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1. Introduction

The novel solution-processable semicon-
ducting polymers for organic optoelec-
tronic technologies have developed rapidly 
within the recent decades, because of their 
emerging applications in new-generation 
flexible and roll-to-roll processed elec-
tronic devices such as organic field-effect 
transistors (OFETs) and bulk-heterojunc-
tion organic photovoltaics (BHJ-OPVs).[1–9] 
This progress is mainly driven by a com-
bination of rational materials design and 
extensive exploratory synthesis.[10–15] In 
particular, donor–acceptor (D–A) conju-
gated polymers with alternating electron-
rich (D) and electron-deficient (A) units 
offer the great advantage of fine-tuning 
optoelectronic/physicochemical proper-
ties.[12,16–20] This allows the realization 
of any desired copolymer property for a 
particular application by simply choosing 
the proper D–A units. Importantly, this 

strategy can yield low band-gap (<1.5 eV) copolymers with 
highly extended π-conjugations, providing access to a variety 
of state-of-the-art performances in polymer-based OFETs and 
OPVs. Specifically, the reported charge-carrier mobilities with 
D–A copolymers in OFETs are now routinely higher than that 
of amorphous silicon (>0.5–1.0 cm2 V−1·s−1) and power con-
version efficiencies (PCEs) of 10–12% are now available with 
D–A copolymer-based BHJ solar cells.[21–30] Despite these 
recent advances in polymer-based optoelectronics, there is still 
only a handful example of π-acceptor building blocks realized 
in the structure of D–A copolymers, which are mainly based 
on diketopyrrolopyrrole (DPP),[27,31,32] isoindigo,[33] benzo(bis)
thiadiazole,[34] rylenediimide,[35–40] and thieno[3,4-c]pyrrole-4,6- 
dione[35] π-acceptor units. Therefore, from synthetic chemistry 
and materials design perspectives, the development of new 
π-acceptor building blocks is of great importance to diver-
sify the chemistry of charge-transporting polymeric materials 
and to realize novel properties in advanced optoelectronic 
technologies.

BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) π-core, 
structurally considered as “porphyrin’s little sister,” has attracted 
significant interest because of its potential technological 
applications in various fields including biochemical labeling, 

The synthesis, physicochemical, and optoelectronic properties of a new class 
of low band-gap (≈1.3 eV) donor–acceptor copolymers based on a highly elec-
tron-deficient meso-5-(2-octyldodecyl)thiophene-substituted BODIPY π-unit 
are presented. The polymeric solutions exhibit strong aggregation-dependent 
excitonic properties indicating the presence of enhanced π-coherence as a 
result of strong interchain interactions. The polymeric semiconductor thin 
films prepared by spin coating show isotropic nodule-like grains with essen-
tially no ordering in the out-of-plane direction. Field-effect hole mobilities of 
0.005 cm2 V−1·s−1 are observed in bottom-gate top-contact organic field-effect 
transistors, and inverted bulk-heterojunction organic photovoltaics employing 
the polymer:PC71BM active layer exhibit excellent power conversion effi-
ciencies of 6.2% with a short-circuit current of 16.6 mA cm−2. As far as it is 
known, this is a record high value achieved to date for a boron-containing 
donor polymer in the photovoltaic literature indicating a significant enhance-
ment in power conversion efficiency (>3–4 times). The findings clearly pre-
sent that rationally designed BODIPY-based donor–acceptor copolymers can 
be a key player in photovoltaic applications.
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fluorescent switching, and photodynamic therapy.[41–45] Recently, 
BODIPY-based semiconductors are attracting considerable 
attention for their applications in the organic electronics.[46–48] 
This is not only due to BODIPY π-core’s facile synthesis/modi-
fication but also because of its advantageous structural/elec-
tronic properties such as coplanarity, energetically stabilized 
lowest unoccupied molecular orbital (LUMO) level, good solu-
bility, and high dipole moment.[41,49–55] To this end, it has been 
recently demonstrated by several research groups that BODIPY 
has a very unique electronic structure and that its charge-car-
rier type is highly dependent on its π-architecture.[56–58] While 
π-extension on BODIPY’s meso-position leads to n-channel 
semiconductivity (as in the case of BDY-4T-BDY, μe =  
0.01 cm2 V−1·s−1),[41,58] aromatic substitutions on 2,6-positions 
yield p-channel semiconductors (Figure 1).[49] By means of 
this unique electronic feature, some of us have recently dem-
onstrated solution-processed p-channel OFETs based on a 
semicrystalline BODIPY–thiophene copolymer P(C11-BDY-T) 
(Figure 1),[49] which is still holding the record for charge-carrier 
mobility (μh = 0.17 cm2 V−1·s−1) among all known BODIPY-
based semiconductors. In these studies, BODIPY core stands 
out as a promising, highly electron-deficient, and versatile 
π-acceptor building block with superior solution processability. 
However, BODIPY-based donor polymers still show very poor 

