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For the nonfullerene molecules design, many strategies such 
as the incorporation of n-type molecules/blocks, i.e., perylene 
diimide and naphthalene derivatives, and the use of electron 
withdrawing units as the end units have been explored.[19–32] 
Among them, small molecules with acceptor–donor–acceptor 
(A–D–A) backbone structures seem to be the most successful 
ones. This echos the success of using small molecules with 
A–D–A structures as the donor materials for the widely studied 
[6,6]-phenyl-C61/C71-butyricacidmethylester (PCBM) based 
systems. In the last few years, we have reported a series of small 
molecules with mainly thiophene-based A–D–A structures as 
the donors with fullerene derivatives as the acceptors and PCEs 
over 10% have been achieved.[11,33–35] It has been found that 
the highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) energy levels of those 
molecules are mainly determined by their electron donor core 
units and electron withdrawing terminal units, respectively. 
Furthermore, their absorptions, mobilities, and molecule 
packing modes at solid states could also be tuned through 
delicate molecule design. Based on these results and the 
recent development of in nonfullerene acceptors, it is intrinsic 
to design new acceptors with the much successful A–D–A 
backbone systems. Very recently, we have reported a rather a 
simple acceptor molecule named 2,2′-(((9,9-dioctyl-9H-fluorene-
2,7-diyl)bis(thiophene-5,2-diyl))bis(methanylylidene))bis(3-oxo-
2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile (DICTF), 
which has a A–D–A structure and fluorene as the central block 
and 2-(2,3-dihydro-3-oxo-1H-inden-1-ylidene)propanedinitrile 
(INCN) as the end group.[23] DICTF in thin films showed good 
absorption in the range of 400–700 nm and gave a decent PCE 
of 7.93% when combining with the polymer poly[4,8-bis(5-
(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b′]dithiophene-
2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)- 
2-carboxylate-2-6-diyl)] (PTB7-Th) as the donor material. It 
has been well-known that for many organic optoelectronic 
materials, the introduction of a ladder type backbone with 
fused rings is an effective strategy to both tune the rigidity 
of the molecular geometries and adjust the optoelectronic 
properties such as absorption, energy levels, etc.[36–39] With 
these in mind, herein, we designed a new acceptor following 
the above strategy by fusing the fluorene core in DICTF with 
the adjacent thiophene units to obtain the ladder type molecule 
2,9- bis(2 methylene (3(1,1 dicyanomethylene) indanone))  7, 12- 
dihydro- 4, 4, 7, 7, 12, 12- hexaoctyl- 4H- cyclopenta[2″, 1″:5, 6;3″, 4″:5′, 
6′] diindeno[1, 2- b:1′, 2′- b′] dithiophene (FDICTF) (Figure 1a). 
With this small change, the absorption and band structure 
are tuned as expected. The impact of such a small change in 
molecular structure on the optical, electrochemical properties, 

Organic solar cells (OSC) are one of the promising green energy 
alternatives for future renewable energy conversion, due to 
advantages such as low cost, low weight, and flexibility.[1–5] The 
past decade has witnessed dramatic progress in this area, and 
power conversion efficiency (PCE) over 10% has been achieved 
for single junction organic solar cells with bulk-heterojunction 
architecture using fullerene derivatives as the acceptor, mainly 
due to the development of novel donor materials and device 
optimization.[6–11] The great success of the fullerene derivative 
acceptors in OSCs is attributed to several fundamental 
properties including high electron affinity and electron mobility, 
isotropic charge transport, as well as formation of appropriate 
phase separation.[12,13] However, the fullerene derivatives 
have some intrinsic drawbacks, such as weak absorption in 
the visible region, high cost in the synthesis and purification 
processes, etc. To address these issues, nonfullerene electron 
acceptor materials with good light absorption, facile synthesis, 
fine-tuned energy levels, and low cost, have developed rapidly 
in recent years.[14,15] Currently, many nonfullerene acceptors 
including the newly emerged and excellent 3,9 -bis(2methylen e-
(3(1,1dicyanomethylene)indanone))-5,5,11,11tetrakis(4 hexyl-
phenyl) -dithieno[2,3 d:2′,3′ d′] s indaceno[1,2 b:5,6 b’]dithiophene 
(ITIC) (as shown in Figure 1a), etc. have been designed and 
excellent performance has been achieved for the devices based 
on these materials.[16–18]
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morphologies, and device performance were systematically 
investigated. Devices based on PTB7-Th:FDICTF gave a PCE 
of 7.87%, which is comparable with that of PTB7-Th:DICTF 
shown in Table S3 in the Supporting Information.[23] For better 
complementary absorptions and matched energy levels, a 
middle gap polymer poly[(2,6 -(4,8 -bis(5-- (2 ethylhexyl) thiophen- 
2 -yl)- benzo[1,2- b:4,5- b′]dithiophene))- alt- (5,5- (1′,3′-di -2- thienyl- 
5′,7′- bis(2 ethylhexyl)benzo[1′,2′- c:4′,5′ -c′]dithiophene- 4,8 -dione))] 
(PBDB-T) was chosen as the donor to fabricate the devices 
with FDICTF for further detailed device studies. A high PCE 
of 10.06% was achieved for the PBDB-T:FDICTF based devices, 
compared with the relatively moderate PCE (5.93%) of the 
devices of PBDB-T:DICTF. These results indicate that the 
utilization of a ladder backbone structure with fused rings as 
the core units in A–D–A type molecules might be an effective 
strategy for designing high-performance nonfullerene acceptors.

