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ABSTRACT: Two acceptor−donor−acceptor small mole-
cules based on thieno[3,2-b]thiophene-substituted benzo[1,2-
b:4,5-b′]dithiophene, DRBDT-TT with alkyl side chain and
DRBDT-STT with alkylthio side chain, were designed and
synthesized. Both molecules exhibit good thermal stability,
suitable energy levels, and ordered molecular packing.
Replacing the alkyl chain with alkylthio increases the dihedral
angle between the thieno[3,2-b]thiophene (TT) and benzo-
[1,2-b:4,5-b′]dithiophene (BDT) unit, and thus slightly
decreases its intermolecular interactions leading to its blue-
shift absorption in the solid state. The best devices based on
DRBDT-TT and DRBDT-STT both exhibited power conversion efficiencies (PCEs) over 8% with high fill factors (FFs) over
0.70 under AM 1.5G irradiation (100 mW cm−2), which are attributed to their optimized morphologies with feature size of 20−
30 nm and well-balanced charge transport properties. The devices based on DRBDT-STT exhibited relatively lower short-circuit
current density (Jsc) and thus slightly lower PCE as compared to the devices of DRBDT-TT, mainly due to its relatively poorer
absorption. These results demonstrate that thieno[3,2-b]thiophene-substituted benzo[1,2-b:4,5-b′]dithiophene derivatives could
be promising donor materials for obtaining high efficiencies and fill factors.

■ INTRODUCTION

Organic photovoltaics (OPVs) with bulk heterojunction (BHJ)
architectures have been considered a promising solar energy
conversion technology possessing the advantages of solution-
processablility, lightweight, low-cost, and flexibility.1,2 As
compared to the widely investigated polymer-based OPVs (P-
OPVs),3−8 small/oligomer-molecule-based OPVs (SM-OPVs)
have made a great stride with encouraging power conversion
efficiencies (PCEs) over 10%,9−11 which is comparable to the
best performance of P-OPVs.12−17 This progress is attributed to
the development of photoactive materials, along with
innovations and optimizations in device processing.18−26

Besides, understanding the structure−property relationships
for the further optimization of OPVs has become an important
topic in the field of soft matter and will provide theoretical basis
for new molecular material design. In the view of the
advantages of small molecules, including well-defined but
versatile chemical structures, thus easier energy level control,
mobility tuning, and no batch-to-batch variations, small
molecules are believed to be candidates not only for providing
more reliable analyses of chemical structure−properties−device

performance relationships but also for achieving higher OPV
performance.23,27−30

Photoactive material innovation, including donor and
acceptor materials, is one of the major forces currently driving
the performance for both polymer and small molecule-based
OPVs forward.20,31−38 Considering various molecules designed
for solution processed solar cells with high OPV performance,
benzo[1,2-b:4,5-b′]dithiophene (BDT) is a promising building
block for both polymers and small molecules due to its
symmetric and planar conjugated structure.39−42 Thieno[3,2-
b]thiophene (TT) unit is of particular interest in the synthesis
of low bandgap polymers for high-performance organic field-
effect transistors and P-OPVs due to its stable quinoidal
structure.43,44 Lately, Hwang et al. reported that the
introduction of TT onto the BDT unit provided efficient π-
orbital overlap between conjugated polymer chains, enhanced
molecular ordering, and hole mobility, which are beneficial for
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getting high fill factors (FFs).45,46 These results imply that TT-
substituted BDT unit would be a promising building unit for
high performance donor materials. In addition, alkylthio side
chain has been widely employed in organic semiconductors,
which usually exhibits better performance than its alkyl-
substituted analogue molecules.10,47−50 Recently, the influence
of changing the side chain from alkyl to alkylthio on their
properties for TT-substituted BDT-based polymers has been
well studied, and the polymer material based on alkyithio-TT-
substituted BDT (PSTTBDT-FTT) exhibits better perform-
ance than the polymer based on alky-TT-substituted BDT
(PTTBDT-FTT), which is attributed to its more red-shifted
absorption spectra and higher hole mobility.51 So far, the OPV
performance of TT-substituted BDT-based small molecules
and whether its alkylthio derivative still possesses better
performance than its alkyl derivative have not been investigated.
Herein, we designed and synthesized two new acceptor−

donor−acceptor (A−D−A) type small molecules, DRBDT-TT
with alkyl-TT-substituted BDT as the central building block,
and DRBDT-STT with alkylthio-TT-substituted BDT as the
central building block, respectively. 3-Ethylrhodanine was
selected as the ending groups, and their specific chemical
structures are depicted in Figure 1. The photovoltaic

performance based on these two molecules was systematically
investigated, and high efficiencies over 8% with high FFs over
0.70 were obtained for the devices based on these two small
molecules. Nevertheless, the devices based on DRBDT-STT
with alkylthio side chains exhibited a PCE of 8.01%, slightly
lower than 8.70% for DRBDT-TT due to its relatively poorer
absorption, which is surprisingly contrary to the observed
performances of their corresponding counterparts for P-OPVs.
These results demonstrated that while TT-substituted BDT
derivatives could be promising donor materials for SM-OPVs,
further studies for the structure−performance are highly

needed for the complicated engineering of small-molecule
donor materials for high performance.

■ RESULTS AND DISCUSSION
Material Synthesis. The detailed synthetic procedures and

characterization data for DRBDT-TT and DRBDT-STT are
presented in the Experimental Section (Scheme 1). The
intermediates of dialdehyde compounds 6a and 6b were
synthesized through Stille coupling between compounds 4a or
4b and 5, respectively. The target molecules were then
prepared by Knoevenagel condensation of the dialdehyde
compounds with 3-ethylrhodanine. Purification using conven-
tional chromatography with silica gel and then recrystallization
from chloroform and hexane offered the final products, and the
purity was verified by NMR, elemental analysis, and time-of-
flight (MALDI-TOF) MS. These two molecules exhibit good
solubility in common organic solvents, such as chloroform,
chlorobenzene, etc.

