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Efficient Fused Ring Extension of A-D-A-type Nonfullerene
Acceptors via Symmetric Replicating Core Unit Strategy
Tian Xia+, Chao Li+, Hwa Sook Ryu, Jing Guo, Jie Min, Han Young Woo, and Yanming Sun*
Abstract: Extension of a fused aromatic ring core is beneficial
for enhancing the intramolecular charge transfer and effective π-
conjugation in A-D-A type non-fullerene acceptors (NFAs). In this
work, a novel strategy involving extension of fused-ring core by
symmetrically replicating core unit was developed, and a novel
symmetric fused-12-ring NFA, LC81 was synthesized. When paired
with the wide-bandgap polymer donor, PBT1-C, the corresponding
organic solar cells (OSCs) showed a high-power conversion
efficiency (PCE) of 12.71%, much higher than that of the device
based on reference NFA, TPTT-4F. Moreover, the LC81-based OSC
displayed a lower energy loss and a better ambient stability than the
TPTT-4F-based device. Our results indicate that the extension of
fused-ring core by symmetric replicating core unit is an effective
strategy for promoting photovoltaic characteristics of A-D-A-type
NFAs.

Introduction

Bulk-heterojunction (BHJ) organic solar cells (OSCs),
composed of an electron donor and an electron acceptor, have
received significant attention due to their light-weight,
semitransparency, mechanical flexibility and compatibility with
roll-to-roll large-area printing manufacturing.1-4 Recently, non-
fullerene acceptors (NFAs) have successfully replaced fullerene
and its derivatives in OSCs, owing to their unique advantages of
easily tunable molecular energy levels and broad light
absorption ranges well as good photostability and thermal
stability.5-9 Since the fused-ring electron acceptor, ITIC, with an
acceptor-donor-acceptor (A-D-A) configuration reported by Zhan
and co-workers in 2015,10 A-D-A-type NFAs have experienced
rapid developments,8-31 and OSCs based on such A-D-A-type
NFAs have surpassed 16% power conversion efficiencies
(PCEs).32-34 As it is well known that, in A-D-A-type NFAs, such
A-D-A backbone structures are conducive to modulating the
intramolecular charge transfer (ICT) and π-conjugation. With
respect to the D unit, the indacenodithiophene (IDT) unit with

five-membered fused rings possesses a sufficiently rigid
coplanar architecture, which has been extensively employed to
design high-performance A-D-A-type NFAs. In order to further
investigate the ICT effect for the IDT based A-D-A-type NFAs,
various approaches have been developed to modify the
chemical structure of IDT central core, and much effort has been
focused on introducing more fused rings to extend the π-
conjugation.13-17, 20, 35
In this regard, there are mainly two strategies for fused ring

extension of IDT core unit (Figure 1).36, 37 The most common
way is the symmetric fused ring extension on both sides of the
IDT, attaining symmetric A-D-A-type NFAs.38-41 For example,
Zhan and co-workers have designed and synthesized a series of
NFAs named F7IC, F9IC, and F11IC,38 which all possess
symmetric extension of fused-rings at thiophene positions of
both side of the IDT unit. Through this strategy, the frontier
molecular orbital (FMO) energy levels and band gap could be
fine-tuned, and the molecular packing and electron mobility were
significantly improved, leading to enhanced open-circuit voltage
(Voc), short-circuit current density (Jsc), and fill factor (FF) of
OSCs, simultaneously. On the other hand, to precisely tune the
energy levels, absorption, and the molecular packing of the
molecules, another strategy emerged, which involves an
asymmetric fused ring extension on each side of the IDT unit,
thus obtaining asymmetric A-D-A-type NFAs.14, 15, 17, 40 For
instance, the asymmetric A-D-A-type NFA, TPTT-2F and
TPTTT-2F reported by our group were acquired by fusing one
thiophene or thieno[3,2-b]thiophene on only one side of
symmetric IDT (TPT), respectively. Moreover, we developed an
NFA, TTPTTT-4F, which also possessed asymmetric fused ring
extension, and the corresponding OSC yielded a PCE of up to
12.05%. In addition to the fine regulating, the larger dipole
moment may also facilitate molecular interaction for such
asymmetric NFAs to promote photovoltaic performance.
However, how to reduce the energy loss (Eloss) to further
improve the PCE for OSCs remains a key challenge in material
design. Intriguingly, in 2016, Liao et al. reported a multiply fused-
ring NFA IDTIDT-IC of which D unit consists of two IDT units
fused together, thus bearing a fused 10-heterocyclic ring with
extended π-conjugated system.42 Although the IDTIDT-IC-based
device yielded a moderate PCE of 6.5% when PTB7-Th was
used as donor material, this OSC presented an Eloss as low as
0.59 eV and a relatively high Voc of 0.94 V. Despite scarce
similar studies on it, this work has provided us with great
inspiration into molecular design.
Herein, we demonstrate a new strategy named symmetric

