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ABSTRACT: Diﬀerent from the widely studied non-fullerene acceptor
molecules with a generally large fused backbone architecture, two novel
small molecule acceptors (SMAs) with a nonfused architecture,
namely, BDTS-4Cl and BDTC-4Cl, have been designed and
synthesized with much simpler procedures using dithienosilole
(DTS) and cyclopentadithiophene (DTC) as the π donor moieties,
respectively. PBDB-T:BDTC-4Cl-based organic solar cells (OSCs)
show a power conversion eﬃciency (PCE) of 9.54% compared to a
PCE of 3.73% for PBDB-T:BDTS-4Cl-based OSCs. When using
PC71BM as a combinatory acceptor for a ternary system of BDTC-4Cl,
the PCE has been enhanced signiﬁcantly to 12.19%. These results are
evidence of the highest-performance OSCs using SMAs with a
nonfused framework, comparable to the widely studied large fused
SMA-based OSCs. These results indicate that, beneﬁting from the high
diversity of organic molecular structures, further design and studies are urgently needed and also important for exploring and/or
optimizing OSC molecules for both better performance and simpler synthesis with diﬀerent architectures, such as the case
presented here with a nonfused architecture.

■

INTRODUCTION
Recently, non-fullerene small molecule acceptor (NF-SMA)based organic solar cells (OSCs) have been greatly improved,
yielding impressive power conversion eﬃciencies (PCEs) of
>14%.1−6 To date, the most successful NF-SMAs usually
contain an acceptor−donor−acceptor (A−D−A) backbone
structure, which oﬀers a rich platform for manipulating and
optimizing the molecule design and morphology and even the
optoelectronic process, including the key intramolecular charge
transfer (ICT) step.7−12 Note that such widely studied A−D−
A type NF-SMAs, including ITIC and its analogues, normally
employ a large fused central core (D unit) to guarantee
backbone planarity, with bulky sp3 substituents to suppress
over-self-aggregation for an ideal morphology.8−10 However,
such large fused NF-SMAs generally require comparatively
long linear synthesis procedures, thus resulting in an overall
low yield and high cost.7 Also, the sp3 bulky unit in those
systems would simultaneously limit structural diversity.
Furthermore, most functional organic and polymeric molecules
generally have a donor/acceptor (D/A) alternating structure
without a large fused system, which can be synthesized
convergently and built by direct coupling reactions using the
eﬃcient and easy Stille or Suzuki reaction.13,14 More
importantly, such a structure and such an easy synthesis oﬀer
© 2019 American Chemical Society

much greater structural diversity for the targeted molecules.
With these, it is reasonable to believe that there must be other
alternatives to the currently widely studied NF-SMAs with a
large fused molecular architecture, such as the molecules
directly linked by a single bond with various donor and
acceptor units without such large fused structures (Figure 1).
This would bring not only more diversiﬁed building blocks but
also synthetic simplicity to the NF-SMA community.
Previously, we reported such a directly linked D/A donor
molecule DRDTSBDTT, using 4,8-bis(5-ethylhexyl-2-thienyl)benzo[1,2-b:4,5-b′]dithiophene (BDTT) as the central core
bridged by 4,4′-dioctyl-dithieno[3,2-b:2′,3′-d]silole (DTS) and
end-capped by a rhodanine group.15 Considering the packing
requirements of the morphology for NF-SMAs, generally
achieved using a bulky sp3 carbon between diﬀerent building
units, the DTS unit might ﬁt such a requirement if linked
directly with other units. In addition, the two-dimensional sp2
thiophene unit (BDTT) would simultaneously make some
contribution to prevent over-intermolecular aggregation for
achieving suitable phase separation domains and purity.7,9 In
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Figure 1. (a) Design strategy for nonfused architecture-based acceptors. (b) Synthetic route.