Thermal Stability. Thermogravimetric analysis (TGA)
(Figure 2a) suggests that both molecules possess a decom-
position temperature (Td) over 350 °C under N2 atmosphere,
which indicates that the thermal stability of these molecules is
adequate for application in OPVs. Differential scanning
calorimetry (DSC) analysis for both molecules, shown in
Figure 2b, exhibits clear melting temperatures (Tm) on the
heating process and recrystallization points (Tcr) on the cooling
process, indicating that DRBDT-TT and DRBDT-STT have a
tendency to crystallize. In comparison with DRBDT-TT,
DRBDT-STT shows a decrease in both Tm and Tcr of nearly
20 °C, together with an obvious decrease in their enthalpies
(ΔHm and ΔHc) associated with each process, implying that
the introduction of alkylthio side chain weakened the molecular
thermal robustness and intermolecular interactions. The
detailed data are listed in Table 1.

Optical Absorption and Electrochemical Properties.
The UV−vis absorption spectra of DRBDT-TT and DRBDT-
STT in diluted CHCl3 solution and in solid film are shown in
Figure 3a, and the corresponding data are summarized in Table
2. The absorption of DRBDT-TT solution shows a maximum
absorption peak (λmax) at 509 nm and a high maximum
absorption coefficient of 1.07 × 105 M−1 cm−1. After
introducing the alkylthio chain, DRBDT-STT in solution
shows a slight blue-shift of 2 nm at λmax and the same maximum
absorption coefficient in comparison with DRBDT-TT. In the
solid state, these two molecules display similar absorption
patterns with an obvious red-shifted and broadened absorption
as compared to their solutions. In addition, distinct shoulder
peaks at 635 and 631 nm are observed for DRBDT-TT and
DRBDT-STT, respectively, indicative of an effective molecular
packing between molecular backbones, which is beneficial for
charge transport. Overall, DRBDT-STT shows a slight blue-
shift in the film state as compared to DRBDT-TT, which may
be attributed to its larger dihedral angle between alkylthio-TT
and BDT unit than that between alkyl-TT and BDT unit
(Figure S1), and hence its slightly weaker molecular packing as
evidenced by DSC and GIXD results. The optical band gaps,
estimated from the onset of the film absorption, are 1.78 and
1.80 eV for DRBDT-TT and DRBDT-STT, respectively.
Cyclic voltammetry (CV) was used to investigate the

molecules’ energy levels. As shown in Figure 3c, the HOMO
and LUMO energy levels, calculated from the onset oxidation
and reduction potential, are −5.13 and −3.33 eV for DRBDT-
TT, and −5.15 and −3.34 eV for DRBDT-STT, respectively.

Figure 1. Chemical structures of the target molecules DRBDT-TT and
DRBDT-STT.
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The electrochemical band gaps of DRBDT-TT and DRBDT-
STT are estimated to be 1.80 and 1.81 eV, which are consistent
with their optical band gaps. These data suggest that DRBDT-

TT and DRBDT-STT would be promising donor materials for
SM-OPVs.

Photovoltaic Performance. Solution-processed BHJ
devices were fabricated using DRBDT-TT and DRBDT-STT
as the electron donor with a conventional device structure of
ITO/PEDOT:PSS/donor:PC71BM/PFN-Br/Al (where PFN-
Br is poly[(9,9-bis(3′-((N,N-dimethyl)-N-ethylammonium)-
propyl)-2,7-fluorene)-alt -2 ,7-(9 ,9-dioctylfluorene)]-
dibromide).52 The optimized blend ratio for these two donor
materials was 1:0.8 (donor:PC71BM) by weight. Recently, our
and many other groups have demonstrated that solvent vapor
annealing (SVA) treatment can fine-tune the morphology of
the active layers and hence enhance the performance of SM-
OPVs.24,25,53−55 Thus, we used SVA in the device optimization
process. The J−V curves of the devices without treatment and
with SVA were presented in Figure 4, and the corresponding
photovoltaic parameters are summarized in Table 3. The
devices based on DRBDT-TT and DRBDT-STT without SVA
yielded moderate PCEs of 6.85% and 5.56%, respectively, with
low short-circuit current densities (Jsc) and FFs. After SVA
treatment, the performances of the devices based on these two
donor materials were enhanced as a result of significant
enhancement of Jsc and FF (Table 3). Particularly, the OPV
devices based on these two molecules both obtained PCEs over
8%, with high open-circuit voltages (Voc) over 0.90 V and
remarkable FFs over 0.70. The optimized devices based on
DRBDT-TT exhibited a PCE of 8.70% with a Voc of 0.92 V, a
Jsc of 13.12 mA cm−2, and an outstanding FF of 0.72. The
devices based on DRBDT-STT exhibited a PCE of 8.01%,
relatively lower than for the DRBDT-TT, mainly due to its
lower Jsc (Table 3), which might have originated from its
relatively poorer absorption. It should be pointed out that both
optimized devices exhibited similar high FFs (over 0.70),
implying that any difference in charge recombination loss in the
devices could be neglected,56−59 which can be evidenced by the
morphology and mobility analysis as discussed below.
To investigate the reason for the different device perform-

ance between DRBDT-TT and DRBDT-STT, UV−vis
absorption spectra of their blend films and the external

Scheme 1. Synthetic Procedures of DRBDT-TT and DRBDT-STT

Figure 2. (a) TGA plot of DRBDT-TT and DRBDT-STT; and (b)
DSC plot of DRBDT-TT and DRBDT-STT.

