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Abstract How to broaden the optical absorption of photovoltaic
materials is one of the key issues in the design of high-performance
organic solar cells. Nowadays, the sunlight of 400–550nm wavelength
range is not effectively utilized for most small-molecule nonfullerene
acceptors. In this work, we proposed the “spliced” strategy of
combining the acceptor–donor–acceptor type narrow band-gap small
molecules and wide-band-gap perylene diimide (PDI) moieties via a
flexible alkyl chain linkage, which could give the superposition effect of
the absorption spectra, and three small-molecule acceptors (S1, S2,
and S3) were designed based on various end-capping groups with
different electron withdrawing abilities. Encouragingly, the as-con-
structed molecules can well make use of 400–550nm sunlight with two
independent absorption regions. Meanwhile, the aggregation of S1 with
a highly planar end-capping group was dominated by both the PDI unit
and main skeleton, while S2 and S3 exhibited PDI-controlled aggrega-
tion.When fabricated into organic solar cells, S1-based devices achieved
a superior efficiency of 3.41% in comparisonwith those of the other two.
The poor photovoltaic performance could be attributed to severe PDI
aggregation, which can hinder the charge transfer through the main
skeletons. This work could provide a new perspective to modulate
optical absorption through the spliced strategy.

Key words Organic solar cells, nonfullerene acceptor, spliced strategy,
optical absorption, aggregation

Introduction

Over the last few years, nonfullerene acceptors have
attracted great interest in the field of organic solar cells
(OSCs) due to their unique advantages of low cost, strong
adsorption ability, and high thermal stability, and their
photoelectric conversion efficiency (PCE) has increased
significantly, inspiring researchers to conduct further
research in terms of structure–property relationship and
device architecture.1–10

One of the keys to the design of high-efficiency OSCs is to
construct photovoltaic materials with wide and strong
absorption in the visible–near-infrared region, which is in
favor of the short-circuit current densities (JSC) in photo-
voltaic devices.11,12 Acceptor–donor–acceptor (A-D-A) type
small-molecule acceptors (SMAs) are regarded as a class of
promising semiconducting materials, which consist of two
π‑electron-withdrawing termini linked by a planar π-bridge
consisting of fused rings.13–17 Since the first star acceptor
ITIC was synthesized, a number of similar small molecules
have been developed to regulate the energy levels and
packing, such as IDIC, IEIC, ATT-1, etc.6,8,18,19 Hereinto, to
match the solar spectrum as much as possible, many
researchers have developed a series of design strategies to
construct narrow band-gap (NBG) materials, such as
extending the conjugated length and introducing strong
electron-deficient end-capping groups or strong electron-
rich cores.20–23 What’s more, the main absorption peaks of
these NBG nonfullerene acceptors and some classical donor
materials, such as PBDB-T and PTB7-Th, are generally
located at 600–800nm.24–26 However, according to the
spectrogram of sunlight, the energy at 400–550nm
accounts for nearly 30% of the total energy, as a result,
the current materials could not completely utilize this part,
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which limits the probability of improvement in the
photocurrent.27 On this basis, perylene diimide derivatives
(PDIs) have attracted our attention due to their features of
strong absorption at about 400–550nm, high electron
mobility, and high environmental and thermal stability. In
addition, the LUMO levels are generally located at approxi-
mately �3.9 eV, similar to that of many A-D-A type
acceptors.28–32