■

SYNTHESIS AND THERMAL PROPERTIES
The synthetic route to BDTS-4Cl and BDTC-4Cl is as simple
as only a two-step procedure (Stille cross-coupling and
Knoevenagel condensation reactions) and depicted in Figure
1b. The detailed synthesis procedures and characterization
data are summarized in the Supporting Information. The Stille
cross-coupling reaction was performed with commercially
available [4,8-bis(5-ethylhexyl-2-thienyl)-benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl]bis(trimethylstannane) and 6-bromo4,4′-dioctyl-dithieno[3,2-b:2′,3′-b′]silole-2-carboxaldehyde or
6-bromo-4,4′-dioctyl-4H-cyclopenta[2,1-b:3,4-b′]dithiophene2-carboxaldehyde and could generate dialdehyde BDTS2CHO or BDTC-2CHO, respectively. The target NF-SMAs
BDTS-4Cl and BDTC-4Cl were then synthesized by the
condensation reaction with IC-2Cl in good yields. BDTS-4Cl
and BDTC-4Cl were characterized by nuclear magnetic
resonance (NMR) and high-resolution Fourier transform
mass spectrometry (HR-FTMS). Because of the six side
chains on the two NF-SMAs, they are rather soluble in
common organic solvents (dichloromethane, chloroform, and
chlorobenzene). The thermal stability of the two molecules
was evaluated by thermogravimetric analysis (TGA), as shown
in Figure S1. Their decomposition temperatures at 5% weight
loss are 341 and 348 °C for BDTS-4Cl and BDTC-4Cl,
respectively, indicating they are suﬃciently thermally stable for
device fabrication.

addition, modifying DRDTSBDTT with a stronger electronwithdrawing ending group would modulate its energy levels for
matching with the proper polymer donor. Via combination of
these bulky structural features and the suitable frontier energy
levels, it thus may be a judicious choice to construct highperformance nonfused architecture-based NF-SMAs from
DRDTSBDTT.
On the basis of the considerations described above, two
nonfused architecture-based NF-SMAs with a single-bond
linkage, namely, BDTS-4Cl and BDTC-4Cl, have been
designed and synthesized, originating from our donor
DRDTSBDTT.15 The synthetic route to these two molecules
is as simple as only a two-step procedure. BDTS-4Cl and
BDTC-4Cl share a similar backbone structure, using BDTT as
the central core (D) but employing C- and Si-bridged
dithiophenes as their π donor moieties (D′), respectively. A
strong electron-withdrawing terminal segment bis(5,6-dichloro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene)dimalononitrile (IC-2Cl) is used as the end group to downshift
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) levels.16−19 By paring
with PBDB-T as the polymer donor, the optimal PBDBT:BDTC-4Cl-based device achieved a much higher PCE of
9.54% compared to that of the PBDB-T:BDTS-4Cl-based
device. Furthermore, by using PC71BM as a combinatory
acceptor for the BDTC-4Cl-based device, the ternary OSCs
realized a signiﬁcantly enhanced PCE of 12.19%, which is the
highest PCE in OSCs based on SMA with a nonfused
framework.20,21 These results strongly prove that our molecular
design strategy with a nonfused architecture linked by a single
bond is as eﬀective as a large fused framework for the
construction of high-performance SMAs.

■

DENSITY FUNCTIONAL THEORY (DFT)
CALCULATIONS
In contrast to large fused SMAs such as ITIC and its
analogues,22−29 BDTS-4Cl and BDTC-4Cl are both based on a
simple nonfused framework with only a single-bond linkage.
Therefore, DFT (B3LYP/6-31G*) calculations were employed
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DTS and DTC and the IC-2Cl combination with the BDTT
core, respectively. The calculated HOMO and LUMO energy
levels are −5.35 and −3.46 eV for BDTS-4Cl, and −5.37 and
−3.48 eV for BDTC-4Cl, respectively.

to evaluate the optimal geometries and energy levels. The
optimized geometric structures and the electron-state density
distributions in the molecular orbital are shown in Figure 2 and