Table 1. Thermal Property Data of DRBDT-TT and
DRBDT-STT

molecules
Td
(°C)

Tm
(°C) ΔHm (J g−1)

Tcr
(°C) ΔHc (J g

−1)

DRBDT-TT 393 248 −38.34 222 30.70
DRBDT-STT 360 230 −30.80 205 19.72
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quantum efficiency (EQE) with SVA treatment were measured.
Figure 5a shows the absorption spectra of DRBDT-
TT:PC71BM and DRBDT-STT:PC71BM films under their
optimized conditions. Obvious shoulder peaks at ∼631 nm
appeared for both films, which are related to the ordered
molecular packing. It is worth noting that the absorption
intensity for the DRBDT-STT:PC71BM film is obviously lower
than that for the DRBDT-TT:PC71BM film, thus leading to a
relatively lower Jsc. EQE curves of the best devices are shown in
Figure 5b, where the devices with DRBDT-TT and DRBDT-
STT exhibit phototo-current responses from 300 to 800 nm
with a maximum value of 73% and 70%, respectively. In
addition, EQEs over 65% across the range of 420−600 nm are
observed, indicating that the photoelectron conversion process
is efficient for both optimized devices. In general, the EQE for

the DRBDT-STT-based devices is lower than that for the
DRBDT-TT-based devices. These results are consistent with
the trend of the above UV−vis absorption results. The
calculated Jsc’s obtained by integration of the EQE curves are
listed in Table 3, which show a 3−5% mismatch as compared to
the Jsc values obtained from their J−V curves.

Morphology and Mobility. The optimized active layer
morphologies were measured by atomic force microscopy
(AFM) and transmission electron microscopy (TEM). From
AFM images (Figure 6a and b), it can be seen that the surfaces
of DRBDT-TT:PC71BM and DRBDT-STT:PC71BM films are
uniform and smooth with root-mean-square (rms) surface
roughness values of 1.21 and 1.48 nm, respectively. Coarse
domain features of about 20−30 nm and well-interpenetrating
networks with obvious phase separation are formed for both
optimized blend films. From the TEM images (Figure 6c and
d), defined phased separations of the donor and acceptor were
observed in both blend films, and well-developed nanofibrillar
structures with a bicontinuous interpenetrating network could
also be observed. All of these may be beneficial for exciton
dissociation and charge transport, and thus getting high FFs.60

Resonant soft X-ray scattering (RSoXS) (Figure 6e and Table
4) on the DRBDT-TT:PC71BM blend shows an interference (q
= 0.0123 Å−1) corresponding to a domain center-to-center
distance of 51 nm. RSoXS for the DRBDT-STT:PC71BM blend
exhibits an interference at q = 0.0104 Å−1, corresponding to a
center-to-center distance of 60 nm.
The microstructures of the optimized pure and blend films

were further characterized by two-dimensional grazing
incidence X-ray diffraction (2D-GIXD). Out-of-plane and in-
plane line cuts of GIXD of blend films are presented in Figure
7. As shown in Figure 7a−d, multiple higher order (h00)
reflections for pure films and blend films along the qz direction
are observed for both DRBDT-TT and DRBDT-STT,
indicative of a long-range order and crystallinity both in their
pure and blend films.61 For the pure films, DRBDT-TT and
DRBDT-STT show a (010) reflection, characteristic of π−π
stacking, along the qxy direction, that is, in the plane of the film,
indicating that both molecules have a preferred edge-on
orientation relative to the substrate. (010) peaks for DRBDT-

Figure 3. (a) UV−vis absorption spectra of DRBDT-TT and DRBDT-
STT solutions; (b) UV−vis absorption spectra of DRBDT-TT and
DRBDT-STT films; and (c) cyclic voltammograms of DRBDT-TT
and DRBDT-STT in dichloromethane solutions.

Table 2. Optical and Electrochemical Data of DRBDT-TT and DRBDT-STT

UV−vis CV

molecules λmax,sol (nm) ε (M cm−1) λmax,film (nm) Eg
opt (eV) HOMO (eV) LUMO (eV) Eg

cv (eV)

DRBDT-TT 509 1.07 × 105 589, 635 1.78 −5.13 −3.33 1.80
DRBDT-STT 507 1.07 × 105 584, 631 1.80 −5.15 −3.34 1.81

Figure 4. Current density−voltage (J−V) characteristics of both
devices without treatment and with SVA treatment.
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TT and DRBDT-STT were located at 1.72 and 1.69 Å−1, giving
a π−π stacking distance of 3.66 and 3.72 Å, respectively. The
(100) peaks along the qz direction of DRBDT-TT and
DRBDT-STT are both observed at 0.273 Å−1, corresponding
to their alkyl-to-alkyl distance of 23.0 Å.
For their optimized blend films, the GIXD patterns with

obvious (h00) reflections are similar to those observed in the
pure films, and the corresponding (100) and (010) distances in
the blend films are summarized in Table 4. In comparison with
their pure films, there is little change in their alkyl-to-alkyl
distance and π−π stacking distance by the presence of blended
PC71BM molecules. The DRBDT-TT and DRBDT-STT still
adopt a preferred edge-on orientation in blend films. It should
be noted that DRBDT-STT exhibits a slightly larger π−π
stacking distance than DRBDT-TT both in pure and in blend
films, which reveals that replacing the alkyl (for DRBDT-TT)
with the alkylthio (for DRBDT-STT) indeed slightly weakens
its intermolecular interactions as discussed above. The crystal
size is estimated using Scherrer analysis62 to be 141 and 150 Å
for DRBDT-TT:PC71BM and DRBDT-STT:PC71BM along the
direction of (100), respectively. These results, in combination
with the morphological results measured by AFM, TEM, and
RSoXS, indicate effective exciton diffusion/dissociation and
charge transport processes occurred in the DRBDT-