Taking the above considerations into account, we
proposed the “spliced” strategy of combining the traditional
A-D-A type low-band-gap small molecules and wide-band-
gap PDI moieties via a flexible alkyl-chain linkage, which
could give the superposition effect of the absorption spectra.
In this work, the A-D-A type electron acceptor, ATT-1
developed by Zhu, was chosen as the main backbone, which
exhibits a broad absorption (500–800nm), a large absorption
coefficient, and a suitable LUMO energy level (�3.63 eV).8 In
detail, three novel double-unit small molecules with inda-
cenodithiophene (IDT) as the core,33–35 three different
electron-accepting segments, 2-methylene-(3-(1,1-dicyano-
methylene)-indanone) (IC), 1,3-indanedione (IN), and ethyl
cyanoacetate (EC), as end-capping units, thieno[3,4-b]thio-
phene(TT)as theπ-bridgeand linkingdifferent terminalunits
and connecting PDI toTT throughflexible unconjugated alkyl
chains, named S1, S2, and S3, respectively, are shown
in Figure 1, and the effects of electron-withdrawing end-
capping groups on molecular stacking and photovoltaic
performance were systematically studied.36

Results and Discussion

Materials Synthesis and Characterization

The synthesis routes of S1–S3 are demonstrated in
Scheme S1. The TT derivative 3was obtained via two steps of
esterification reaction and classical Vilsmeier–Haack reac-
tion, which could be further coupled with compound 4 to
give compound 5. Subsequently, the PDI-based monomer 7

was obtained via the Sonogashira coupling reaction, which
could give the target molecules S1S2S3 through Knoevena-
gel condensation with different end-capping groups. The
target molecules could be readily dissolved in common
solvents at room temperature, such as chloroform (CF),
chlorobenzene (CB), dichloromethane (DCM). What’s more,
these molecules exhibited excellent thermal stability with
decomposition temperature of >300°C by thermal gravi-
metric analysis (TGA; Figure S1).

Optical and Electrochemical Properties

The linear ultraviolet absorption curves of S1, S2, and S3
are shown in Figures 2 and S2. The molecules showed a
combination of absorption spectra of two types of acceptors.
The high-energy region of about 450–600nm (region I)
could be attributed to that of PDI,37,38 while the low-energy
region beyond 600nm (region II) originated from the main
skeleton.9

Figure 1 (a) Molecular structure and UV–vis absorption diagram. (b) Chemical structures of target acceptors. (c) The donor polymer PBDB-T.

Figure 2 (a) Absorption spectra of S1, S2, and S3 in chloroform. (b) Film
absorption spectra of SMAs and donors PBDB-T. (c) CV curves of S1, S2,
and S3. (d) The energy band diagram.
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Obviously, the three acceptors have different ranges of
absorption, caused by different end-capping units. With the
increase of the withdrawing ability, the absorption gradu-
ally red-shifted. As shown in Figure 2a,b, S1 showed the
widest absorption, with an absorption edge of �885nm in
solution, while the absorption edges of S2 and S3 were
located at �794 and �740nm, respectively, which implies
the different electron withdrawing abilities of various end-
capping units. By contrast, due to the enhanced molecular
interactions, the absorption for the films had the red-shifts
of 35, 16, and 24nm, respectively. Accordingly, the optical
band gaps of S1–S3 were calculated to be 1.35, 1.53, and
1.62 eV, respectively. Molecular energy levels of the three
SMAs determined by electrochemical cyclic voltammetry
(CV) are shown in Figure 2c and Table 1, showing multiple
oxidation and reduction peaks, which could be attributed to
the two parts linked by flexible alkyl chains.39 According to
the equation EHOMO/LUMO¼�e(Eox/redþ4.4),40 the HOMO
energy levels of S1, S2, and S3 were calculated to be �5.49,
�5.35, and �5.47 eV, respectively, which were similar to
that of ATT-2.8 The LUMO energy levels of themwere�3.91,
�3.81, and �3.86 eV, respectively, which were similar to
those of PDIs.41 Compared with that of S1, S2 and S3
displayed relatively high LUMO energy levels, which were
conducive to improve the VOC of the devices.

In addition, the density functional theory (DFT) method
under the B3LYP/6-31G(d,p) level was also utilized to
analyze the energy level difference (Figure S3). The HOMO
electron density is mainly delocalized on IDT and TTunits of
the main skeleton. By contrast, the LUMO energy level is
mainly determined by PDI units for S2 and S3, but
distributed on the whole A-D-A skeleton for S1, which
also verifies the strongest electron withdrawing ability of
the IC unit.