■

ELECTROCHEMICAL AND PHOTOPHYSICAL
PROPERTIES
The ultraviolet−visible-near-infrared (UV−vis−NIR) absorptions of BDTS-4Cl and BDTC-4Cl were investigated in a
dilute solution and in the thin ﬁlm state (Figure 3). In a dilute
chloroform solution, the UV−vis−NIR absorptions of BDTS4Cl and BDTC-4Cl display similar spectral patterns with
maximum absorption peaks at 718 and 737 nm, respectively.
From the solution to the solid state, the two molecules exhibit
signiﬁcantly diﬀerent UV−vis−NIR absorptions. The BDTS4Cl ﬁlm shows a board spectrum with a maximum absorption
peak at 680 nm, blue-shifted 38 nm compared with that in
solution, but still with an absorption edge up to 850 nm. For
the BDTC-4Cl ﬁlm, a remarkable red-shifted absorption of 68
nm compared to that of its solution state can be observed with
the absorption edge up to 873 nm, indicating strong
intermolecular π−π stacking. The two acceptor solid ﬁlms
have two more pronounced strong vibration peaks with
broader spectra than their solution ones, originating from
their strong aggregated state. With regard to the solid
aggregate patterns, BDTS-4Cl and BDTC-4Cl exhibit Haggregate and J-aggregate, respectively.30,31 The optical
bandgaps (Egopt) of BDTS-4Cl and BDTC-4Cl can be
calculated from the onset of the optical absorption edge of
ﬁlms as 1.46 and 1.42 eV, respectively.

Figure 2. Optimized molecular geometry of BDTS-4Cl and BDTC4Cl.

Figure S3, indicating an almost planar molecular architecture
with dihedral angles of 6.89° and 4.27° between the planar

Figure 3. Chemical structures of (a) PBDB-T and (b) PC71BM. (c) Diagram of a conventional device structure. (d) Normalized absorption spectra
of BDTS-4Cl, BDTC-4Cl, PBDB-T, and PC71BM. (e) Energy levels of the four compounds.
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Figure 4. (a) J−V curves and (b) EQE spectra for binary OSCs based on PBDB-T:BDTS-4Cl/BDTC-4Cl. (c) Jsc and PCE and (d) Voc and FF vs
the amount of PC71BM for ternary OSCs based on PBDB-T:BDTC-4Cl:PC71BM. (e) J−V curves and (f) EQE spectra for ternary devices (with a
varied amount of PC71BM).

Table 1. Optimal Device Parameters of the Binary and Ternary Devices under an AM 1.5G Illumination (100 mW cm−2) Using
the Conventional Device Conﬁguration
active layera
PBDB-T:BDTS-4Cl (1:1)
PBDB-T:BDTC-4Cl (1:1)
PBDB-T:BDTC-4Cl:PC71BM (1:1:1)
PBDB-T:PC71BM (1:1)

Jsc (mA cm−2)

Voc (eV)
0.830
0.864
0.856
0.847

(0.828
(0.865
(0.851
(0.845

±
±
±
±

0.006)
0.005)
0.006)
0.003)

9.80
18.56
21.19
13.21

(9.63 ± 0.50)
(17.98 ± 0.60)
(20.71 ± 0.32)
(12.77 ± 0.37)

PCEb (%)

FF (%)
45.9
59.5
67.2
72.6

(45.6
(59.0
(66.9
(72.5

±
±
±
±

0.20)
0.60)
0.40)
0.30)

3.73
9.54
12.19
8.12

(3.58 ± 0.10)
(9.42 ± 0.17)
(12.04 ± 0.10)
(7.98 ± 0.24)

a

The weight ratio of each component. bThe average values with standard deviations obtained from 20 devices.

noting that the Voc of 0.864 eV is relatively high considering
such a narrow Egopt of 1.42 eV. The external quantum
eﬃciency (EQE) spectra of the two devices are shown in
Figure 4b. Compared with the low and narrow photoresponse
from 300 to 850 nm of the PBDB-T:BDTS-4Cl-based device,
the PBDB-T:BDTC-4Cl-based device achieves a stronger and
broader photoresponse from 300 to ∼900 nm and displays a
>60% EQE curve from 550 to 800 nm (Table 1).
For the binary PBDB-T:BDTC-4Cl-based device, the
moderate EQE and unsatisfactory FF values limit its overall
photovoltaic performance. To achieve an ideal ﬁll factor, high
and balanced charge carrier mobilities are required. It is known
that fullerene and its derivatives usually have much high
electron mobilities and great isotropic charge transport
properties and have been used as combinatory acceptors to
improve photovoltaic performances.32−35 The weight ratio of
the binary PBDB-T:BDTC-4Cl-based device was ﬁxed at 1:1,
and the amount of PC71BM was comprehensively scanned on a
large scale from 0.2 to 3 to acquire an optimal photovoltaic
performance for the ternary devices (as depicted in Figure 4e,f
and Table S1). The optimal weight ratio was determined to be
1:1:1 for the PBDB-T:BDTC-4Cl:PC71BM-based OSCs, which
delivers a signiﬁcantly enhanced PCE of 12.19% with a nearly
28% promotion. The Jsc and FF values of the ternary OSCs
increased substantially to 21.19 mA cm−2 and 67.2%,