TT:PC71BM and DRBDT-STT:PC71BM optimized devices,
thus leading to their high FFs.57,60

The mobilities of the optimized devices were measured by
the space charge limited current (SCLC) method (Figure S2).
The hole and electron mobilities for DRBDT-TT-based best
devices are 5.41 × 10−4 and 5.27 × 10−4 cm2 V−1 s−1,
respectively. For DRBDT-STT-based best devices, the hole and
electron mobilities are 4.74 × 10−4 and 5.05 × 10−4 cm2 V−1

s−1, respectively, which are slightly lower than those for
DRBDT-TT-based devices because of its larger π−π stacking
distance. The charge carrier ratios between electron and hole
are close to unity for both optimized devices based on DRBDT-
TT and DRBDT-STT, indicative of a well-balanced charge
transport ability, and thus leading to their high FFs.56 These
results are well consistent with their morphological results as
discussed above.
Generally, the introduction of alkylthio chain on the aromatic

unit for polymers and small molecules could result in more
ordered molecular packing in contrast to their analogue
molecules. For examples, polymer PBDTTT-S-TT50 and

Table 3. Average Photovoltaic Performance of DRBDT-TT and DRBDT-STT-Based Devicesa

molecules treatment Voc (V) Jsc (mA cm−2) FF PCE % Jsc
cal (mA cm−2)

DRBDT-TT as-cast 0.93 ± 0.01 (0.94) 11.20 ± 0.15 (11.40) 0.63 ± 0.01 (0.64) 6.67 ± 0.14 (6.85) 11.21
SVA 0.91 ± 0.01 (0.92) 12.93 ± 0.17 (13.12) 0.71 ± 0.01 (0.72) 8.50 ± 0.17 (8.70) 12.50

DRBDT-STT as-cast 0.95 ± 0.01 (0.96) 10.45 ± 0.27 (10.75) 0.53 ± 0.01 (0.54) 5.34 ± 0.20 (5.57) 10.19
SVA 0.90 ± 0.01 (0.91) 12.20 ± 0.14 (12.40) 0.70 ± 0.01 (0.71) 7.85 ± 0.13 (8.01) 11.97

aThe best results are provided in parentheses.

Figure 5. (a) The absorption spectra of DRBDT-TT:PC71BM and
DRBDT-STT:PC71BM films with SVA treatment; and (b) the EQE
curves of DRBDT-TT and DRBDT-STT-based devices with SVA
treatment.

Figure 6. Tapping-mode AFM height images of (a) DRBDT-
TT:PC71BM blend films and (b) DRBDT-STT:PC71BM blend films,
and TEM images of (c) DRBDT-TT:PC71BM blend films and (d)
DRBDT-STT:PC71BM blend films with SVA treatment. The scale bars
are 200 nm. (e) RSoXS profiles of DRBDT-TT:PC71BM and
DRBDT-STT:PC71BM blend films with SVA treatment.
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small molecule DR3TSBDT10 all showed better packing
behavior and gave higher device performances as compared
to their counterpart polymer and small molecule. However,
herein, it gave an opposite result. In fact, if we study the small
molecular structures further, such results might not be so
surprising at all. The optimized geometries for DRBDT-TT and
DRBDT-STT, based on the density functional density (DFT)
calculations, are presented in Figure S1. It can be seen that both
molecules exhibit a linear backbone conformation from the side
view, which means that DRBDT-TT and DRBDT-STT have
good coplanarity. Yet, the dihedral angle between alkylthio-TT
and BDT unit is 58.2° for DRBDT-STT, slightly larger than
54.6° for DRBDT-TT. Thus, this difference might result in
different UV−vis absorption and π−π stacking distances as
evidenced above, and thus their different OPV performance.
The result once again indicates that small molecule design is a
tricky process, and lots of factors should be considered
collectively in balance.

■ CONCLUSION

In summary, two small molecule donor materials DRBDT-TT
and DRBDT-STT, containing a central alkyl-TT-substituted
BDT and alkylthio-TT-substituted BDT unit, respectively, were

designed and synthesized. The optimized devices based on
DRBDT-TT and DRBDT-STT both exhibited PCEs over 8%
with FFs over 0.70, which were ascribed to their ordered
molecular packing, preferable morphologies with feature size
around 20−30 nm, and well-balanced charge transport abilities.
The slightly lower performance of DRBDT-STT with alkylthio
side chain is believed due to its relatively poorer absorption.
The structural reason behind this is that replacing the alkyl with
alkylthio slightly decreased intermolecular interactions and led
to a slightly larger π−π stacking distance, which was attributed
to the larger dihedral angle between the TT and BDT unit in
molecule DRBDT-STT. These results indicate that a delicate
and balanced molecular design, including the correlation
between the molecule chemical structures and packing
behavior, is still highly needed for achieving high performance
of SM-OPVs.

■ EXPERIMENTAL SECTION
Materials. All reactions and manipulations were carried out under

argon atmosphere with the use of standard Schlenk techniques. All
starting materials were purchased from commercial suppliers and used
without further purification unless indicated otherwise.