Aggregation Behavior

In order to study the aggregation behavior of small
molecules, UV absorption in diluted solution and grazing-
incidence wide-angle X-ray scattering (GIWAXS) analysis
was carried out. For the region I of the UV absorption
spectrum (Figure 2b), the absorption intensities of S2
and S3 were much greater than that of S1, indicating that

the aggregation of PDIs in S2 and S3 was stronger. For
region II, Figures S2d and 3d show that the main skeleton
absorption of the three small molecules becomes weaker in
the absorption of the mixed solution, especially S2 and S3,
which further verified that the molecular aggregation of S2
and S3 molecules was mainly through the PDI part.
However, S1 was dominated by both PDI aggregation
and skeleton aggregation. In addition, as the temperature
increased, the small-molecule solution still showed a
strong aggregation state, and the UV-vis absorption did not
change substantially (Figure S2). In order to further explore
the state of aggregation between molecules, the morphol-
ogy of the three small molecules was studied using
GIWAXS. As shown in Figure S4, the three molecules
exhibited similar reflection at �15.5 Å�1, corresponding to
a π�π stacking distance of 4.05Å, obviously larger than
those of ATT-2 (3.50Å), ATT-1 (3.58Å), and PDI (3.3–-
3.5 Å).8,9,28,41 The weakened stacking indicated the as-
constructed molecules could not produce a synergistic
effect on molecular aggregation. In addition, the neat films
of S2 and S3 showed different (100) diffraction signals in
the in-plane and out-of-plane directions, which indicated
the disordered packing.

Photovoltaic Performance

In order to explore the photovoltaic properties of S1–S3,
bulk heterojunction (BHJ) solar-cell devices were fabricated
with the structure of ITO/PEDOT:PSS/donor:acceptor/ PDI-
NO/Al, where PEDOT:PSS is poly(3,4-ethylenedioxythio-
phene):poly(styrenesulfonate). In order to further comple-
ment each other on the absorption spectrum and expand
the absorption range, PBDB-T with a strong absorption at
550– 670nm was chosen as the donor material, which just
filled the vacancy of the acceptors.25 The photovoltaic
performance of solar cells under different conditions was
investigated, as shown in Figure 3 and Table 2. The detailed
data are shown in the Supporting Information (Table S1).
Unfortunately, the devices based on the new small
molecules exhibited poor performance, which could be
caused by the low electron mobility originated from the PDI
aggregation. However, the end-capping groups produce
great influence on the photovoltaic performance. Compared

Table 1 Optical properties and frontier energy levels of three acceptors

Solution
λmax (nm)

Film
λmax (nm)

Film
λonset (nm)

Eg
opt

(eV)a
HOMO
(eV)

LUMO
(eV)

S1 815 830 920 1.35 �5.49 �3.91

S2 721 736 810 1.53 �5.35 �3.81

S3 540 545 764 1.62 �5.47 �3.86

aEg
opt is calculated by 1,240/λonset.
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with that of S1, S2- and S3-based devices exhibited
obviously higher VOC of >0.90V due to their relatively
high LUMO energy levels. Meanwhile, the JSC values of S1-
based devices were superior to those of S2 and S3, which
would be induced by the wider absorption and excellent
blend film morphology. As a result, the S1-based devices
exhibited the highest efficiency of 3.41%with a VOC of 0.71V,
a JSC of 11.23mA cm�2, and a FF of 42.23%. The external

quantum efficiencies (EQEs) of the optimal devices were
investigated to prove the accuracy of the PCE measurement.
As shown in Figure 3b, the polymer solar cells (PSCs) based
on S1 showed the broadest photoresponse range from 300
to 900nm, which was in agreement with the corresponding
absorption spectra of the blend films. As shown in Table 1,
the integrated current densities (JSCEQE) from the EQE
spectra are roughly equivalent to the JSC values obtained

Figure 3 (a) The optimal J–V curves of PBDB-T:SMA-based devices. (b) EQE curves of the corresponding PSCs. (c) JSC–light intensity plots of the OSCs
under optimal conditions; the solid lines represent the corresponding fitted curves. (d) Absorption spectrum of mixed film.