The synthetic route of FDICTF is shown in Scheme 1. 
The detailed procedures are provided in the Supporting  

Information. The fused core 1 was synthe-
sized according to the literature method.[40] 
Intermediate 2 was prepared by Vils-
meier–Haack reaction of 1 using POCl3 and 
DMF(N,N-Dimethylformamide). Subsequent 
Knoevenagel condensation between 2 and 
INCN afforded the target molecule in high 
yield. The chemical structure of FDICTF was 
fully characterized by 1H and 13C NMR and 
matrix assisted laser desorption ionization-
time of flight mass spectrometry (MALDI-
TOF MS). It exhibits good solubility in 
common organic solvents, such as dichloro-
methane, chloroform, and ortho-dichloroben-
zene at room temperature. Thermal char-
acteristics with thermogravimetric analysis 
(Figure S1, Supporting Information) under 
nitrogen atmosphere indicates it has good 
thermal stability with a weight-loss lower 
than 5% up to 336 °C and meets the require-
ment of device fabrication.

FDICTF in chloroform solution exhibits 
strong absorption in the 550–720 nm region 
with a very high maximum extinction coeffi-
cient of 2.7 × 105 m−1 cm−1 at 665 nm, which 

is three times of that of DICTF ( 9.3 × 104 m−1 cm−1 at 587 nm) 
(Figure S2, Supporting Information). As shown in Figure 1b, 
the film of FDICTF shows strong absorption in the wavelength 
region from 500 to 770 nm, and the absorption onset of 760 nm 
corresponds to an optical bandgap of 1.63 eV. In contrast, the 
optical bandgap of DICTF films estimated from the absorption 
edge (681 nm) is 1.82 eV. In addition, the maximum absorption 
peak of FDICTF in thin films shows a significant redshift of 
65 nm compared with that of DICTF. This is consistent with 
the fact that, compared with molecule DICTF, FDICTF has an 
increased effective π-conjugation by bridging the adjacent flu-
orene with the thiophene units and a better coplanarity would 
be expected (also see below). The absorption data of DICTF and 
FDICTF are summarized in Table 1.

The electrochemical behavior of FDICTF has been investi-
gated by cyclic voltammetry (CV) (Figure S4, Supporting Infor-
mation). The energy levels were estimated from the oxidation 
and reduction wave in CV spectra, and the measurement was 

referenced by the energy level of Fc/Fc+  
(−4.8 eV below vacuum).[41] The results are 
presented in Figure 1c and Table 1. The 
fused structure in FDICTF facilitates the first 
oxidation and reduction event, as it occurs 
at a lower oxidation and reduction potential 
compared with DICTF, which leads to higher 
HOMO (−5.43 eV) and LUMO (−3.71 eV) 
energy levels.[37] In addition, the LUMO off-
sets between FDICTF/DICTF and the donor 
PBDB-T (−2.92 eV) are larger than 0.7 eV, 
sufficient to provide the driving force for 
exciton dissociation.[17]

In order to compare the chemical geom-
etry structure of the two molecules of DICTF 
and FDICTF, density functional theory at the 
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Figure 1. a) Chemical structures of DICTF, FDICTF, ITIC, and PBDB-T. b) Absorption spectra 
of DICTF, FDICTF, and PBDB-T in thin films. c) Estimated energy levels of DICTF, FDICTF, and 
PBDB-T from electrochemical cyclic voltammetry.

