceptor L2 displays
much higher solubility than the two symmetric acceptors (L1 and
L3). The molar absorption coefficient of L2 is also slightly larger
than those of L1 and L3. Unlike L3, which adopts a dominant
edge-on molecular orientation, L2 has a dominant face-on mole-
cular orientation in neat film. As expected, L2-based blend film
exhibits appropriate nanoscale phase separation, with high and
balanced hole and electron mobilities. By comparison, L1-based
blend film displays very low hole and electron mobilities, and
L3-based blend film exhibits very large phase separation. Finally,
OSCs based on the asymmetric acceptor L2 can deliver an
excellent PCE of 14.06%, with a high short-circuit current (/)
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Scheme 1 Synthetic routes to L2 and L3. (i) NBS, THF, 0 °C; (ii) (4-
POCls, 1,2-dichloroethane, DMF, 80 °C; (iv) 2-
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of 24.01 mA em > and a fill factor (FF) of 71.73%, much higher
than the PCEs of OSCs based on the symmetric acceptors L1
(2.07%) and L3 (1.78%). With a combination of symmetry break-
ing, n-bridge extension, and the use of an A-DA'D-A structure,
our results provide a new molecular design strategy for high-
performance NFAs.

Results and discussion

The chemical structures of L1, L2, and L3 are shown in Chart 1,
the synthetic routes to L2 and L3 are described in Scheme 1,
and detailed procedures are provided in the ESI.{ The starting
material (compound 1) and small molecule acceptor (L1) were
prepared based on the previous literature.>® The bromination
of compound 1 with NBS gave a mixture of compounds 2 and 3,
which can be used for the next step without purification. Stille
coupling of this mixture (2 and 3) and (4-((2-hexyldecyl)-
oxy)thiophen-2-yl)trimethylstannane with Pd(PPh;), as the
catalyst precursor afforded a mixture of intermediates (4 and
5).>* Subsequently, the Vilsmeier-Haack reaction was employed
to furnish compounds 6 and 7, which can be easily separated
via column chromatography. The target acceptors (L2 and L3)
were synthesized via the Knoevenagel condensation of the
dialdehyde intermediates (6 and 7) with 2-(5,6-difluoro-3-oxo-
2,3-dihydro-1H-inden-1-ylidene)malononitrile, resulting in yields
of 70% and 60%, respectively. *"H- and >*C-NMR spectroscopy
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((2—hexyldecyl)oxy)thiophen—2—yl)trimethylstannane, Pd(PPhs),, toluene, reflux; (iii)
(5,6-difluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile, pyridine, CHCls, rt.
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and high-resolution mass spectrometry were used to verify
the chemical structures of these acceptors. Furthermore, the
solubilities of L1, L2, and L3 in chlorobenzene were estimated
to be 20.50, 52.90, and 13.84 mg mL ™, respectively. Obviously,
the asymmetric acceptor (L2) displays much better solubility
than its symmetric counterparts (L1 and L3). It is well known
that good solubility is favourable for achieving better active
layer morphology when blending with a donor polymer.