Table 2 Device performance under different conditions

Additive
(v/v)

VOC
(V)

JSC
(mA cm�2)

FF
(%)

PCEmax
(PCEave)

a (%)
μe
(cm2 V�1 s�1)

PBDB-T:S1 / 0.73 7.71 39.03 2.21 (2.16)

PBDB-T:S1 0.5% DPE 0.71 11.23 42.23 3.41 (3.39) 1.11� 10�5

PBDB-T:S2 / 0.97 5.29 39.62 2.05 (2.01)

PBDB-T:S2 0.5% CN 0.95 6.62 46.01 2.92 (2.87) 1.06� 10�5

PBDB-T:S3 / 0.91 2.93 31.54 0.84 (0.82)

PBDB-T:S3 0.5% CN 0.95 4.23 36.64 1.47 (1.45) 1.17� 10�5

aAverage PCEs in brackets for 10 devices.
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from the J–V measurements. Furthermore, the electron
mobilities of the optimal active layers were measured
using the space-charge limited current (SCLC) model, as
summarized in Table 1, and the plots of the current density
versus voltage of devices based on SCLC are shown
in Figure S5.

The three acceptor-based devices exhibited relatively
low electron mobilities (10�5 cm2 V�1 s�1), which could be
one of the main reasons for the low JSC. Thus, it can be seen
that the end-capping groups can control the optical
absorption, the intermolecular aggregation mode, as
well as the charge transfer. In order to further investigate
the electron separation and recombination process in
OSCs, the JSC versus light intensity (P) was plotted.
Generally, JSC has a power-law dependence on the incident
light power (JSC / Pα.), The less the bimolecular recombi-
nation, the more the charge is collected by the electrode,
the closer the α is to 1.42–44 As shown in Figure 3c, the α
value of PBDB-T:S3 devices was 0.926, which indicated
relatively strong bimolecular recombination under short-
circuit conditions and affected the JSC significantly.
However, there are higher α values of 0.977 and 0.966
for PBDB-T:S1 and PBDB-T:S2 devices, respectively, sug-
gesting that bimolecular recombination was suppressed
for these devices.

Molecular Packing and Morphology in Blends

The microstructure of these blends was confirmed by
atomic force microscopy (AFM) and transmission electron
microscopy (TEM), as shown in Figures 4 and S6. From the
AFM images of the blendfilms (Figures 4 and S6), we can find
that all the blended films exhibited a smooth surface with
small root-mean-square (RMS) values of<2nm (1.36nm for
PBDB-T:S1, 1.68nm for PBDB-T:S2, and 1.60nm for PBDB-T:
S3). In addition, the acceptor S1 exhibited a uniform
morphology, indicating good miscibility with PBDB-T. By
contrast,withthedecreaseofmainbackboneaggregation,S2-
and S3-based active layers displayed an obvious wheat-like
pattern because of the strong PDI aggregation. Furthermore,
from TEM images, it was found that the morphology of
PBDB-T:S1 exhibited amore ideal nanoscale that would be in
favor of better charge separation and transport, resulting in
the improvement of JSC.