solar cell performances with PCEs of only ≈1–2% in fullerene-
based BHJ devices.[47,59–61] The reported solar cells consisting 
of BODIPY-based polymers and [6,6]-phenyl C61/71 butyric 
acid methyl ester (PCBM) suffered from one or more of these 
following complications: low short-circuit current (JSC) mainly 
due to poor solubility of polymer donors, mismatched energy 
levels, and unoptimized BHJ morphology with fullerene accep-
tors, which prevents efficient charge transport and generation. 
Therefore, further research is required to design and develop 
new polymerizable BODIPY-based building blocks and to inves-
tigate their properties in semiconducting copolymers for use 
in OPVs and OFETs. To this end, the development of BODIPY-
based polymers, which can yield high PCEs in inverted solar cell 
device structure, is especially very important. This is because, 
compared with conventional BHJ-OPV devices, inverted struc-
ture has the advantage of improved long-term ambient stability 
since corrosive/hygroscopic hole-transporting poly(3,4-ethylen
edioxylenethiophene):poly(styrenesulfonicacid) (PEDOT:PSS) 
and low-work-function metal cathode are not needed, and these 
devices are self-encapsulated.[22,23,62]

In this paper, a highly electron-deficient and soluble 
meso-heteroaromatic substituted π-acceptor building block, 
2OD-TBDY-Br2 (Scheme 1), is developed. When compared with 
meso-alkyl substituted BODIPY monomers, π-delocalization 
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Figure 1.  The effect of aromatic substitutions at meso- and 2,6-positions of the BODIPY π-core on the charge-carrier type, the chemical structures of 
previously developed semiconductors P(C11-BDY-T)[49] and BDY-4T-BDY,[41] and the copolymers P(2OD-TBDY-T) and P(2OD-TBDY-TT) developed in 
this study.
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for the LUMO in this building block is found to be extended 
toward the meso-thienyl π-core, which yields highly favorable 
structural/electronic properties. Based on the previous find-
ings that meso-heteroaromatic substituted BODIPY π-systems 
are efficient electron-transporting semiconductors, we envi-
sion a similar rationale that meso-heteroaromatic substitutions 
on BODIPY-based monomers may lead to enhanced electron-
acceptor characteristics.[41,58,63] 2OD-TBDY-Br2 was copolymer-
ized with thiophene and thieno[3,2-b]thiophene donor moieties 
to yield two new low band-gap (Eg = 1.31–1.35 eV) donor–
acceptor semiconducting copolymers P(2OD-TBDY-T) and 
P(2OD-TBDY-TT), respectively (Figure 1). The polymeric semi-
conductor thin films prepared by spin coating show isotropic 
nodule-like grains with essentially no microstructural ordering 
in the out-of-plane direction. The polymer solutions and the 
corresponding thin films exhibit strong aggregation-dependent 
excitonic properties, as studied by temperature-dependent UV–
vis absorption spectroscopy. Enhanced π-coherence was evident 
in solution even at high temperature as a result of strong inter-
chain interactions. OFETs in bottom-gate/top-contact device 
geometry featuring polymer semiconductor thin films dem-
onstrate hole mobilities of 0.005 cm2 V−1·s−1 and 0.0002 cm2 
V−1·s−1 for P(2OD-TBDY-T) and P(2OD-TBDY-TT), respectively, 
with Ion/Ioff ratios of 104–106 in ambient. BHJ-OPVs consisting 
of P(2OD-TBDY-T) donor polymer and PC71BM acceptor had 
the PCE of 6.16% with high JSC value of 16.63 mA cm−2. To the 
best of our knowledge, the PCE value is the highest achieved to 
date for the OPVs based on BODIPY-based donor polymer, and, 
more generally, on the boron-containing donor polymers.

2. Results and Discussion

2.1. Computational Design, Synthesis, and Characterization

Explored via computational modeling, the structural and elec-
tronic properties of the building block, 2OD-TBDY, were found 
to be highly attractive for a strong π-acceptor building block. 
Note that the molecular structure of 2OD-TBDY monomer 
developed herein employs an alkyl substituent modification 
of an original meso-thiophene substituted BODIPY monomer 
reported by Chochos et al.[47] In the structure of 2OD-TBDY, 