2-(2-Hexyldecyl)thieno[3,2-b]thiophene (Compound 2a). Under
the protection of argon, n-butyllithium (2.0 M, 10 mL, 20.00 mmol)

Table 4. Morphological Data of GIXD and RSoXS

(100) out-of-plane (010) in-plane RSoXS

blends q (A −1) d (Å) crystal size (Å) q (A −1) d (Å) q (A−1) center-to-center distance (nm)

DRBDT-TT:PC71BM 0.272 23.1 141 1.71 3.66 0.0123 51
DRBDT-STT:PC71BM 0.272 23.1 150 1.69 3.72 0.0104 60

Figure 7. GIXD patterns for pure films (a) DRBDT-TT, (b) DRBDT-STT, and blend films of (c) DRBDT-TT:PC71BM and (d) DRBDT-
STT:PC71BM. (e) Out-of-plane line cuts and (f) in-plane line cuts of the GIXD patterns for the blend films. The films were prepared under the
optimized conditions.
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was dropwise added to compound 1 (2.80 g, 20.00 mmol) in dry THF
(20 mL) at −78 °C over 0.5 h. After being stirred for 0.5 h, the
mixture was warmed to room temperature and stirred for another 0.5
h. 7-(Bromomethyl)pentadecane (4.87 g, 16.00 mmol) then was
added into the mixture at −78 °C in one portion, and the mixture was
warmed to room temperature and stirred for 12 h. Subsequently, the
mixture was poured into water and extracted with petroleum ether (20
mL × 2). The organic layer was washed with water and dried over
anhydrous Na2SO4 for 3 h. After removal of solvent, the crude product
was purified by silica gel using petroleum ether as eluent to afford
compound 2a as a colorless liquid (2.40 g, 41%). 1H NMR (400 MHz,
CDCl3): δ 7.24 (d, 1H), 7.16 (d, 1H), 6.91 (s, 1H), 2.86 (d, 2H),
1.72−1.69 (m, 1H), 1.30−1.25 (m, 24H), 0.89−0.86 (m, 6H). 13C
NMR (100 MHz, CDCl3): δ 147.29, 138.71, 137.59, 125.20, 119.46,
117.16, 40.00, 35.66, 33.22, 33.19, 31.95, 30.00, 29.68, 29.38, 26.62,
22.73, 14.16.
2-((2-Hexyldecyl)thio)thieno[3,2-b]thiophene (Compound 2b).

Under the protection of argon, n-butyllithium (2.0 M, 10 mL, 20.00
mmol) was dropwise added to compound 1 (2.80 g, 20.00 mmol) in
dry THF (40 mL) at −78 °C over 1 h. After being stirred for 0.5 h, the
mixture was warmed to room temperature and stirred for another 0.5
h. Sulfur powder (0.64 g, 20.00 mmol) then was added in one portion
at 0 °C. After being stirred for 2 h, 7-(bromomethyl)pentadecane
(6.09 g, 20.00 mmol) was added into the mixture at 0 °C. The mixture
then was warmed to room temperature and stirred overnight. The
reaction mixture was poured into ice water and extracted with
petroleum ether (30 mL × 2). The organic layer was washed with
water and dried over anhydrous Na2SO4 for 3 h. After removal of
solvent, the crude product was purified by silica gel using petroleum
ether as eluent to afford compound 2b as a colorless liquid (6.70 g,
85%). 1H NMR (400 MHz, CDCl3): δ 7.38 (d, 1H), 7.29 (s, 1H), 7.17
(d, 1H), 2.79 (d, 2H), 7.29 (s, 1H), 1.69−1.63 (m, 1H), 1.42−1.24
(m, 24H), 0.89−0.86 (m, 6H). 13C NMR (100 MHz, CDCl3): δ
141.49, 138.31, 138.13, 127.21, 125.31, 119.44, 44.43, 37.69, 32.82,
31.94, 31.87, 29.94, 29.62, 29.36, 26.43, 22.71, 14.16.
4,8-Bis(5-(2-hexyldecyl)thieno[3,2-b]thiophen-2-yl)benzo[1,2-

b:4,5-b′]dithiophene (Compound 3a). Under the protection of
argon, n-butyllithium (2.0 M, 3.60 mL, 7.20 mmol) was dropwise
added to compound 2a (2.40 g, 6.40 mmol) in dry THF (20 mL) at
−78 °C over 0.5 h. After being stirred for 0.5 h, the mixture was
warmed to room temperature and stirred for another 0.5 h. Benzo[1,2-
b:4,5-b′]dithiophene-4,8-dione (0.56 g, 2.56 mmol) then was quickly
added, and the reaction mixture was refluxed at 60 °C for 2 h. The
reaction mixture was cooled to room temperature, and a solution of
SnCl2·2H2O (2.31 g, 10.24 mmol) in 10% HCl (20 mL) was added.
The reaction mixture was stirred for another 2 h and then poured into
ice water. The mixture was extracted with petroleum ether (20 mL ×
2). The organic layer was washed with water and dried over anhydrous
Na2SO4 for 3 h. After removal of solvent, the crude product was
purified by silica gel using petroleum ether as eluent to afford
compound 3a as a yellow liquid (1.40 g, 60%). 1H NMR (400 MHz,
CDCl3): δ 7.66 (d, 2H), 7.53 (s, 2H), 7.42 (d, 2H), 6.98 (s, 2H), 2.85
(d, 4H), 1.72−1.67 (m, 2H), 1.35−1.28 (m, 48H), 0.89−0.85 (m,
12H). 13C NMR (100 MHz, CDCl3): δ 147.74, 139.48, 139.44,
139.37, 137.65, 136.82, 127.90, 124.31, 123.39, 120.45, 117.40, 40.11,
35.71, 33.27, 32.01, 31.67, 30.08, 29.75, 26.70, 22.78, 14.21. MS
(MALDI-TOF) m/z: calcd for C54H74S6 [M]+, 914.41; found, 941.43.
4,8-Bis(5-((2-hexyldecyl)thio)thieno[3,2-b]thiophen-2-yl)benzo-