The UV-vis absorption behaviours of L1, L2, and L3 in dilute
chloroform solutions and as thin films were investigated, and
spectra are shown in Fig. 1. In solution form, L1, L2, and L3
display a broad absorption band, with the maximum absorp-
tion peaks located at 697, 724, and 738 nm, respectively. It can
be found that the absorption peak is obviously redshifted upon
increasing the conjugation length. The asymmetric acceptor
L2 exhibits the largest molar absorption coefficient (1.7 X
10> M™' cm™') among these three acceptors (L1: 1.56 X
10° M~ em™'; and L3: 1.56 x 10° M~" cm'). In going from
solution to thin film, the absorption spectra of these acceptors
are all redshifted, with two clear absorption peaks, indicating
strong aggregation in the solid state. The maximum absorp-
tion peaks of L1, L2, and L3 in thin-film form are located at
746, 776, and 814 nm, respectively. The optical bandgaps (Eg"")
of L1, L2, and L3 are calculated to be 1.49, 1.45, and 1.42 eV
from the onset of film absorption based on the equation:
EgP® =1240/eqge. Cyclic voltammetry (CV) measurements were
used to estimate the energy levels of the acceptors. The high-
est occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) energy levels can be calculated
based on the equation: Egomorumo = —€(Eoxired — E(Fe/pes) +
4.8) (eV). As shown in Fig. 2, the HOMO/LUMO energy
levels were determined to be —5.68/—3.79 eV for L1, —5.56/
—3.88 eV for L2, and —5.38/—3.87 eV for L3. The introduction
of n-bridge units can significantly lift the HOMO energy levels
due to electron-donating features. In addition, the detailed
electrochemical and optical properties are summarized in
Table 1.
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The molecular geometries and energy levels of these three
acceptors were investigated based on density functional theory
(DFT) calculations at the B3LYP/6-31G(d) level. The alkyl and
alkoxyl side chains were simplified to methyl and methoxy to
reduce the complexity of calculations. The calculated molecular
conformations, HOMO/LUMO wave function distributions, and
energy levels are shown in the ESI.{ These three acceptors all
display planar molecular geometries, which is beneficial for
electron delocalization. The electron clouds of the HOMOs and
LUMOs are uniformly distributed along the molecular back-
bones of the acceptors. The theoretical LUMO/HOMO energy
levels are determined to be —3.93/—6.06 eV for L1, —3.77/
—5.81 eV for L2, and —3.62/—5.63 eV for L3, which is consistent
with the CV measurements.

The photovoltaic performances of L1, L2, and L3 can be
evaluated using inverted devices with an ITO/ZnO/polymer:
acceptor/MoO;/Ag configuration, where commonly used PBDB-T
was chosen as the donor polymer due to its complementary
absorption and matched energy levels with these acceptors.
The ZnO layer was prepared according to a procedure in the
literature.>® The synthesis conditions, such as the polymer
concentration, active layer composition, spin-coating rate,
and additive, are systematically optimized. The detailed opti-
mization process is described in the ESI.f As shown in Fig. 3
and Table 2, the device based on the asymmetric acceptor L2
exhibits the highest PCE of 14.06%, with an open-circuit voltage
(Voe,) Of 0.82 V, a short-circuit current (Ji.) of 24.01 mA cm ™2,
and a fill factor (FF) of 71.73%, which is much higher than the
PCEs of OSCs based on the symmetric acceptors L1 (2.07%) and
L3 (1.78%). It is obvious that small structural variations in the
acceptor molecules caused huge differences in device perfor-
mance. The main reason for the very low power conversion
efficiency of the device based on L1 is probably its extremely
low charge mobility, whereas the low efficiency of the device
based on L3 is probably caused by its poor blend film morpho-
logy (vide infra). With an increase in the conjugation length, the
Voc values of the devices increased from 0.69 V for L1 to 0.82 V
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Fig. 1 UV-Vis absorption spectra of L1, L2, and L3 in CHCls solutions (a) and as thin films (b).
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Fig. 2 (a) The electrochemical properties of L1, L2, and L3 from cyclic voltammetry. (b) An energy band diagram showing the acceptor and donor

HOMO/LUMO positions.

Table 1 The optical and electrochemical properties of L1, L2, and L3

ACCEPOr e (NM)  Ama” (nm) ESP (eV) HOMO (eV) LUMO (eV)

L1 697 746 1.49 —5.68 —-3.79
L2 724 776 1.45 —5.56 —3.88
L3 738 814 1.42 —5.38 —3.87

“ In dilute chloroform solution. ? As thin film.

for L2 to 0.91 V for L3. External quantum efficiency (EQE)
measurements are used to verify the accuracy of the J. values
obtained from J-V curves. As shown in Fig. 3, L2-based devices
possess the best photo-to-current response among these three
acceptors, and the maximum EQE value approaches approxi-
mately 80%, which is consistent with the j-V curve results.
To reveal the reasons behind the huge device performance
differences between these three acceptors, detailed characteri-
zation, including morphology, charge mobility, charge recom-
bination behavior, and energy loss analysis, of the devices was
carried out (vide infra). Moreover, the stability of the L2-based
device arrangement is also measured. As shown in the ESI, the
PCE of an L2-based device maintains 86% of its initial value
after being placed in a glove box for 168 h, which implies the
good stability of the asymmetric acceptor.