The energy levels of BDTS-4Cl and BDTC-4Cl were
determined by electrochemical cyclic voltammetry (Figure S2).
The HOMO level and the LUMO level were calculated from
the onset oxidation and reduction potentials referenced to
ferrocene/ferrocenium (Fc/Fc+) (−4.8 eV below the vacuum
level) in thin ﬁlms. The HOMO and LUMO levels are −5.45
and −3.83 eV for BDTS-4Cl and −5.35 and −3.75 eV for
BDTC-4Cl, respectively. It is worth noting that the higher
LUMO level of BDTC-4Cl may produce a Voc that is higher
than that of BDTS-4Cl, which indeed was achieved in devices
as presented below.

■

PHOTOVOLTAIC PROPERTIES

To evaluate the potential photovoltaic performance of BDTS4Cl and BDTC-4Cl as electron acceptors, solution-processed
OSCs were fabricated with a conventional structure of ITO/
PEDOT:PSS/PBDB-T:acceptors/PDINO/Al, where PEDOT:PSS and PDINO represent poly(3,4ethylenedioxythiopene):poly(styrenesulfonate) and perylene
diimide functionalized with amino N-oxide, respectively. The
device achieves a low PCE of 3.73% with a Voc of 0.830 V, a Jsc
of 9.80 mA cm−2, and a ﬁll factor (FF) of 45.9%. On the
contrary, the PBDB-T:BDTC-4Cl-based device achieves a
dramatically higher PCE of 9.54% with a Voc of 0.864 V, a Jsc of
18.56 mA cm−2, and a ﬁll factor (FF) of 59.5%. It is worth
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Figure 5. (a) Plot of Jph vs Veff. Correlations between (b) Jsc and light intensity and (c) Voc and light intensity in the optimized PBDB-T:BDTS4Cl-, PBDB-T:BDTC-4Cl-, and PBDB-T:BDTC-4Cl:PC71BM-based devices.

respectively, with an almost unchanged Voc. As displayed in the
EQE curves (Figure 4f), this clearly demonstrates that
PC71BM could increase the EQE values to >70% in 450−
650 nm and >60% in 700−810 nm, which are both much
higher than that of the binary control. Besides, as depicted in
the IQE curves (Figure S8), the BDTC-4Cl binary and ternary
OSCs show average IQE values of 70 and 80%, respectively, in
the 350−850 nm region, which are much higher than that of
the BDTS-4Cl-based device. This indicates the more eﬃcient
charge generation and collection in the BDTC-4Cl-based
device. Furthermore, the increased FF value may be ascribed to
the ameliorative ﬁlm morphology and cascade energy levels for
more eﬃcient charge transportation and collection.36−38
Additionally, there is a trade-oﬀ between Voc and FF, but
there is a similar variation trend for Jsc and PCE (Figure 4c,d).
It is worth noting that the ternary device is insensitive to the
amount of PC71BM, and a >10% PCE in a large range of 0.2−2
was obtained, which is higher than that of both PBDBT:PC71BM and PBDB-T:BDTC-4Cl binary OSCs. This
insensitivity to the added amount of PC71BM over such a
wide range has not been observed before.34,37,39,40
Moreover, the shelf life stabilities of ternary and binary
OSCs were both tested. As shown in Figure S7, the BDTC4Cl-based ternary and binary devices retained 88 and 80%,
respectively, of their initial PCE after storage in a glovebox
with a N2 atmosphere in the dark for 15 days, implying that the
BDTC-4Cl-based device has a much better stability especially
compared to that of its ternary device.
The charge transport properties in the binary and ternary
blend ﬁlms were investigated by the space-charge-limited
current (SCLC) method using the electron-only and hole-only
devices, respectively. The calculated electron and hole
mobilities for PBDB-T:BDTS-4Cl- and PBDB-T:BDTC-4Clbased devices are 2.61 × 10−4 and 0.83 × 10−4 cm−2 V−1 s−1
and 1.51 × 10−4 and 1.21 × 10−4 cm−2 V−1 s−1, respectively. In
comparison with a μh/μe of 3.13 for the BDTS-4Cl-based
device, the more balanced μh/μe of 1.61 of the BDTC-4Clbased device further explains its much higher Jsc and FF.41,42
The introduction of PC71BM into BDTC-4Cl binary system
produced higher and more balanced electron and hole
mobilities (μh = 2.29 × 10−4 cm−2 V−1 s−1, μe = 2.06 × 10−4
cm−2 V−1 s−1, and μh/μe = 1.11) compared to those of their
binary control. The high and balanced charge transport
properties of ternary OSCs facilitate eﬃcient charge extraction
and collection and suppress bimolecular recombinations,
which are partially responsible for their improved FF and Jsc
and overall elevated performance.41,42