replicating core unit strategy, that is the extension of fused-ring
core by symmetrically replicating D unit and fusing them
together (Figure 1). The resulting new core unit may exhibit
prominently extended π-conjugated system and enhanced
electron-donating ability, which is conducive to stronger ICT and
higher lowest unoccupied molecular orbital (LUMO) energy level
for the NFA, thus leading to higher Voc and low Eloss once
blended with donor
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Figure 1. Three fused-ring core extension strategies for IDT based A-D-A-type NFAs.

materials in OSCs. This is very essential for the future
development of high-performance OSCs, whereas less research
has focused on it. Therefore, the development and
understanding of symmetric replicating core unit strategy is
extremely challenging and important.
In this contribution, we chose an asymmetric TPTT unit

developed by our group as the parent D unit to design and
synthesize the novel 12-membered IDT derivative core unit and
its corresponding symmetric A-D-A-type NFA LC81 via a
symmetric replication of TPTT unit to extend the fused-ring core
(Figure 2). LC81 and reference material TPTT-4F shared the
same difluorinated 1,1-dicyanomethylene-3-indanone (IC) end-
capping group, while the symmetric LC81 was found to present
redshifted absorption, upshifted FMO energy levels and higher
electron mobility compared with TPTT-4F. When paired with the

wide-bandgap polymer donor PBT1-C, the LC81-based blend
film presented more balanced charge transport, more efficient
exciton dissociation and reduced bimolecular recombination
relative to the TPTT-4F-based blend film. As a consequence, the
OSCs based on PBT1-C:LC81 showed a maximum PCE of up
to 12.71% with a Voc of 0.875 V, a Jsc of 19.84 mA cm-2, and a
FF of 73.2%, which are all higher than those of the PBT1-
C:TPTT-4F devices. Moreover, the LC81-based OSCs displayed
a lower Eloss and a better ambient stability than the TPTT-4F-
based devices. Our results demonstrated that the extension of
fused-ring core by symmetric replicating core unit strategy to
obtain efficient symmetric core with extended π-conjugation is
an effective way for promoting photovoltaic performances of A-
D-A-type NFAs-based OSCs.

Figure 2. Molecular design strategy and chemical structures of TPTT-4F and LC81.
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Scheme 1. Synthetic routes to LC81 and TPTT-4F.

Results and Discussion

The synthetic routes toward LC81 and TPTT-4F were
presented in Scheme 1. Starting with the commercially available
IDTT, the monolithiation of IDTT and the subsequent addition of
trimethyltin chloride afforded compound 1, which was directly
reacted with diethyl 2-bromo-5-(thieno[3,2-b]thiophen-2-
yl)terephthalate through Stille coupling reaction to give
compound 2. The treatment of compound 2 with the fleshly
prepared 4-octylbenzene magnesium bromide yielded diol,
which was then subjected to intramolecular Friedel-Crafts
cyclization to furnish compound 3. This compound 3 was
reacted with POCl3 and DMF to yield compound 4, which was
further reacted with 2-(5,6-difluoro-3-oxo-2,3-dihydro-1H-inden-
1-ylidene)malononitrile by Knoevenagel condensation reaction
to afford a desirable compound LC81. The Knoevenagel
condensation reaction between TPTT-CHO and 2-(5,6-difluoro-
3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile yielded
TPTT-4F. All the new compounds were characterized by 1H
NMR, 13C NMR, and MS (MALDI-TOF). Both TPTT-4F and
LC81 showed good solubility in common solvents like
dichloromethane, chloroform, and chlorobenzene at room
temperature.
The normalized UV-vis absorption spectra of TPTT-4F and