A systematic investigation of the charge recombination
behaviour can provide better understanding of the significant
difference in FF values between OSCs based on L1, L2, and L3.
The relationship between J,. and light intensity (Pjgn) can be
described as Joc o¢ Piign”, in which o is an exponential factor
representing bimolecular recombination. As shown in Fig. 3,
Jsc and Pygpn, were plotted in a log-log plot. The o values of
the L1- and L3-based devices are 0.91 and 0.83, respectively,
much lower than that of a device based on L2 (0.98). Typically
speaking, a higher o value, especially approaching 1, means
more efficient photogenerated exciton transport and much
reduced geminate recombination loss, which is beneficial for

This journal is © The Royal Society of Chemistry 2022

achieving a higher FF.*® Therefore, J;. vs. Piigne Mmeasurements
can explain well why the L2-based device has the highest FF
among these three acceptors. Further, the photocurrent density
(Jpn) and effective voltage (V) are also measured and used to
reveal the charge recombination processes in the OSCs. Using
the equation J,, = Ji, — Jp, Jpn can be calculated, where J;, and
Jo represent the photocurrent densities under light and in the
dark, respectively. Similarly, in the equation Ve =V, — V, V,
represents the voltage when J;, = Jp, and V is the applied voltage.
As shown in Fig. 3, L1- and L3-based OSCs cannot achieve
saturated photocurrent density ( Js.:) even when Vg approaches
1, indicating serious charge recombination in the devices.
In comparison, L2-based devices reach Js,; with a J,n//sac Tatio
of 0.94, indicating efficient exciton dissociation and suppressed
charge recombination. All in all, these charge recombina-
tion behaviour investigations can reveal well the reasons
for the much higher FF of L2-based devices than L1- and
L3-based ones.

Energy loss (Ej,ss) analysis is conducted based on highly
sensitive external quantum efficiency (SEQE) and electrolumi-
nescence (EL) measurements to understand the V,, differences
between OSCs based on these different acceptors. Ej,gs can be
calculated based on the equation Ejo = Eg — gV, Where Eg is
the corresponding cross-point of UV-vis and photolumines-
cence (PL) spectra.’” As shown in Table 3, L1-, L2-, and
L3-based devices display Ej.ss values of 0.85, 0.68, and
0.55 eV, respectively. As shown in Fig. 4, the charge transfer
state energy (E.) of the blend films can be estimated based on
the cross-point of Gaussian fitting curves of the sEQE and EL
curves. Accordingly, the E. values of L1-, L2-, and L3-based
devices are 1.29, 1.36, and 1.39 eV, respectively. The tendencies
of the Ejoss and E, variations can explain the V,. trend; that is,
the higher E. and lower Ej,ss values of the L3-based device
result in it showing the highest V,. value among the devices
based on these three acceptors. Furthermore, the energy loss of

J. Mater. Chem. C, 2022,10, 2792-2799 | 2795
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Fig. 3 (a) J-V and (b) EQE curves of L1-, L2-, and L3-based devices, (c) the dependence of Jsc on Pygn. and (d) the dependence of J,, on Ve

Table 2 The photovoltaic parameters of devices based on L1, L2, and L3

Acceptor Voe (V) Jsc (mA cm™?) FF (%) PCEax/ave (%)
L1 0.69 7.44 (7.01)° 40.27 2.07 (1.99)
L2 0.82 24.01 (22.74) 71.73 14.06 (13.74)"
L3 0.91 4.70 (4.47) 40.86 1.78 (1.67)

“ Integrated from EQE curves. ” Average PCE from 5 devices.