five-membered thienyl aromatic unit is placed at meso-position 
to minimize the dihedral angle (θTh-BODIPY ≈47°) with highly 
coplanar dipyrromethene π-core. This is consistent with the 
previously measured thienyl-dipyrromethene dihedral angles 
(θTh-BODIPY ≈ 45°–48°) in single-crystal structures, and it could 
contribute to efficient π–π stacking and CH… π interac-
tions in the copolymer solid state.[41,63] As shown in Figure 2, 
π-delocalization of the LUMO frontier orbital is found to be 
extended toward the meso-thienyl unit, which results in low-
ered LUMO energy (−2.48 eV → −2.64 eV) as compared to the 
alkyl-substituted monomer C11-BDY. As expected, the highest 
occupied molecular orbital (HOMO) energy level remains the 
same (≈−5.50 eV) since the corresponding π-electron den-
sity is found to be delocalized only on the boron-dipyrrome-
thene π-core. Thus, the HOMO–LUMO gap for 2OD-TBDY 
is found to be reduced by ≈0.16 eV as compared to that of 
C11-BDY. On the other hand, the presence of thienyl unit at 
meso-position significantly increases the magnitude of the 
ground-state dipole moment from 3.83 D (for C11-BDY) to 
4.75 D (2OD-TBDY) while the direction remains the same 
pointing toward the 4,4′-difluorine substituents. This could 
enhance backbone-ordering and interchain interactions in 
the corresponding copolymer thin films as a result of strong 
dipolar interactions.[64] In order to demonstrate that improved 
acceptor property of 2OD-TBDY could translate into donor–
acceptor type π-backbones, we performed density functional 
theory (DFT) calculations on D–A–D model units (T-C11-BDY-T  
and T-2OD-TBDY-T in Figure S1 in the Supporting Infor-
mation) by employing thiophene donors at 2,6-positions of 
the BODIPY unit. These results also demonstrate energeti-
cally stabilized and delocalized LUMO, and reduced band 
gap for 2OD-TBDY-based D–A–D system as compared with 
that based on meso-alkyl substituted C11-BDY acceptor. Fur-
thermore, according to recent findings by L. Yu et al.[65]  
and J. Hou et al.[29] on fluorinated small molecules and poly-
mers, fluorination increases ground-state dipole moment and 
yields higher π-system polarization, which effectively lowers 
the exciton Coulomb binding energy and leads to faster charge 
separation kinetics in photovoltaics. Therefore, we envision that 
the new D–A copolymers employing 2OD-TBDY π-acceptor  
may show improved photovoltaic performances in BHJ 
devices. Sterically encumbered swallow-tailed alkyl substituent 
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Scheme 1.  Synthesis of meso-thiophene substituted monomer 2OD-TBDY-Br2 and the corresponding copolymers P(2OD-TBDY-T) and P(2OD-TBDY-TT).
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(2-octyldodecyl) is placed at α-position of the meso-thienyl 
unit, which provides increased solubility to the corresponding 
copolymers while keeping the insulating CC/CH σ-bonds 
further away from the semiconducting π-system. This type of 
structural strategy of physically separating σ-alkyl chain and 
π-system has recently been shown to yield efficient charge-
transport properties in isoindigo-based copolymers.[66] From 
a structural and electronic standpoint, 2OD-TBDY has much 
improved π-acceptor characteristics as compared to meso-alkyl 
substituted BODIPY monomer C11-BDY (Figure 2), and it has  
similar properties to some of the commonly known electron-
deficient building blocks (dithienyldiketopyrrolopyrrole (T-DPP-T)  
(LUMO = −2.50 eV, μ = 0.15 D); isoindigo (LUMO = −2.64 eV, 
μ = 0.49 D); naphthalenediimide (LUMO = −3.37 eV, μ = 0 D);  
Figure S2, Supporting Information), which were reported to 
yield low band-gap polymers.[67–69] Therefore, we envision that 
2OD-TBDY building block should be a promising π-acceptor 
for use in low band-gap semiconducting copolymer backbones.

The synthetic routes to the 2OD-TBDY-Br2 monomer, and its cor-
responding copolymers P(2OD-TBDY-T) and P(2OD-TBDY-TT),  
are shown in Scheme 1. 5-(2-octyldodecyl)-2-thiophenecarbox-
aldehyde compound 2 was prepared in two steps (40% total 
yield) by first lithiation/alkylation of thiophene at 5-position to 
give compound 1, which was subsequently lithiated and reacted 
with dimethylformamide (DMF) to form the carboxaldehyde 
functionality at 2-position. The boron-dipyrromethene π-core 
2OD-TBDY was prepared by reacting 5-(2-octyldodecyl)-2-thio-
phenecarboxaldehyde (2) with 2-methyl pyrrole in the presence 
of a catalytic amount of trifluoroacetic acid (TFA), which was 
subsequently oxidized with 2,3-dichloro-5,6-dicyano-1,4-benzo-
quinone (DDQ) and coordinated with trifluoroborane dietherate 
(BF3·OEt2) in the presence of (i-Pr)2EtN (28% yield). Bromina-
tion at the 2- and 6-positions was selectively accomplished with 
N-bromosuccinimide, which afforded the dibromo-functionalized 

BODIPY monomer 2OD-TBDY-Br2 in 91% yield. The chemical 
structures and purities of the intermediate compounds and 
the resulting monomer, 2OD-TBDY-Br2, were characterized by 
1H/13C NMR (Figures S3, S4, S6, and S7, Supporting Informa-
tion), matrix assisted laser desorption ionization-time of flight 
mass spectrometry (MALDI-TOF) (Figures S5 and S8, Supporting 
Information), and elemental analysis. Stille polycondensation 
protocols were employed for the copolymerization reactions of 
2OD-TBDY-Br2 with 2,5-bis(trimethylstannyl)thiophene and 
2,5-bis(trimethylstannyl)thieno[3,2-b]thiophene in toluene using 
Pd2(dba)3/P(o-tolyl)3 as the catalyst/ligand system. During the 
copolymerization of 2OD-TBDY-Br2 with 2,5-bis(trimethylstannyl)
thieno[3,2-b]thiophene, the reaction was stopped after 5 min; oth-
erwise, the copolymers were found to be insoluble. The obtained 
P(2OD-TBDY-T) and P(2OD-TBDY-TT) solids were purified by 
sequential Soxhlet extractions (methanol–acetone–hexane) and 
multiple dissolution–precipitation processes with methanol/
chloroform to yield dark-colored solids in 91% and 20% yields, 
respectively. The copolymers’ purities were evaluated by elemental 
analysis and molecular weights were determined by gel permea-
tion chromatography (GPC) with tetrahydrofuran (THF) as the 
eluent against polystyrene standards, which indicated number-
average molecular weights (Mn) of 75.3 kDa for P(2OD-TBDY-T) 
and 11.0 kDa for P(2OD-TBDY-TT). The relatively lower molec-
ular weight of P(2OD-TBDY-TT) can be explained by the fact 
that the corresponding polymerization reaction was stopped at 
its earlier stage to obtain a soluble polymer. The good solubility 
of the current copolymers should enable the solution-based fab-
rication of copolymer thin films for use in BHJ-OPV and OFET 
devices. Both copolymers show good thermal stabilities with  
decomposition onset temperatures (5% mass loss) at 372°–384 °C  
(Figure S9, Supporting Information). No apparent phase transi-
tions were observed for both copolymers in the range of 25° to 
350 °C by differential scanning calorimetry (DSC).