LC81 in dilute chloroform solution and thin films are shown in
Figure 3a and 3b, and the corresponding data are summarized
in Table 1. In solution, LC81 exhibits maximum absorption peak
at 730 nm, which shows a 50 nm red shift relative to that of
TPTT-4F, because of its enhanced electron-donating ability and
conjugation length of the fused-ring core. From the solution to
the film, a red-shifted maximum absorption and broader
spectrum can be observed for both NFAs, relative to their
corresponding solution spectra. The maximum absorption peak
of TPTT-4F and LC81 were red-shifted from 680 nm to 724 nm
and from 730 to 754 nm, respectively, indicating more intensive
π-π cofacial intermolecular interactions in the solid state for both
NFAs. The thin film absorption onset of LC81 extended to over
850 nm, corresponding to an optical bandgap (Egopt) of 1.45 eV,
which is decreased by ~0.12 eV with respect to that of TPTT-4F.

The electrochemical characteristics of these two NFAs were
studied through cyclic voltammetry (CV), and the corresponding
oxidation and reduction curves are shown in Figure 3c. The
onset oxidation/reduction potentials of TPTT-4F and LC81 were
measured to be 1.37/-0.29 and 1.12/-0.40 V vs. Ag/Ag+,
respectively. Thus, the corresponding highest occupied
molecular orbital (HOMO)/ LUMO energy levels of TPTT-4F and
LC81 were then determined to be -5.74/-4.08 and -5.49/-3.97 eV,
respectively. These results implied that by symmetric replication
core unit strategy, the novel central core unit with more
extended π-conjugation can upshift HOMO and LUMO levels of
LC81 simultaneously, with compared to TPTT-4F. Noteworthily,
as a result of the extended core unit with a stronger ICT effect in
LC81 compared to TPTT-4F, LC81 showed a higher LUMO level,
which contributed to achieving a higher Voc in OSC devices.
Interestingly, the elevation in the HOMO energy level of LC81
was more pronounced than that of the LUMO energy level, and
the HOMO offset between LC81 and the polymer donor PBT1-C
is lower than 0.01 eV. The corresponding electrochemical data
are listed in Table 1.
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Figure 3. Normalized absorption spectra of TPTT-4F and LC81 in (a)
chloroform solution and (b) thin films. (c) Cyclic voltammograms of TPTT-4F
and LC81. (d) Energy level diagram of PBT1-C, TPTT-4F and LC81.
Table 1. Optical and electrochemical data of TPTT-4F and LC81.

NFA λmax [nm][a] λmax [nm][b] λonset [nm][b] Egopt [eV][c] Eox [V] HOMO [eV] Ered [V] LUMO [eV]

TPTT-4F 680 724 789 1.57 1.37 -5.74 -0.29 -4.08

LC81 730 754 858 1.45 1.12 -5.49 -0.40 -3.97

[a] In CHCl3 solution. [b] In thin film drop cast from CHCl3 solution. [c] Estimated from empirical formula: Egopt = 1240/λonset.