OSCs can be divided into three parts: radiative energy loss
(AE,), charge generation energy loss (AE,), and nonradiative
energy loss (AE;).***° The AE, values, the difference between
Ey and E, of L1-, L2-, and L3-based devices are 0.25, 0.13, and
0.08 eV. AE; can be determined according to the equation AE; =
ksT/qIn(1/EQEg; ), where kg, T, and g represent the Boltzmann

Table 3 Parameters measured or calculated using EL and sEQE

constant, temperature, and elementary charge, respectively.
The AE; values of L1-, L2-, and L3-based devices are 0.32,
0.27, and 0.20 eV, respectively. Finally, the AE, values, defined
via removing AE, and AE; from E), of L1-, L2-, and L3-based
devices are 0.28, 0.28, and 0.27 eV, respectively. Above all, the
asymmetric L2-based device displays medium energy loss. Our
results demonstrate that asymmetric molecular design can achieve
a balance between energy loss and photovoltaic performance.
The blend film morphologies are investigated via atomic
force microscopy (AFM) and transmission electron microscopy
(TEM) to understand the photovoltaic performances of the
OSCs based on these acceptors. As shown in Fig. 5, AFM images
of blend films based on PBDB-T:L1 and PBDB-T:L2 show homo-
geneous surface morphologies without apparent large-scale

Active layer Eq [eV] E [eV] EQEgL [%] Eoss [€V] AE, [eV] AE, [eV] AE; [eV]
PBDB-T:L1 1.54 1.29 1.13 x 107* 0.85 0.28 0.25 0.32
PBDB-T:L2 1.49 1.36 6.99 x 107" 0.68 0.28 0.13 0.27
PBDB-T:L3 1.47 1.39 2.61 x 1072 0.55 0.27 0.08 0.20

2796 | J Mater. Chem. C, 2022,10, 2792-2799
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Fig. 4 Normalized sEQE spectra of solar cells based on L1 (a), L2 (b), and L3 (c), and EL curves (d).

phase separation, while the blend film based on PBDB-T:L3
shows large-scale phase separation. The root-mean-square
(RMS) roughness values of 2.11 nm for PBDB-T:L1, 1.48 nm
for PBDB-T:L2, and 5.65 nm for PBDB-T:L3 are obtained from
AFM height images. Obviously, L2-based blend film has a more
homogenous phase morphology, with the lowest RMS value.
In addition, the TEM results are consistent with the AFM
measurements. PBDB-T:L3 blend film displays apparent larger-
scale phase separation, with large dark and light regions, which
are more obvious in the inset of Fig. 5f. As for PBDB-T:L1 blend
film, moderate phase separation morphology is seen, with
sparse and burly fibrils. PBDB-T:L2 blend film exhibits appro-
priate phase separation, with fibrils having diameters of 10 to
20 nm, which is beneficial for charge transport, thus leading to
the high J.. and FF values of related OSCs. We speculate that the
reason for the formation of different morphologies is the varied
solubilities of acceptors. More specifically speaking, the asym-
metric acceptor L2 possesses the best solubility among these
acceptors (vide supra), which can delay precipitation during the
film-deposition process, thus, better film morphology can be
formed.** To investigate the charge-transport properties of the

This journal is © The Royal Society of Chemistry 2022

(a -T: PBDB-T:L2
’F( ) RMS =1.48 nm

200 pm <.