Adv. Electron. Mater. 2018, 4, 1700354

Figure 2.  Calculated frontier molecular orbital (HOMO/LUMO) energy levels and pictorial representations, and molecular dipole moments (μ) of 
model monomers for meso-alkyl substituted C11-BDY[49] and meso-thiophene substituted 2OD-TBDY developed in this study (B3LYP/6-31G** level 
of theory).
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2.2. Optoelectronic Characterizations

The optical characteristics of the new copolymers were studied 
by UV–vis absorption spectroscopy in dilute solutions (CHCl3, 
10−5 m) and thin-film states (as spin-coated thin films on glass). 
As shown in Figure 3a, the copolymers exhibit two low-energy 
absorption maxima at 838/736 nm for P(2OD-TBDY-T) and 
834/730 nm for P(2OD-TBDY-TT) corresponding to π−π* exci-
tations. In order to elucidate the origin of these peaks, which 
are separated by ≈0.2–0.3 eV, temperature-dependent UV–vis 
absorption spectra of the current polymers were recorded in 
chloroform and toluene solutions. As shown in Figure 3b, upon 
progressive heating (25° → 60 °C) of P(2OD-TBDY-T) solu-
tion in chloroform, while the absorbance at the lower energy 
peak (838 nm) greatly decreases, the absorbance at the higher 
energy peak (736 nm) gradually increases with a blue-shift of 
≈12 nm. In addition, an isosbestic point was observed at 756 nm. 

Likewise, the chloroform solution of P(2OD-TBDY-TT) exhibits 
similar trends but with much smaller changes in absorbance 
values (Figure S10a, Supporting Information), which indicates 
the difference between the polymers’ temperature-dependent 
aggregation behaviors. Based on these results, we assign the 
absorbance at higher energy peak (736 and 730 nm) to disag-
gregated (isolated) polymer chains and the absorbance at lower 
energy peak (838 and 834 nm) to aggregated polymer chains in 
solution (enhanced π-coherence as a result of interchain interac-
tions). On the other hand, when high-boiling point solvent (i.e., 
toluene) was used for P(2OD-TBDY-T), the presence of higher-
energy shoulder even at 85 °C indicates strong aggregation ten-
dency of the current D–A copolymer in toluene even at high 
temperature (Figure S10b, Supporting Information). Note that 
P(2OD-TBDY-TT) solution in toluene shows mostly disaggre-
gated (isolated) polymer chains and the aggregation peak almost 
disappears at 85 °C (Figure S10c, Supporting Information). 

Adv. Electron. Mater. 2018, 4, 1700354

Figure 3.  a) Optical absorption spectra in chloroform (solid lines, 1.0 × 10−5 m) and as spin-coated thin films on glass (dashed lines) for copolymers 
P(2OD-TBDY-T) and P(2OD-TBDY-TT). b) Temperature-dependent UV–vis absorption spectra of P(2OD-TBDY-T) in chloroform solution (0.6 × 10−5 m) 
(arrows indicate the trends upon temperature increases). c) Cyclic voltammograms as thin films in 0.1 m TBAPF6/MeCN solution versus Ag/AgCl (3.0 m 
NaCl) at a scan rate of 100 mV s−1. d) Energy diagrams showing theoretically calculated (red) (for model monomers) and experimentally estimated 
(blue) HOMO/LUMO energy levels as well as their topographical representations. Note that P(C11-BDY-T) is our previously reported BODIPY-based 
copolymer.[49]
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When BODIPY acceptor, 2OD-TBDY, is copolymerized with 
thiophene-based donors (i.e., T and TT) through 2,6-positions, 
the corresponding absorption profiles were found to significantly 
red-shift (Δλmax ≈ 315 nm and Δλonset ≈ 360 nm in Figure S11 in 
the Supporting Information), which indicates highly extended 
electronic communication (effective π-conjugation) between 
BODIPY-based acceptor and thiophene-based donor units 
along the current polymer backbones. This is in sharp con-
trast to the observations on BODIPY-oligothiophene π-systems, 
since they exhibit very limited electronic communications 
between boron-dipyrromethene and oligothiophene moieties 
when linked through BODIPY’s meso-position.[41,63] Note that,  
when the new copolymer P(2OD-TBDY-T) is compared with 
structurally related P(C11-BDY-T) (Figure 1),[49] the low-energy 
absorption maxima and onset were found to be significantly 
red-shifted (Δλmax ≈ 136 nm; Δλonset ≈ 75 nm), indicating more 
favorable electronic/structural properties of the new acceptor 
unit (2OD-TBDY) to enhance π-conjugation, donor–acceptor 
interactions, and aggregation (interchain interactions).