[1,2-b:4,5-b′]dithiophene (Compound 3b). Under the protection of
argon, n-butyllithium (2.0 M, 6.6 mL, 13.20 mmol) was dropwise
added to compound 2b (4.76 g, 12.00 mmol) in dry THF (30 mL) at
−78 °C over 0.5 h. After being stirred for 0.5 h, the mixture was
warmed to room temperature and stirred for another 0.5 h. Benzo[1,2-
b:4,5-b′]dithiophene-4,8-dione (0.88 g, 4.00 mmol) then was quickly
added, and the reaction mixture was refluxed at 60 °C for 2 h. The
reaction mixture was cooled to room temperature, and a solution of
SnCl2·2H2O (4.52g, 20.00 mmol) in 10% HCl (30 mL) was added.
The reaction mixture was stirred for another 2 h and then poured into
ice water. The mixture was extracted with petroleum ether (20 mL ×
2). The organic layer was washed with water and dried over anhydrous

Na2SO4 for 3 h. After removal of solvent, the crude product was
purified by silica gel using petroleum ether as eluent to afford
compound 3b as a yellow liquid (2.80 g, 71%). 1H NMR (400 MHz,
CDCl3): δ 7.66 (d, 2H), 7.56 (s, 2H), 7.49 (d, 2H), 7.38 (s, 2H), 2.95
(d, 4H), 1.74−1.66 (m, 2H), 1.47−1.30 (m, 48H), 0.94−0.88 (m,
12H). 13C NMR (100 MHz, CDCl3): δ 141.39, 141.18, 139.41,
139.07, 138.92, 136.76, 128.19, 125.11, 124.06, 123.20, 120.38, 44.53,
37.78, 32.88, 31.97, 31.90, 30.00, 29.65, 29.40, 26.51, 22.75, 14.20. MS
(MALDI-TOF) m/z: calcd for C54H74S8 [M]+, 978.36; found, 978.24.

(4,8-Bis(5-(2-hexyldecyl)thieno[3,2-b]thiophen-2-yl)benzo[1,2-
b:4,5-b′]dithiophene-2,6-diyl)bis(tributylstannane) (Compound 4a).
Under the protection of argon, n-butyllithium (2.0 M, 1.00 mL, 2.00
mmol) was dropwise added to compound 3a (0.80 g, 0.90 mmol) in
dry THF (20 mL) at −78 °C over 0.5 h. After being stirred for 1 h,
Bu3SnCl (3.26 g, 10.00 mmol) was added into the mixture at −78 °C
over 0.5 h. The mixture then was warmed to room temperature and
stirred for 12 h. Subsequently, the mixture was poured into ice water
and extracted with CH2Cl2 (20 mL × 2). The organic layer was
washed with water and dried over anhydrous Na2SO4 for 3 h and
concentrated to afford compound 4a, which was used for the next step
without purification.

(4,8-Bis(5-((2-hexyldecyl)thio)thieno[3,2-b]thiophen-2-yl)benzo-
[1,2-b:4,5-b′]dithiophene-2,6-diyl)bis(tributylstannane) (Compound
4b). Under the protection of argon, n-butyllithium (2.0 M, 1.05 mL,
2.10 mmol) was dropwise added to compound 4a (0.68 g, 0.70 mmol)
in dry THF (20 mL) at −78 °C over 0.5 h. After being stirred for 2 h,
Bu3SnCl (3.26 g, 10.00 mmol) was added into the mixture at −78 °C
over 0.5 h. The mixture was warmed to room temperature and stirred
for 12 h. Subsequently, the mixture was poured into ice water and
extracted with CH2Cl2 (20 mL × 2). The organic layer was washed
with water and dried over anhydrous Na2SO4 for 3 h and concentrated
to afford compound 4b, which was used for the next step without
purification.

5″,5″‴-(4,8-Bis(5-(2-hexyldecyl)thieno[3,2-b]thiophen-2-yl)-
benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl)bis(3,3″-dioctyl-[2,2′:5′,2″-
terthiophene]-5-carbaldehyde) (Compound 6a). A solution of
compound 4a (0.90 mmol) and compound 5 (1.15 g, 1.98 mmol)
in dry toluene (80 mL) was degassed twice with argon following the
addition of Pd(PPh3)4 (0.12 g, 0.10 mmol). After being stirred and
refluxed for 24 h at 110 °C with the protection of argon, the reaction
mixture was poured into water (100 mL) and extracted with CH2Cl2
(100 mL × 2). The organic layer was washed with water twice and
dried over anhydrous Na2SO4 for 3 h. After removal of solvent, the
crude product was purified by silica gel using dichloromethane/
petroleum (4:1) as eluant to afford compound 6a as a red solid (1.10
g, 64%). 1H NMR (400 MHz, CDCl3): δ 9.82 (s, 2H), 7.67 (s, 2H),
7.59 (s, 2H), 7.58 (s, 2H), 7.23 (d, 2H), 7.12 (s, 2H), 7.11 (d, 2H),
7.05 (s, 2H), 2.92 (d, 4H), 2.83−2.79 (t, 4H), 2.76−2.72 (t, 4H), 1.75
(br, 2H), 1.72−1.63 (m, 8H), 1.39−1.26 (m, 90H), 0.92−0.85 (m,
24H). 13C NMR(100 MHz, CDCl3): δ 182.44, 148.03, 141.05, 140.97,
140.29, 140.18, 139.57, 139.07, 139.02, 138.92, 137.88, 137.72, 137.51,
135.38, 134.70, 130.52, 128.51, 127.77, 126.17, 123.43, 120.51, 118.88,
117.45, 40.10, 35.77, 33.23, 31.96, 31.91, 30.44, 30.27, 30.06, 29.72,
29.53, 29.44, 29.38, 29.30, 29.26, 26.65, 22.69, 14.17, 14.13. MS
(MALDI-TOF) m/z: calcd for C112H150O2S12 [M]+, 1913.17; found,
1913.36.