To gain insight into the charge generation and dissociation
process in the working devices, the plots of photocurrent
density (Jph) versus eﬀective voltage (Veff) were measured. Jph =
JL − JD, where JL is the current density under illumination and
JD is the current density in the dark. Veff = V0 − Va, where Va is
the applied voltage and V0 is the voltage at which Jph is zero.43
As depicted in Figure 5a, when Veff reaches ∼1.5 V, Jph values
for both binary and ternary devices reach saturation (Jsat),
indicating that charge recombination is minimized at higher
voltages due to the high internal electric ﬁeld in the devices.
The exciton dissociation probability [P(E, T)] in the working
devices could be estimated by calculating the value of Jph/Jsat,
where E and T represent the ﬁeld and temperature,
respectively.44 Under the circumstances of the short circuit
and maximal power output, P(E, T) values are 86.8 and 61.3%
for the BDTS-4Cl-based device, 94.7 and 73.6% for the
BDTC-4Cl-based binary device, and 96.6 and 83.8% for the
BDTC-4Cl-based ternary device, respectively. The higher P(E,
T) values of BDTC-4Cl-based binary and ternary devices
suggest their more eﬃcient exciton dissociation and higher
charge transport eﬃciency compared to those of the BDTS4Cl-based device, in support of their high FFs.43,44
The light intensity (Plight) dependence of Jsc was tested to
investigate the charge recombination properties of the devices.
The relationship between Jsc and P can be described by the
power law equation Jsc ∝ Plightα, where power law exponent α
implies the extent of bimolecular recombination. Weak
bimolecular recombination in the device would result in a
linear dependence of Jsc on light intensity with an α of ∼1. As
shown in Figure 5b, the α values for the devices based on
PBDB-T:BDTS-4Cl, PBDB-T:BDTC-4Cl, and PBDBT:BDTC-4Cl:PC71BM, are 0.94, 0.98, and 1.00, respectively,
indicating that very weak bimolecular recombination occurred
in these devices, especially for BDTC-4Cl-based binary and
ternary devices.
Furthermore, Figure 5c shows the correlations between Voc
and Plight in the three devices. The slope of Voc versus Plight
helps to determine the degree of trap-assisted recombination in
the working devices. A slope at kBT/q implies that the
bimolecular recombination mechanism is dominant, where kB
is Boltzmann’s constant, T is the temperature, and q is the
elementary charge. As for trap-assisted or Shockley−Read−
Hall (SRH) recombination, a stronger dependence of Voc on
light intensity with a slope of 2 kBT/q is observed. As depicted,
the slope for the binary device based on BDTS-4Cl is 1.01
kBT/q, implying that, at the open circuit, bimolecular
recombination dominates. The slopes for the BDTC-4Cl908
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Figure 6. TEM images and GIWAXS patterns of in-plane and out-of-plane line cuts of the corresponding GIWAXS patterns for (a, d, and g)
PBDB-T:BDTS-4Cl, (b, e, and h) PBDB-T:BDTC-4Cl, and (c, f, and i) PBDB-T:BDTC-4Cl:PC71BM blend ﬁlms.