To probe photovoltaic properties of these two NFAs, the
OSCs were fabricated with an inverted device structure of
indium tin oxide (ITO)/ZnO/PBT1-C:NFA/MoO3/Ag, in which the
PBT1-C is a wide-bandgap polymer donor. Employing
chloroform as the processing solvent, the optimized PBT1-
C/LC81 weight ratio was 1:1.1 (w/w) with 0.4 vol% 1,8-
diiodooctane (DIO) as a processing additive. Similarly, the
TPTT-4F-based OSC was also optimized with a PBT1-C/TPTT-
4F weight ratio of 1:1.2(w/w), and 0.2 vol% DIO. The detailed
device optimization results are provided in Figure S1-S2 and
Table S1-S2, and the J-V curves and corresponding photovoltaic
parameters of the optimized OSCs are shown in Figure 4a and
Table 2. The optimal device based on PBT1-C:LC81 delivered a
maximum PCE of up to 12.71%, accompanied by a Voc of 0.875
V, a Jsc of 19.84 mA cm-2 and a FF of 73.2%, and these
parameters were all superior to PBT1-C:TPTT-4F (a PCE of
10.40%, a Voc of 0.795 V, a Jsc of 18.25 mA cm-2 and a FF of
71.7%). The higher PCE of the LC81-based device was ascribed
to simultaneous increases of Voc, Jsc, and FF with compared to
those of the TPTT-4F-based device. The fact that the Voc of
LC81-based device is higher than that of TPTT-4F-based device
was well consistent with the up-shifted LUMO energy level of

LC81 relative to TPTT-4F. The external quantum efficiency
(EQE) spectra of the optimized devices are shown in Figure 4b.
Compared to the photo response of the TPTT-4F-based device
in the wavelength range of 300-800 nm, the device based on
LC81 exhibited a much broader photo response, extending from
300 to 900 nm. The results of the EQE agreed well with the neat
film absorption profiles of these two NFAs. Therefore, the PBT1-
C:LC81 based OSC device presented an impressive integrated
Jsc of 18.93 mA cm-2, which was also higher than that of the
PBT1-C:TPTT-4F based device (17.41 mA cm-2), even though
the maximum EQE value of LC81-based device was slightly
lower than that of TPTT-4F-based device. These integrated Jsc
values were in good agreement with the Jsc values determined
from J-V curves, within 5% deviation.
Device stability is also a significant parameter affecting the

potential commercialization of OSCs. In consequence, the
ambient stability of both two optimized OSC devices without
encapsulation was tested. As depicted in Figure 4f, the
optimized devices based on PBT1-C:LC81 still maintained over
80% of their initial PCE values after 800 h under ambient
conditions, whereas only about 70% of the initial PCE was
retained for the TPTT-4F-based
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Figure 4. (a) J-V curves and (b) EQE curves of the optimal OSC devices based on the PBT1-C:NFA blend. (c) Measured quantum efficiency (EQE, blue line),

Fourier transform photocurrent spectroscopy (FTPS-EQE, red lines), electroluminescence (EL, green lines), and external quantum efficiency (black lines) of the

optimal OSC devices based on PBT1-C:TPTT-4F and PBT1-C:LC81, respectively. The evolution of (d) Jph versus Veff and (e) light intensity dependence of Jsc for

the optimized OSC devices. (f) The PCEs for the unencapsulated optimal OSC devices based on PBT1-C:TPTT-4F and PBT1-C:LC81 after exposure to air for

various time.

Table 2. Photovoltaic data of the optimized OSCs based on PBT1-C:NFA

NFA Voc [V][a] Jsc [mA/cm2][a] Jsc,cal [mA/cm2] FF [%][a] PCE [%][a]

TPTT-4F 0.795 (0.793±0.003) 18.25 (18.15±0.04) 17.41 71.7 (70.35±1.91) 10.40 (10.13±0.33)

LC81 0.875 (0.883±0.014) 19.84 (19.63±0.21) 18.93 73.2 (72.60±0.61) 12.71 (12.58±0.12)

[a] Average values with standard deviations were obtained from 20 devices.

device, in the same environment. These results suggest that
through symmetric replication core unit strategy, the π-
conjugated system of the fused-ring core for the NFA could be
prominently extended, which is beneficial to improve the
photovoltaic performance and ambient stability of the
corresponding OSC devices.
To quantify the charge transport properties of the these two