5″,5″‴-(4,8-Bis(5-((2-hexyldecyl)thio)thieno[3,2-b]thiophen-2-yl)-
benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl)bis(3,3″-dioctyl-[2,2′:5′,2″-
terthiophene]-5-carbaldehyde) (Compound 6b). A solution of
compound 4a (0.70 mmol) and compound 5 (0.92 g, 1.54 mmol)
in dry toluene (60 mL) was degassed twice with argon following the
addition of Pd(PPh3)4 (0.08 g, 0.07 mmol). After being stirred and
refluxed for 24 h at 110 °C with the protection of argon, the reaction
mixture was poured into water (100 mL) and extracted with CH2Cl2
(100 mL × 2). The organic layer was washed with water twice and
dried over anhydrous Na2SO4 for 3 h. After removal of solvent, the
crude product was purified by silica gel using dichloromethane/
petroleum (5:1) as eluant to afford compound 6b as a red solid (0.60
g, 44%). 1H NMR (400 MHz, CDCl3): δ 9.84 (s, 2H), 7.63 (s, 2H),
7.60 (br, 4H), 7.41 (s, 2H), 7.24 (d, 2H), 7.13 (br, 4H), 3.01 (d, 4H),
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2.85−2.81 (t, 4H), 2.76−2.73 (t, 4H), 1.75 (s, 2H), 1.88 (br, 2H),
1.72−1.67 (m, 8H), 1.41−1.32 (m, 90H), 0.92−0.87 (m, 24H). 13C
NMR (100 MHz, CDCl3): δ 182.26, 141.22, 140.94, 140.57, 139.93,
139.81, 139.57, 139.08, 138.56, 137.79, 137.48, 137.02, 134.78, 134.55,
130.65, 128.31, 127.37, 125.73, 124.72, 122.74, 120.36, 118.27, 44.62,
37.94, 32.96, 31.98, 30.37, 30.14, 30.10, 29.91, 29.71, 29.57, 29.52,
29.44, 29.34, 26.57, 25.65, 22.77, 14.19. MS (MALDI-TOF) m/z:
calcd for C112H150O2S14 [M]+, 1974.77; found, 1974.87.
(5Z,5′Z)-5,5′-((5,5′-(5,5′-(5,5′-(4,8-Bis(5-(2-hexyldecyl)thiophen-

2-yl)benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl)bis(3-octylthiophene-
5,2-diyl))bis(thieno[3,2-b]thiophene-5,2-diyl))bis(4-octylthiophene-
5,2-diyl))bis(methanylylidene))bis(3-ethyl-2-thioxothiazolidin-4-
one) (DRBDT-TT). Compound 6a (0.30 g, 0.16 mmol) and 3-
ethylrhodanine (0.27 g, 1.60 mmol) were dissolved in a dry CHCl3 (50
mL) solution under the protection of argon, and then three drops of
piperidine were added to the mixture. After being stirred and refluxed
for 12 h at 60 °C, the mixture was extracted with CHCl3 (50 mL × 2),
and the organic layer was washed with water and dried over anhydrous
Na2SO4 for 3 h. After removal of solvent, the crude product was
purified by silica gel using chloroform as eluant. The crude product
was recrystallized from CHCl3 and hexane two times to afford
DRBDT-TT as a black solid (0.27 g, 77%). 1H NMR (400 MHz,
CDCl3): δ 7.71 (s, 2H), 7.61 (s, 2H), 7.58 (s, 2H), 7.17−7.15 (m,
4H), 7.04 (br, 6H), 4.19−4.14 (q, 4H), 2.94−2.92 (d, 4H), 2.79−2.85
(t, 4H), 2.72−2.70 (t, 4H), 1.78 (br, 2H), 1.70−1.62 (m, 8H), 1.40−
1.27 (m, 80H), 0.92−0.87 (m, 30H). 13C NMR(100 MHz, CDCl3): δ
191.90, 167.16, 147.91, 140.72, 140.60, 139.63, 139.52, 139.09, 138.84,
137.71, 137.53, 137.29, 137.25, 135.08, 134.90, 134.57, 130.70, 128.37,
126.95, 125.84, 124.67, 123.17, 120.50, 120.34, 118.66, 117.52, 40.14,
39.87, 35.87, 33.27, 33.23, 32.00, 31.96, 31.91, 30.35, 30.10, 29.81,
29.74, 29.65, 29.53, 29.49, 29.37, 29.32, 26.69, 22.72, 14.14, 12.30. MS
(MALDI-TOF) m/z: calcd for C122H160N2O2S16 [M]+, 2199.63;
found, 2199.69. Anal. Calcd for C122H160N2O2S16: C, 66.62; H, 7.33;
N, 1.27. Found: C, 66.72; H, 7.52; N, 1.34.
(5Z,5′Z)-5,5′-((5″,5″‴-(4,8-Bis(5-((2-hexyldecyl)thio)thieno[3,2-b]-