The absorption maximum for spin-coated copolymer thin 
films are significantly red-shifted (Δλmax ≈ 120 nm) compared 
to those in chloroform solution. For both copolymers, going 
from solution to solid state, the lower-energy aggregation peak 

becomes stronger and the disaggregation absorbance becomes 
a shoulder peak, which suggests the existence of strong inter-
chain interactions (enhanced π-coherence) in the solid state. 
The solid-state optical band gaps are estimated from the low-
energy band edges as 1.35 and 1.31 eV for P(2OD-TBDY-T) and 
P(2OD-TBDY-TT), respectively. These low optical bands make  
the new copolymers quite attractive for various optoelec-
tronic applications.[11] The observed aggregation proper-
ties both in solution and solid state for the present copoly-
mers could be attributed to strong interchain interactions 
(π–π stacking, donor–acceptor, and dipolar) between polymer 
chains, resulting in enhanced π-coherence. Similar tempera-
ture-dependent aggregation behaviors in solution and strong 
aggregations in solid state were previously reported for sev-
eral donor–acceptor copolymers characterized in high-per-
forming BHJ-OPVs based on isoindigo,[70] B ← N bridged 
bipyridine,[71] naphthalene diimide,[68] and difluorobenzothia-
diazole[24] acceptors.

We also studied the aggregate formation via solvent-
dependent absorption spectra by adding a nonsolvent (ethanol, 
ε = 24.5) to a well-dissolved copolymer solution in chloroform. 
As shown in Figure 4, both copolymers show gradual reduction 
of the intensities for the higher-energy peaks at 730/736 nm 

Adv. Electron. Mater. 2018, 4, 1700354

Figure 4.  Solvent-dependent optical absorption spectra of a) P(2OD-TBDY-T) and b) P(2OD-TBDY-TT) in chloroform–ethanol mixtures at room 
temperature starting in pure chloroform (black line) and successively increasing the volume fraction (from 0% to 36%) of ethanol. Arrows indi-
cate the spectral changes upon nonsolvent addition. SEM images for P(2OD-TBDY-T) films drop-casted on Si(100) from c) chloroform and  
d) chloroform:ethanol (64:36, v/v) solutions. Insets show the size distributions of the corresponding drop-casting solutions determined by DLS. Scale 
bars denote 1 µm.
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and concurrent increase in the intensities of the lower-energy 
peaks at 834/838 nm. These spectral changes were successively 
controlled by continually increasing the volume fraction of eth-
anol from 0% to 36%, and well-defined isosbestic points were 
observed for both copolymers at 764/774 nm, indicating that 
aggregation occurs under thermodynamic control.[72,73] Sim-
ilar aggregation behavior was also observed when a different 
nonsolvent (hexane) and a bad solvent (THF) having relatively 
lower dielectric constants (εhexane = 2.0; εTHF = 7.6) were added 
to copolymer solutions in chloroform (Figure S12, Supporting 
Information), indicating that the dielectric constant of the 
added solvent does not play a major role in aggregation mecha-
nism. Next, we analyzed the suspended aggregated particle size 
of P(2OD-TBDY-T), formed in aggregated solution, by dynamic 
light-scattering (DLS) technique, which indicates a significant 
increase in average particle size upon ethanol addition (insets 
in Figure 4c,d). In order to obtain more information on these 
aggregates, the corresponding solutions were drop-casted on 
Si(100) and their morphologies were determined by scanning 
electron microscopy (SEM). As shown in Figure 4c,d, while 
the film drop-casted from chloroform solution shows a very 
smooth morphology with no observable microscopic aggre-
gates, the film drop-casted from chloroform:ethanol (64:36, v/v)  
shows a 3D polymeric network consisting of nanoparticles and 
micron-sized aggregates with sizes ranging from ≈50–100 nm  
to >1 µm, which is consistent with the DLS particle size dis-
tribution (Figure 4d inset). Thus, we propose that these 
particulates observed in the SEM image are mostly formed 
in the chloroform–ethanol solution; they are not purely based 
on polymer precipitation during solvent evaporation in drop 
casting. Note that this type of 3D micro/nanostructured organic 
surface morphologies, which can be prepared via simple solu-
tion processing, might be quite advantageous for low-cost 
surface-enhanced Raman scattering platforms and catalysis 
applications.[74]

The cyclic voltammograms of the P(2OD-TBDY-T) and 
P(2OD-TBDY-TT) copolymeric films drop-casted on platinum 
electrodes are shown in Figure 3c. The measurements are per-
formed in 0.1 m TBAPF6 solution in acetonitrile against Ag/
AgCl (3.0 m NaCl) reference electrode. For P(2OD-TBDY-T)  
and P(2OD-TBDY-TT), only oxidation peaks are observed 
and the onset of the oxidation potentials are located at 0.92 V  
(vs Ag/AgCl) and 0.75 V (vs Ag/AgCl), respectively, from which 
solid-state HOMO energies are estimated as −5.32 and −5.15 eV, 
respectively. The solid-state LUMO energies are estimated using 
the thin-film optical bandgaps as −3.97 eV for P(2OD-TBDY-T) 
and −3.84 eV for P(2OD-TBDY-TT). When the energy levels of 
P(2OD-TBDY-TT) are compared with those of P(2OD-TBDY-T),  
the increases (Δ≈ 0.15 eV) in both HOMO and LUMO ener-
gies reflect relatively more π-extended electronic structure 
of thieno[3,2-b]thiophene donor unit versus thiophene. On 
the other hand, for the copolymers embedding the same 
thiophene donor unit, the new copolymer P(2OD-TBDY-T)  
has a relatively lower LUMO energy level and similar HOMO 
energy level as compared to the previously reported copolymer 
P(C11-BDY-T),[49] which reflects better electron-acceptor char-
acteristics of the new building block 2OD-TBDY as compared 
to C11-BDY. All these trends in the experimental HOMO/
LUMO energy levels (blue) correlate well with the theoretically 