NFA-based neat films and the corresponding blend films, the
space-charge-limited current (SCLC) were measured. It was
found that the LC81-based neat film possessed an average
electron mobility (μe) of 6.99×10-4 cm2V-1s-1, which is relatively
higher than that of the neat film based on TPTT-4F (5.85×10-4
cm2V-1s-1). As for the blend films, the average hole mobilities
(μh)/electron mobilities of PBT1-C:LC81 and PBT1-C:TPTT-4F
were measured to be 12.41×10-4/5.52× 10-4 and 10.09× 10-
4/3.75 × 10-4 cm2V-1s-1, which corresponded to the calculated
μh/μe ratios of 2.25 and 2.69, respectively. It is noteworthy that
the LC81-based blend film showed promoted electron mobility
and more balanced charge carrier transport relative to the TPTT-
4F-based blend film, which could well explain the higher Jsc and
FF values obtained in the OSCs based on PBT1-C:LC81. The
related data are provided in Figure S3 and Table S3.
The exciton dissociation and charge collection characteristics

were evaluated by measuring the photocurrent density (Jph)
versus effective voltage (Veff). As shown in Figure 4c, for both
two NFAs-based devices, the Jph would be raised as the Veff

increased. The saturated Jph (Jsat) values were obtained when
the Veff was greater than 2 V, suggesting that all photogenerated
excitons were dissociated into free charge carriers and collected
by electrodes. The Jsat value of the optimal device based on
PBT1-C:LC81 was measured to be 20.36 mA cm-2, which is
approximately 8% higher than that of optimized TPTT-4F-based
device (18.83 mA cm-2), proving that the core unit with more
extended π-conjugated system by symmetric replication of TPTT
unit benefited the absorption spectrum broadening and charge
generation, and thus promoted Jsc. Under the short-circuit
conditions, the exciton dissociation probability (Pdiss) could be
confirmed by measuring the Jph/Jsat ratio. The Pdiss values of
PBT1-C:LC81 and PBT1-C:TPTT-4F devices were calculated to
be 96.7% and 96.1%, respectively, demonstrating that both two
NFAs-based OSCs possessed efficient exciton dissociation and
charge collection efficiency.
To further understand the charge recombination behaviors in

both two NFAs-based OSC devices, the corresponding Jsc
versus light intensity (Plight) curves were measured. The
relationship between the Jsc and Plight could be interpreted based

on the formula, Jsc ∝ PlightS, in which the exponential factor s
denotes the degree of bimolecular recombination. If the value of
s is equal to 1, it means that all free charges are swept out and
collected by the electrodes prior to recombination, while s < 1
indicates there is some degree of bimolecular recombination.43-46
As Figure 4d depicted, the s value of the PBT1-C:LC81-based
device was calculated to be 0.997, which was slightly higher
than that of TPTT-4F-based device (0.975). These data implied
that a much weaker bimolecular charge recombination occurs in
optimized LC81-based OCS device relative to TPTT-4F-based
device, and such negligible charge recombination facilitated
higher Jsc and FF for corresponding OSCs.
Electroluminescence (EL) spectra and Fourier-transform

photocurrent spectroscopy (FTPS) measurements were carried
out to estimate the Eloss of these two photovoltaic systems
(Figure 4e). Following the detailed balance theory, the Eloss

( �∆�oc ) can be categorized into three different parts: �∆�oc �
�gap − ��oc

SQ � �∆�ocrad � �∆�ocnonrad .47-50 The effective bandgap
( �gap ) determined from the crossing point of the blended film
absorption and EL spectra were 1.653 eV for PBT1-C:TTPT-4F
and 1.483 eV for PBT1-C:LC81, respectively (Figure S4). The
first part, ∆�� � �gap − ��oc