Conclusions

In conclusion, three SMAs have been designed and
synthesized via the “spliced” strategy to broaden the
absorption range. They were formed by linking traditional

Figure 4 Tapping-mode AFM phase images of blend films: (a) PBDB-T:S1, (b) PBDB-T:S2, and (c) PBDB-T:S3. TEM images of (d) PBDB-T:S1, (e) PBDB-T:
S2, and (f) PBDB-T:S3.
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A-D-A type narrow-band-gap small molecules and wide-
band-gap PDI moieties through alkyl chains. S2 and S3 gave
higher LUMO levels, leading to a high VOC of 0.95V in the
corresponding devices. The absorption edge of S1 reached
�920nm, which made the corresponding device achieve
the highest JSC (11.23mA cm�2) and PCE (3.41%). The
aggregation modes of the three acceptors were
different. S2 and S3 exhibited PDI-controlled aggregation
while S1 with a highly planar end-capping group was
dominated by both PDI aggregation and skeleton aggrega-
tion. Severe PDI aggregation can hinder the charge transfer
between the main skeletons, resulting in low JSC. Therefore,
adjusting the PDI aggregation state will become the focus
of the next step. In general, this work could provide a new
perspective to modulate optical absorption through the
spliced strategy.

Experimental Section

Materials

Compound 1 was synthesized through the reported
method.45 Compounds 4, 6, and the polymer donor PBDB-T
were purchased from SunaTech Inc. Toluene (PhMe) was
distilled over sodium in the presence of benzophenone as an
indicator. CHCl3 and DCM were distilled over calcium
hydride. The other reagents were purchased from commer-
cial suppliers, which were used directly unless stated
otherwise. The detailed synthetic processes of the small
molecules are presented in the Supporting Information.
Molecular structureswere confirmed by 1H-NMR, 13C-NMR,
and MALDI-TOF (Figures S7–S13).

Solar Cell Fabrication and Characterization

Polymer solar-cell deviceswere fabricatedwith a conven-
tional structure of ITO/PEDOT:PSS/polymer:SMA/ PDINO/Al.
The patterned ITO glass was precleaned in an ultrasonic bath
of acetone and isopropyl alcohol and treated in anultraviolet-
ozone chamber (PREEN II-862) for 6min. Then a thin layer
(about 30nm) of PEDOT:PSS was spin-coated onto the ITO
glass at 4,000 rpmandbaked at 160 °C for 15min. Solutions of
polymer/SMAinCB(10mg/mL)werestirred for4hoursbefore
spin-coatingonthePEDOT:PSS layer to formtheactive layerof
about 120nm thickness. The thickness of the active layer was
measuredusingaVeecoDektak150profilometer.ThenPDINO
solution (inCH3OH,1mg/mL)wasspin-coatedat 3,000 rpmto
form the electron transport layer. Finally, an Al (�100nm)
metal electrode was thermally evaporated under about
4�10�4 Pa and the device area was 0.1 cm2 defined by a
shadow mask. The current density–voltage (J–V) character-
istics were measured with a Keithley 2400 source measure-

ment unit under simulated 100 mWcm�2 irradiation from a
Newport solar simulator. The EQEs were obtained using a
certified Newport incident photon-to-current conversion
efficiency (IPCE) measurement system.

Instrumentation

1H and 13C NMR spectra were recorded on a Bruker
AVANCE-III 600 spectrometer using CDCl3 as the solution
and tetramethylsilane (TMS) as the internal standard. TGA
measurement was performed on STA-409 at a heating rate
of 10 °C min�1 under a nitrogen atmosphere. The UV-vis
absorption spectrum was measured with a Hitachi U-4100
spectrophotometer. CV data were obtained using a
CHI660D electrochemical workstation with a three-elec-
trode cell consisting of a saturated calomel reference
electrode, a carbon working electrode, and a platinumwire
counter electrode. TEM images were obtained by using a
HITACHI H-7650 electron microscope operating under an
acceleration voltage of 100 kV. AFM images were obtained
using an Agilent 5400 scanning probe microscope in the
tapping mode. GIWAXS pattern measurements were
performed at the beamline BL16B1 (Shanghai Synchrotron
Radiation Facility). DFT was used under the B3LYP/6-31G
(d,p) level.
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