calculated values (red) on the model repeating units (Figure 3d). 
It is noteworthy that the HOMO energies of the current copol-
ymers are typical of ambient-stable p-channel semiconduc-
tors.[11] However, although LUMO energies of these copolymers 
are quite stabilized and they are even in the energetic regime 
of the ambient-stable n-channel semiconductors (≤−3.8 eV), no 
electron transport was observed under vacuum and in ambient 
(vide infra).

2.3. Thin-Film Fabrication, Characterization, and Field-Effect 
Transistor Devices

The semiconductor characteristics of the current copoly-
mers P(2OD-TBDY-T) and P(2OD-TBDY-TT) were studied 
in OFETs in a bottom-gate/top-contact (BG-TC) device archi-
tecture. The semiconductor thin films (≈50–60 nm) were 
prepared by spin coating copolymer solutions (5–7 mg mL−1 
in chloroform) on PS-brush treated n++-Si/SiO2(300 nm) 
gate-dielectric substrates, which was followed by drying at 
70 °C under vacuum to remove residual solvents. Note that 
this temperature is an acceptable temperature for industrial 
applications and no further thermal annealing is needed. 
The reason for dielectric surface functionalization with PS 
brushes was to achieve a favorable semiconductor−dielectric 
interface.[75] Polymeric thin-film microstructures and mor-
phologies were studied by θ–2θ X-ray diffraction (XRD) and 
atomic force microscopy (AFM). As shown in Figure 5a,b, 
XRD profiles do not exhibit any low-angle (2θ < 10°) diffrac-
tion peak, which indicates the lack of lamellar crystalline 
regions in the out-of-plane direction.[76] For both polymer 
thin films, the only noticeable diffractions show highly broad-
ened peaks centered at 2θ ≈ 22°. Since the reference XRD 
scan on pristine PS-brush treated n++-Si/SiO2 (300 nm) sub-
strate does not exhibit similar broadened peak, these peaks 
are assigned to short-range ordered π–π interactions origi-
nating from the polymer semiconductor film. This corre-
sponds to π–π stacking distances of ≈4.0 Å.[22,77] Indeed, the 
XRD profiles obtained for the current copolymers could be 
attributed to the presence of bulkyl swallow-tailed 2OD alkyl 
substituents on BODIPY unit, which prevents the forma-
tion of lamellar ordering in the out-of-plane crystallographic 
direction.[76,78,79] These microstructural observations agree 
well with the AFM characterizations, which reveal relatively 
homogeneous morphologies with extremely smooth surfaces 
(root-mean-square roughness <1 nm for 5.0 µm × 5.0 µm  
scan area). As shown in Figure 5c,d, both films show highly 
interconnected isotropic nodule-like domains (≈50–100 nm 
in diameter). OFET device characteristics are measured in 
ambient conditions, and typical transfer and output plots are 
shown in Figure 5e and Figure S13 in the Supporting Informa-
tion. Consistent with the prefabrication theoretical and exper-
imental optoelectronic characterizations, these devices exhibit 
unipolar p-channel operation with μh = 0.005 cm2 V−1·s−1 
(Ion/Ioff = 104–105) and μh = 0.0002 cm2 V−1·s−1 (Ion/Ioff = 104–106)  
for P(2OD-TBDY-T) and P(2OD-TBDY-TT), respectively. 
Note that these devices were dried/annealed only at 70 °C, 
and post-deposition thermal annealing at higher tempera-
tures did not further improve the transistor performance 
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as well as the polymer crystallinity/morphology. Since no 
evident microstructural and morphological differences 
were revealed between two polymer thin films, the inferior 
device performance of P(2OD-TBDY-TT), as compared with 
P(2OD-TBDY-T), should originate from its much lower mole
cular weight (Mn = 11.0 vs 75.3 kDa).[80] From frontier-orbital 
energetics perspective, one would expect the current copoly-
mers to exhibit also n-channel semiconductivity, because the 
present LUMOs are in the energetic range of those measured 
for typical n-channel semiconductors.[11,81,82] Therefore, we 
performed DFT calculations on trimer and tetramer models 
of the repeating units, which shows localization on specific 
BODIPY units for LUMO π-electron density and complete 
delocalization along the π-backbone for HOMO (Figure S14, 
Supporting Information). Therefore, it seems that the major 
charge-carrier type (hole vs electron) of the current polymers 
is directed by the corresponding π-orbital distributions. Note 
that the semiconductivity in polymeric films will occur mainly 
through intra- and interchain charge transports, which relies on 
the formation of radical cationic species (polarons) on isolated 
and aggregated conjugated segments of the polymer chains, 
respectively.[83] Therefore, it is quite crucial to have highly 
π-conjugated polymer chains with good interchain interactions 
in the solid state, which agrees well with the current polymeric 
thin films. Since the length of a single copolymer chain—even 
in its fully extended conformation—is much smaller than the 
device channel lengths (≈50–100 µm), π–π stacked regions are 
still very crucial to enable interchain hopping processes for an 
efficient charge transport from source to drain. Although the 
current charge-carrier mobilities are short of the state-of-the-art 
performances recently achieved with D–A copolymers, they are 
among the highest for BODIPY-based semiconductor polymers 
measured in BG-TC OFETs.