SQ , depending on �gap and the
theoretical maximum voltage by the Shockley-Queisser limit,
were 0.278 and 0.250 eV for TPTT-4F and LC81, respectively.
The LC81-based device exhibited a slightly smaller ∆�� value,
whereas this substantial loss is inevitable.51 The second part,
∆�� � �∆�ocrad , is the voltage loss via radiative recombination
from the absorption below the bandgap, because of the charge
transfer (CT) state in the OSCs. As show in Table 3, it was
found that the LC81 system presented a negligible ∆�� of 0.045
eV, which was 0.15 eV lower than that of the TPTT-4F-based
devices, reflecting that PBT1-C:LC81 had higher CT-state
excitons.52 The third part, ∆�� � �∆�ocnonrad , originated from the
non-radiative recombination and could be determined from the
EQE of the EL measurements. The PBT1-C:LC81 device gave a
relatively small �∆�ocnonrad of 0.297 V, which was also nearly 0.1
eV lower in contrast to that of TPTT-4F system (0.396 eV),
attributing to the effective suppression of non-radiative
recombination loss in the LC81 system. In addition, the lower
non-radiative recombination loss as compared to the TPTT-4F-
based device can also be attributed to the lower offsets between
PBT1-C and LC81, resulting in hybridization between charge-
transfer and lowest donor or acceptor exciton states. As a result,
the total �loss of the optimized device based on PBT1-C:LC81
was determined to be 0.592 eV, which is much lower than that of
TPTT-4F-based device (0.869 eV).
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Table 3. Summary of Parameters Measured and Calculated from FTPS-EQE and EL

NFA �gap [eV] �oc [V] �loss [eV] �oc
SQ [V] ∆��=�gap − ��oc

SQ [eV] �ocrad [V] ∆��= �∆�ocrad [eV] ∆��= �∆�ocnonrad [eV]

TPTT-4F 1.653 0.784 0.869 1.375 0.278 1.18 0.195 0.396

LC81 1.483 0.891 0.592 1.233 0.250 1.188 0.045 0.297

The atomic force microscopy (AFM) was employed to get a
deep insight into the morphologies of these two NFA-based
blend films. As displayed in Figure S5, from the AFM height
images, it can be seen that the PBT1-C:LC81-based and PBT1-
C:TPTT-4F-based blend films both presented smooth and
uniform surfaces with relatively small root mean square (RMS)
roughness of 2.03 nm and 1.03 nm, respectively. In details, the
distinct fibril network morphology occurred in both blend films, as
shown in the AFM phase images, which is favorable of efficient
exciton dissociation and charge carriers transport.4, 53 The
molecular orientation and packing behaviors of these two A-D-A-
type NFAs neat films were investigated via grazing incident
wide-angle X-ray scattering (GIWAXS) measurements. The 2D
GIWAXS patterns and corresponding line-cuts profiles of TPTT-
4F, and LC81 neat films were displayed in Figure S6. It could be
observed that TPTT-4F neat films exhibited weak lamellar and
π-π stacking scatterings, demonstrating that TPTT-4F
possessed relatively weak crystallinity due to the steric
hindrance caused by the presence of the phenyl side chains. In
the in-plane (IP) direction, the (100) lamellar stacking peak could
be observed at 0.33 �-1 in the TPTT-4F neat film, and the
corresponding lamellar stacking d-spacing was calculated to be
19.0 �. As for the LC81 neat film, the appearance of (100)
lamellar stacking peak at q = 0.36 �-1 (d-spacing=17.4 �) in the
IP direction indicated relatively higher degree of crystallinity than
that of TPTT-4F, which showed a good agreement with the
SCLC results as mentioned above.

Conclusion

In conclusion, by symmetric replicating core unit strategy, we
designed and synthesized a symmetric 12-membered IDT
derivative core unit and its corresponding symmetric A-D-A-type
NFA LC81. The LC81 possessed a fused-ring core with more
extended π-conjugated system, and it was found to possess
redshifted absorption, upshifted FMO energy levels and higher
electron mobility relative to TPTT-4F. When blending with PBT1-
C, the optimized OSC based on PBT1-C:LC81 delivered a
superior PCE of 12.71%, which is much higher than that
(10.40%) of TPTT-4F-based OSC. The simultaneous
enhancements of Voc, Jsc and FF account for the high PCE
achieved in PBT1-C:LC81 OSCs. Furthermore, LC81-based
devices also exhibited a lower Eloss and better ambient stability in
contrast to TPTT-4F-based devices. Therefore, by symmetrically
replicating fused-ring core unit to extend π-conjugated system is
an effective strategy to promote photovoltaic performance of A-
D-A-type NFAs.
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The extension of fused-ring core by symmetric replicating core unit is
an effective strategy for promoting photovoltaic performance of A-D-
A-type NFAs.
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