S6, the BDTS-4Cl-based pristine ﬁlm shows a lamellar packing
(100) in the out-of-plane (OOP) direction at 0.26 Å−1 and an
extremely weak π−π stacking (010) reﬂection peak, while the
neat ﬁlm of BDTC-4Cl exhibits both an IP lamellar packing
(100) peak and a relatively clear OOP π−π stacking (010)
peak at 0.32 and 1.78 Å−1, respectively, suggesting that BDTC4Cl shows a preferred face-on orientation in favor of charge
transport.45,46
As shown in Figure 6d−f for the GIWAXS patterns and
Figure 6g−i for line-cut proﬁles, the three blend ﬁlms all
exhibit a lamellar diﬀraction peak (100) along the IP direction
and a π−π stacking diﬀraction peak (010) in the OOP
direction, indicating that the three blends prefer the face-on
orientation,45−48 and the summary of parameters for the blend
ﬁlms obtained from GIWAXS is presented in Table 2. For
binary blends of PBDB-T:BDTS-4Cl and PBDB-T:BDTC-4Cl
as depicted in panels d and g of Figure 6 and panels e and h of
Figure 6, respectively, the GIWAXS diﬀractions are mainly
dominated by the polymer diﬀraction signals with (100)
diﬀraction peaks at qxy = 0.289 and 0.295 Å−1 and (010)
diﬀraction peaks at qz = 1.73 and 1.74 Å−1, respectively.
However, the π−π stacking (010) and lamellar (100)
diﬀraction peaks of PBDB-T:BDTC-4Cl are both more
pronounced and sharper than that of PBDB-T:BDTS-4Cl,
corresponding to smaller lamellar (dl) and π−π stacking (dπ)
distances of 21.29 and 3.61 Å, respectively, compared to those
of BDTS-4Cl (21.74 and 3.63 Å, respectively). This indicated
that the BDTC-4Cl-based blend forms stronger molecular

based binary and ternary devices are 1.28 and 1.52 kBT/q,
respectively. The stronger dependence of Voc on light intensity
implies that recombination at the open circuit in these devices
is a combination of monomolecular (SRH) and bimolecular
processes.

■

MORPHOLOGY CHARACTERIZATIONS
To clarify the interfacial and bulk morphology of BDTS-4Cl
binary blend and BDTC-4Cl binary/ternary systems, atomic
force microscopy (AFM) and transmission electron microscopy (TEM) measurements were taken. As depicted in Figure
S5, the three blend ﬁlms exhibit good miscibility of donors and
acceptors with a comparatively small root-mean-square roughness (RMS) of 1.82 nm for PBDB-T:BDTS-4Cl, 1.77 nm for
PBDBT:BDTC-4Cl, and 1.55 nm for PBDB-T:BDTC4Cl:PC71BM blends. Compared with the BDTS-4Cl-based
blend ﬁlm, the BDTC-4Cl-based one shows a uniform
distribution and has ﬁberlike interpenetrating network
nanostructures in the TEM images (Figure 6a−c), suggesting
that the donor and acceptor are well mixed with a proper
nanoscale morphology. The addition of PC71BM to the PBDBT:BDTC-4Cl binary blend leads to more deﬁned and
continuous interpenetration with a growing grainlike nanostructure.
To further inspect the inﬂuence of the crystal or stacking
behavior for these two acceptors, grazing incidence wide-angle
X-ray scattering (GIWAXS) was performed to characterize the
neat ﬁlms of BDTS-4Cl and BDTC-4Cl. As shown in Figure
909

DOI: 10.1021/acs.chemmater.8b04087
Chem. Mater. 2019, 31, 904−911

Chemistry of Materials

■

Table 2. Summary of the Parameters for the Blend Films
Obtained from GIWAXS
a

active layer
PBDB-T:BDTS-4Cl
PBDB-T:BDTC-4Cl
PBDB-T:BDTC4Cl:PC71BM

b

c
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