2.4. Bulk-Heterojunction Inverted Solar Cell Devices

Next, we investigated the photovoltaic performance of 
P(2OD-TBDY-T) as polymer donor by fabricating the inverted 
bulk-heterojunction (BHJ) solar cells with a device architecture 
of ITO/ZnO/active layer (P(2OD-TBDY-T):PC71BM)/MoO3/Ag 
(see the Experimental Section for device fabrication details). 
The inverted device structure was preferred due to better device 
stability in air when compared with the normal-type structure. 
This is because high work-function metal anodes (resistant 
to oxidation in air) are used in inverted structures and acidic 
PEDOT:PSS layer is not required, which leads to much supe-
rior long-term stability.[84–86] The optimal polymer:fullerene 
blend weight ratio in the active layer was found to be 
1:1.5 (w/w), and chloroform was used as the processing sol-
vent. In general, the addition of solvent additives optimizes the 
BHJ morphology, which plays a crucial role in determining the 
corresponding device performance.[87] Therefore, we studied 
P(2OD-TBDY-T):PC71BM device characteristics with or without 
1,8-diiodooctane (DIO) additive in the processing solvent. 
Figure 6 shows the J–V curves and external quantum efficiency 
(EQE) responses of the devices under AM 1.5G illumination 
(100 mW cm−2), and the corresponding photovoltaic parame-
ters are summarized in Table 1. The devices without DIO addi-
tive exhibited an impressive PCE of 5.12% with Voc of 0.73 V, Jsc 
of 13.08 mA cm−2, and fill factor (FF) = 0.53. The devices with 
3 vol% DIO additive showed further improved photovoltaic 
performance with PCE of 6.16%, Voc of 0.66 V, Jsc of 16.36 mA 
cm−2, and FF = 0.56, which is a record high PCE value among 
the solar cells based on BODIPY-polymer donor. Although 
the use of the DIO additive resulted in a slight decrease of Voc 
value by ≈10%, the Jsc value was increased by ≈27%, resulting 
in a significant improvement (≈20%) in the PCE value. The 
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Figure 5.  θ–2θ XRD scans and AFM topographic images for spin-coated thin films of a,b) P(2OD-TBDY-T) and b,d) P(2OD-TBDY-TT). e) P-channel 
transfer curves (VDS = −100 V) for bottom-gate/top-contact OFET devices fabricated with spin-coated copolymer thin-films. Scale bars in AFM images 
denote 1 µm.
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decrease of Voc and the increase of Jsc are fairly common for the 
active layer film processed with DIO additive in polymer solar 
cells reported to date.[88–93] To support these changes in Voc and 
Jsc values after the addition of DIO additive, we measured the 
absorption spectra of the P(2OD-TBDY-T):PC71BM blend films 
without or with DIO additive (Figure S15, Supporting Informa-
tion). It was clearly observed that absorption peak of the blend 
film with DIO additive increased in intensity in the range of 
800–900 nm, and slightly red-shifted from 849 to 855 nm, indi-
cating an increased structural ordering and interchain interac-
tions for polymer donor.[94–96] The variations of the absorption 
spectra for blend films without and with DIO additive were 
closely correlated with the photovoltaic parameters of the 
devices. As shown in Figure 6b, the P(2OD-TBDY-T):PC71BM 
devices were observed to effectively generate photocurrent in 
a broad spectral range of 400–900 nm. The active layer with 
DIO additive showed higher EQE values than that without DIO 
additive in the entire spectral range, even leading to maximum 
EQE values of >65% at 450–500 nm. The Jsc values calculated 
from EQE spectrum of P(2OD-TBDY-T):PC71BM without and 
with DIO additive were 12.53 or 15.87 mA cm−2, respectively, 
which agree well with the corresponding Jsc values from J–V 
curves within an acceptable error of ≈5%. The hole (μh) and 
electron (μe) mobilities of the P(2OD-TBDY-T):PC71BM with 
DIO additive device were measured by the space-charge lim-
ited current (SCLC) method under optimized device condition, 
which were calculated as 3.56 × 10−5 cm2 V−1s−1 and 2.75 ×  
10−5 cm2 V−1 s−1

, respectively. Notably, the hole and electron 
mobilities are well balanced (μh/μe = 1.29), which can contribute 
to efficient charge transport.[97]