Fig. 5 AFM and TEM images of PBDB-T:L1 film (a and d), PBDB-T:L2 film
(b and e), and PBDB-T:L3 film (c and f).

devices, the space-charge limited current (SCLC) method was
utilized to estimate the hole (u,) and electron (y.) transport
mobilities based on typical device configurations of ITO/PEDOT:
PSS/active layer/Au and ITO/ZnO/active layer/Al, respectively. As
shown in the ESI,;f PBDB-T:L1 blend film displays inferior p, and
e values of 7.57 x 10 °em?V s 'and 1.47x 10 ¢ em? vV ' s},
respectively. For PBDB-T:L3 blend film, the u, and pu. values are

J. Mater. Chem. C, 2022,10, 2792-2799 | 2797
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Fig. 6 (a) 2D GIWAXS patterns and (b) 1D scattering profiles of neat L1, L2,
and L3 films and corresponding blend films.

slightly higher, with values of 3.49 x 10> cm®* V' s~ " and 3.28 x
107® em® V! s7', respectively. More impressively, PBDB-T:L2
blend film possesses the highest p, and p. values of 1.52 x
107*em?V s tand 1.48 x 107* em? V ! s, with a /e ratio
of 1.03. The significantly higher and more balanced hole and
electron transport mobilities of the L2-based device can explain
its superior J. and FF values, which lead to the observably higher
photovoltaic performance out of these three acceptors.
Grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements are used to investigate molecular orientation
and packing. As shown in Fig. 6, neat L1 and L2 films display an
obvious (010) diffraction peak in the out-of-plane (OOP) direction
and a (100) diffraction peak in the in-plane (IP) direction, indicating
the formation of a predominantly face-on orientation. In particular,
neat L2 film exhibits much stronger (010) diffraction, based on the
2D GIWAXS pattern and 1D profile, indicating the high crystallinity
of L2. Conversely, a dominant edge-on molecular orientation is
formed in neat L3 film, with observable (010) and (100) diffraction
peaks in the IP and OOP directions, respectively. The n-n stacking
distances of L1, L2, and L3 are quite similar, all about 3.50 A. The
lamellar stacking distance is gradually increased from L1 (17.44 A) to
L2 (1848 A) to L3 (19.63 A), probably reflecting the molecular
backbone lengths of the acceptors. Both L1 and L2 in blend films
with PBDB-T adopt preferential face-on orientations. Also, the (010)
diffraction of L2-based blend film is much stronger than that of the
L1-based example. However, PBDB-T:L3 blend film displays mixed
molecular orientations (face-on and edge-on) based on the 2D
GIWAXS pattern and 1D profile. In addition, the crystal coherence
length (CCL) is estimated to analyse the crystallinity quality.*>*
Based on the equation CCL = 2/FWHM, the CCL values of the (010)
diffraction peaks in the OOP direction were 21.83, 22.09, and 16.34 A
for PBDB-T:L1, PBDB-T:L2, and PBDB-T:L3 films, respectively, indi-
cating that L2-based blend film has the best crystallinity quality.**
All in all, molecular orientation and stacking analysis can explain
well the excellent photovoltaic performance of the L2-based device.

Conclusions

In summary, three low-bandgap non-fullerene acceptors (L1,
L2, and L3) are designed and synthesized via regulating the
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n-bridge units. Assisted by a symmetry-breaking strategy, the
asymmetric acceptor L2, with one n-bridge thiophene unit,
displays the best solubility among these three acceptors, which
helps form appropriate phase morphology. In addition, L2
possesses a higher molar absorption coefficient in solution.
In particular, asymmetric L2 and its corresponding blend film
exhibit a predominantly face-on orientation and strong crystal-
linity, which can facilitate charge transport. As expected, much
higher and more balanced hole and electron mobilities are
achieved in L2-based devices. Hence, a high PCE of 14.06% is
achieved in a device based on the asymmetric acceptor L2,
which is much higher than those obtained using its symmetric
counterparts (2.17% for L1 and 1.78% for L3). Device physics
investigations reveal that L2-based devices exhibit low charge
recombination and moderate energy loss. All in all, our work
provides an effective way to fabricate high-performance non-
fullerene acceptors via a symmetry-breaking strategy.
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