Scheme 1. Synthetic route of FDICTF.
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B3LYP/6-31G* level were performed.[42,43] Frequency analysis 
was followed to ensure that the optimized geometries were at 
stable states, and the octyl groups were replaced by methyl ones 
for simplification. As shown in Figure 2, dihedral angles of 
22.5° and 0° were obtained between the thiophene and fluorene 
units in DICTF and FDICTF, respectively. And the different 
electronic communication in each building block due to the 
difference of dihedral angles are consistent with the electron 
cloud distributions at frontier molecular orbitals (Figure S5,  
Supporting Information). Therefore, the improved planarity 
and thus better π-electron delocalization of FDICTF is expected 
to cause its bathochromically shifted 
absorption.

The photoluminescence (PL) spectra of 
the pure donor/acceptor films and the blend 
films were measured and the results were 
shown in Figures S6 and S7 in the Sup-
porting Information. The pure PBDB-T film 
exhibits a PL emission band in the range of 
650–850 nm. DICTF and FDICTF show sim-
ilar PL emission in the region of 700–820 nm.  
Compared with the pure films, the blend 
films exhibit a significant PL quenching, 
indicating that efficient photoinduced charge 
transfer occurs in the films between the 
donor and acceptor molecules, which is a 
prerequisite for achieving high photovoltaic 
performance.[44]

For better complementary absorptions and 
matched energy levels, polymer PBDB-T was 
chosen as the donor material to blend with 
FDICTF for detailed device studies using a 
conventional device structure of indium tin 
oxide (ITO)/poly(3,4-ethylenedioxythiophene): 
poly(styrene-sulfonate) (PEDOT:PSS)/active 

layer/N,N′-bis(propylenedimethylamine)-
3,4,9,10-perylenediimide (PDIN) /Al. PDIN 
is a perylene diimide derivative (as shown in 
Figure 3b), developed as cathode interlayer 
by Li and co-workers, which can modify the 
work function of the electrode and be benefi-
cial to charge extraction efficiency and reduce 
recombination losses.[45] Similar devices 
using the newly emerged nonfullerene 
acceptor DICTF were also fabricated and 
optimized for comparison. The optimized 
device performance data were summarized 
in Table 2, and the corresponding J–V char-

acteristics were shown in Figure 3c. More detailed device para-
meters were provided in the Supporting Information (Tables S1 
and S2). Benefitting from their high-lying LUMO energy levels, 
devices based on DICTF and FDICTF as acceptors blending 
with PBDB-T as donors all gave a high open-circuit voltage (Voc) 
of over 0.90 V. However, compared with PBDB-T:DICTF system, 
PBDB-T:FDICTF based devices showed much higher short-cir-
cuit current density (Jsc), due to their much better complemen-
tary absorption and stronger absorption coefficient as shown in 
Figure S3 in the Supporting Information, which is consistent 
with external quantum efficiency (EQE) studies (Figure 3d). The 
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Table 1. Optical and electrochemical data of DICTF and FDICTF.

Molecules UV–vis CV

λmax
sol  

[nm]
εmax  

[m−1 cm−1]
λmax

film  
[nm]

Eg
opt  

[eV]a)
HOMO  

[eV]
LUMO  

[eV]
Eg

cv  
[eV]

DICTF 587 9.3 × 104 624 1.82 −5.67 −3.79 1.88

FDICTF 665 2.7 × 105 689 1.63 −5.43 −3.71 1.72

a)Optical bandgap was obtained from the onset wavelength of the film.

Figure 2. Optimized molecular geometries of DICTF and FDICTF at B3LYP/6-31G*.

Figure 3. a) Device structure of the OSCs. b) The chemical structure of PDIN. c) Current den-
sity–voltage (J–V) characteristics and d) EQE spectra of OSCs based on FDICTF and FDICTF 
at optimized conditions.
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optimized device of FDICTF shows high and broad photo–to–
current response from 300 to 770 nm with a maximum value of 
75% and over 70% across the range of 500–700 nm, indicating 
an efficient photoelectron conversion process. While the EQE 
of PBDB-T:DICTF devices gave rather low values. Based on 
these results, the maximum PCEs for the two acceptors reached 
10.06% and 5.93%, respectively, at optimized conditions. The 
PCE value of FDICTF-based devices was higher than that of the 
control device based on PBDB-T:PC71BM ([6,6]-phenyl-C71-butyric 
acid methyl ester) (7.33%, as shown in Table 2), and was among 
the highest values reported for nonfullerene acceptor solar 
cells.[16–18]