thiophen-2-yl)benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl)bis(3,3″-dioc-
tyl-[2,2′:5′,2″-terthiophene]-5″,5-diyl))bis(methanylylidene))bis(3-
ethyl-2-thioxothiazolidin-4-one) (DRBDT-STT). Compound 6b (0.32
g, 0.16 mmol) and 3-ethylrhodanine (0.27 g, 1.60 mmol) were
dissolved in a dry CHCl3 (50 mL) solution under the protection of
argon, and then three drops of piperidine were added to the mixture.
After being stirred and refluxed for 12 h at 60 °C, the mixture was
extracted with CHCl3 (50 mL × 2), and the organic layer was washed
with water and dried over anhydrous Na2SO4 for 3 h. After removal of
solvent, the crude product was purified by silica gel using chloroform
as eluant. The crude product was recrystallized from CHCl3 and
hexane two times to afford DRBDT-STT as a black solid (0.23 g,
66%). 1H NMR (400 MHz, CDCl3): δ 7.69 (s, 2H), 7.56 (br, 4H),
7.38 (s, 2H), 7.16−7.14 (m, 4H), 7.04−7.02 (br, 4H), 4.19−4.14 (q,
4H), 3.02−3.01 (d, 4H), 2.75 (br, 4H), 2.69 (br, 4H), 1.76 (m, 2H),
1.66−1.64 (m, 8H), 1.39−1.25 (m, 80H), 0.91−0.86 (m, 30H). 13C
NMR (100 MHz, CDCl3): δ 190.09, 165.38, 139.48, 139.00, 138.90,
137.68, 137.33, 136.03, 135.60, 135.47, 135.38, 133.23, 132.95, 129.09,
126.70, 125.21, 124.20, 123.01, 122.84, 121.15, 118.69, 118.58, 116.61,
42.81, 38.07, 36.09, 31.12, 30.07, 28.55, 28.35, 28.20, 27.89, 27.65,
27.54, 24.68, 20.89, 12.31, 10.47. MS (MALDI-TOF) m/z: calcd for
C122H160N2O2S16 [M]+, 2263.75; found, 2263.76. Anal. Calcd for
C122H160N2O2S16: C, 64.73; H, 7.12; N, 1.24. Found: C, 64.81; H,
7.02; N, 1.27.
Instruments and Characterization. The 1H and 13C NMR

spectra were recorded on a Bruker AV400 spectrometer. Matrix
assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF) was performed on a Bruker Autoflex III LRF200-CID
instrument. The thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were carried out on a NETZSCH STA
409PC instrument under purified nitrogen gas flow. The heating rate
for TGA and DSC testing is 10 °C min−1, and the cooling rate for
DSC is 10 °C min−1. UV−vis spectra were obtained with a JASCO V-
570 spectrophotometer.

Cyclic voltammetry (CV) experiments were performed with a
LK98B II Microcomputer-based Electrochemical Analyzer. All CV
measurements were carried out at room temperature with a
conventional three-electrode configuration employing a glassy carbon
electrode as the working electrode, a saturated calomel electrode
(SCE) as the reference electrode, and a Pt wire as the counter
electrode. Dichloromethane was distilled from calcium hydride under
dry nitrogen immediately prior to use. Tetrabutylammonium
phosphorus hexafluoride (Bu4NPF6, 0.1 M) in dry dichloromethane
was used as the supporting electrolyte, and the scan rate was 100 mV
s−1. The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels were calculated
from the onset oxidation potential and the onset reduction potential,
using the equation EHOMO = −(4.80 + Eoxonset), ELUMO = −(4.80 +
Ereonset).

The geometry structures of DRBDT-TT and DRBDT-STT were
optimized by using DFT calculations (B3LYP/6-31G*), and the
frequency analysis was followed to ensure that the optimized
structures were stable states. All calculations were carried out using
Gaussian 09.63

Atomic force microscopy (AFM) was performed using a Multimode
8 atomic force microscope in tapping mode. The transmission electron
microscopy (TEM) investigation was performed on Philips Technical
G2 F20 at 200 kV. The specimen for TEM measurement was prepared
by spin-casting the blend solution on ITO/PEDOT:PSS substrate,
then floating the film on a water surface, and transferring to TEM
grids. Grazing incidence wide-angle X-ray scattering (GIXD) and
resonant soft X-ray scattering (RSoXS) were performed at beamline
7.3.3 and 11.0.1.2 at Lawrence Berkeley National Lab.

Space charge limited current (SCLC) mobility was measured using
a diode configuration of ITO/PEDOT:PSS/donor:PC71BM/Au for
hole mobility and glass/Al/donor:PC71BM/Al for electron mobility
and fitting the results to a space charge limited form, where the SCLC
equation is described by
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where J is the current density, L is the film thickness of the active layer,
μ0 is the mobility, εr is the relative dielectric constant of the transport
medium, ε0 is the permittivity of free space (8.85 × 10−12 F m−1), and
V (=Vappl −bi) is the internal voltage in the device, where Vappl is the
applied voltage to the device and Vbi is the built-in voltage due to the
relative work function difference of the two electrodes.

Solar Cell Fabrication and Testing. The devices were fabricated
with a structure of glass/ITO/PEDOT:PSS/donor:PC71BM/PFN-Br/
Al. The ITO-coated glass substrates were cleaned by ultrasonic
treatment in detergent, deionized water, acetone, and isopropyl
alcohol under ultrasonication for 15 min each and subsequently dried
by a nitrogen blow. A thin layer of PEDOT:PSS (Clevios P VP AI
4083, filtered at 0.45 μm) was spin-coated at 3000 rpm onto ITO
surface. After being baked at 150 °C for 20 min, the substrates were
transferred into an argon-filled glovebox. Subsequently, the active layer
was spin-coated from blend chloroform solutions with different ratios
(weight-to-weight) of donor and PC71BM. For the devices based on
DRBDT-TT, the substrates were placed in a glass Petri dish containing
150 uL of chloroform for 90 s for solvent vapor annealing. For the
devices based on DRBDT-STT, the substrates were placed in a glass
Petri dish containing 150 uL of carbon disulfide for 120 s for solvent
vapor annealing. The substrates then were removed. Finally, a thin
layer of PFN-Br (5 nm) from its methanol solution was spin-coated,
and 80 nm Al layer was deposited under high vacuum (<2 × 10−4 Pa).
The effective areas of cells were 4 mm2 defined by shadow masks. The
current density−voltage (J−V) curves of photovoltaic devices were
obtained by a Keithley 2400 source-measure unit. All masked and
unmasked tests gave consistent results with relative errors within 5%.
The photocurrent was measured under illumination simulated 100
mW cm−2 AM 1.5G irradiation using an Oriel 96000 solar simulator,
calibrated with a standard Si solar cell. External quantum efficiencies
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were measured using a Stanford Research Systems SR810 lock-in
amplifier.
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