The morphology of the blend films was investigated by 
atomic force microscopy (AFM) and transmission electron 
microscopy (TEM). As shown in the AFM images (Figure 4a,b), 
the root-mean-square roughness of the optimized films of 
PBDB-T:FDICTF and PBDB-T:DICTF gave values of 3.4 and 
3.2 nm, respectively. The TEM images of two optimized films 
are shown in Figure 4c,d. There are clear fiber structures and 

phase separation in the PBDB-T:FDICTF blending film with 
interpenetrating structures. From the chemical structures, such 
morphology difference could be due to FDICTF having a more 
planar backbone and larger steric effect than DICTF, leading 
to relatively inferior miscibility with the polymer PBDB-T in 
contrast to DICTF. In contrast, no clear phase separation was 
observed in the PBDB-T:DICTF film. These differences should 
contribute to the improvement of the exciton dissociation 
efficiency and carrier mobility in the OSC devices of PBDB-
T:FDICTF. These results are also consistent with the higher Jsc 
and fill factor (FF) of PBDB-T:FDICTF devices compared with 
that of PBDB-T:DICTF devices.

The molecular stacking of a pure FDICTF film was inves-
tigated by X-ray diffraction (XRD) analysis (Figure S8, Sup-
porting Information). There is no clear peak in the XRD pattern 
of FDICTF, indicating its amorphous nature, which is probably 
attributed to the steric effect of the out–of–plane side-chains. 
This steric molecular geometry owing to the octyl groups at the 
sp3-hybridized bridging carbon atoms might prevent excessive 
π–π stacking and suppress strong intermolecular aggregation 
effectively in the acceptor phases.

The bulk charge mobility properties of the optimized PBDB-
T:DICTF and PBDB-T:FDICTF blend films were measured by 
the space-charge limited current method. The hole and elec-
tron mobilities were measured with device structures of ITO/
PEDOT:PSS/active layer/Au and Al/active layer/Al, respec-
tively. As shown in Figure S9 (Supporting Information), the 
PBDB-T:DICTF blend films show hole mobility of 1.56 × 
10−5 cm−2 V−1 s−1 and electron mobility of 1.49 × 10−5 cm−2 
V−1 s−1. For PBDB-T:FDICTF, the hole and electron mobili-

ties increased to 3.37 × 10−5 and 2.40 ×  
10−5 cm−2 V−1 s−1, respectively. Both the 
improved and balanced electron and hole 
mobilities should have contribution to the 
observed higher values of Jsc and FF for 
FDICTF-based devices.

In summary, we have designed and 
synthesized an A–D–A type nonfullerene 
acceptor with a ladder fused structure. A 
simple change by fusing the thiophene unit 
in the previous simple molecule DICTF has 
led to a stronger and better complementary 
absorption and tunable molecular energy 
levels. For the morphology control in the 
active layer, the out–of–plane chains on the 
fused core of FDICTF can effectively pre-
vent overaggregation in the acceptor phases, 
contributing to the formation of a favorable 
interpenetrating donor/acceptor network 
with a suitable degree of phase separation in 
the active layers. Devices with the polymer 
donor PBDB-T gave a high PCE of 10.06%, 
which is much higher than that of the con-
trol devices with fullerene counterparts. 
The results demonstrate that using a ladder 
A–D–A structure as the backbone in acceptor 
molecules is an effective strategy to design 
new and high-performance nonfullerene 
acceptors. Considering the wide structure 
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Table 2. Device performance parameters of OSCs based on PBDB-T 
measured at simulated 100 mW cm−2 AM 1.5G illumination.

Acceptor Voc [V] Jsc  
[mA cm−2]

FF PCE [%]a,b)

DICTF 0.93 ± 0.01 10.30 ± 0.20 0.59 ± 0.01 5.65 ± 0.28 (5.93)

FDICTF 0.94 ± 0.01 15.81 ± 0.28 0.66 ± 0.01 9.81 ± 0.25 (10.06)

PC71BM 0.86 ± 0.01 12.16 ± 0.23 0.68 ± 0.01 7.11 ± 0.22 (7.33)

a)Average values from 20 devices; b)The best PCEs are provided in parentheses.

Figure 4. Tapping-mode AFM height images of the active layers of a) PBDB-T:FDICTF blend 
films and b) PBDB-T:DICTF blend films. TEM images of c) PBDB-T:FDICTF blend films and  
d) PBDB-T:DICTF blend films.
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varieties, it is believed that great breakthrough in nonfullerene 
acceptors based OSCs could be realized through delicate  
molecule design and device optimization in the near future.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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