The morphology of the polymer/fullerene blend active layer 
plays a critical role in device performance, and continuous inter-

penetrating donor–acceptor domains with limited sizes are typi-
cally needed for efficient exciton dissociation and charge-carrier 
transport/extraction. We compared the BHJ morphologies of 
P(2OD-TBDY-T):PC71BM blend film without or with DIO addi-
tive using transmission electron microscopy (TEM) and AFM 
measurements (Figures 7 and 8). The blend film without DIO 
additive had continuous network of polymer donor and PC71BM 
phases, but their length scale of phase separation (i.e., large dark 
PCBM-rich domains (>80–110 nm)) is significantly larger than 
the typical exciton diffusion length of ≈10–20 nm.[98] In contrast, 
blend films with DIO additive exhibited highly interpenetrated 
domains with much decreased domain sizes (<20–40 nm), pro-
ducing much larger interfacial area between P(2OD-TBDY-T) 
and PC71BM. Importantly, the contrast between P(2OD-TBDY-T)  
and PC71BM is greatly enhanced, suggesting that the relative 
purity of each domain is higher, which is beneficial for efficient 
charge transport and suppressed bimolecular charge recombi-
nation in the P(2OD-TBDY-T):PC71BM devices with DIO addi-
tive.[99,100] The observations from TEM data clearly explain the 
enhanced Jsc, FF, and PCE values of P(2OD-TBDY-T):PC71BM 
devices with DIO additive.

Moreover, the AFM images (Figure 8) confirm the domain 
size differences between these blend films, and the blend film 
with DIO additive showed smaller domains with smoother 
surface roughness (RMS roughness = 1.1 nm) as compared to 
that without DIO additive (RMS roughness = 1.7 nm). To the 
best of our knowledge, these photovoltaic performances are the 
highest reported to date for a BODIPY-based donor polymer 
and, more generally, for a boron-containing polymer donor 
showing the potential of properly designed BODIPY monomer 
as a promising acceptor building block for OPVs. Considering 
that the previous research on BODIPY-based donor polymers 
has only achieved <1.5–2% PCEs in photovoltaic devices, the 
significantly enhanced photovoltaic performance (>3–4×) of the 
new donor polymer is mainly attributed to the well-matched 
energy levels with fullerene acceptors, low optical band gap, as 
well as the favorable BHJ morphology yielding effective charge 
generation and transport.

3. Conclusion

In summary, we have demonstrated the design, synthesis, and 
physicochemical/optoelectronic characterizations of two new 
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Figure 6.  a) J–V characteristics and b) EQE responses of P(2OD-TBDY-T):PC71BM without or with DIO additive.

Table 1.  Photovoltaic characteristics of P(2OD-TBDY-T):PC71BM device 
without or with DIO additive.

Active layer  
[donor:acceptor]

DIO additive  
[3 vol%]

Voc  
[V]

Jsc  
[mA cm−2]

FF PCEmax  
[PCEavg]a) [%]

P(2OD-TBDY-T): 

PC71BM

w/o 0.73 13.08 0.53 5.12(5.10)

w 0.66 16.63 0.56 6.16(6.11)

a)The average PCEs were obtained from at least ten different devices for each 
system.
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low band-gap (≈1.3 eV) D–A copolymers (P(2OD-TBDY-T)  
and P(2OD-TBDY-TT)) based on a highly electron-deficient 
meso-thiophene substituted BODIPY π-acceptor 2OD-TBDY. 
The thin films of these polymers exhibit nanoscale isotropic 
nodule-like domains with essentially no ordering in the out-
of-plane direction. The semiconductor characteristics of the 
new polymers tested in BG-TC OFET devices demonstrated 
hole mobilities of up to ≈0.005 cm2 V−1·s−1. By employing 
P(2OD-TBDY-T) as the electron donor and PC71BM as the elec-
tron acceptor in active layer, inverted BHJ-OPV devices with 
high PCE of ≈6.2% have been achieved. This is, to the best 
of our knowledge, a record high value for a boron-containing 
donor polymer. Since BODIPY-based polymers have only 
recently attracted research interest for OPV technologies, 
yet with much lower performances (PCEs <2%) in previous 
research; our findings clearly demonstrate that they can play 
a pronounced role in the design of high-performance donor 
polymers in BHJ-OPV devices.

4. Experimental Section
Materials and Methods: All reagents were used as obtained from 

commercial sources without any purification unless otherwise noted. 
Schlenk techniques were employed in the reactions by using a vacuum–
nitrogen manifold system, and the reactions were carried out under 
N2 unless otherwise noted. 1H/13C NMR spectra were recorded on 
a Bruker-400 spectrometer (1H, 400 MHz; 13C, 100 MHz) and thin-
layer chromatography was performed on silica gel plates coated with 
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Figure 7.  TEM images of P(2OD-TBDY-T):PC71BM blend films a) without 
or b) with DIO additive.

Figure 8.  AFM images of P(2OD-TBDY-T):PC71BM blend films without (a: height; c: phase) or with DIO additive (b: height; d: phase).
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fluorescent indicator F254. Elemental analyses were done on a Leco 
Truspec Micro model instrument. MALDI-TOF characterization was 
performed on a Bruker Microflex LT MALDI-TOF-MS Instrument. 
Polymer molecular weights were determined on a Waters GPC system 
(Waters Pump 510) in THF at room temperature versus polystyrene 
standards. Thermogravimetric analysis and DSC measurements were 
performed on Perkin Elmer Diamond model instruments at a heating 
rate of 10 °C min−1 under nitrogen. DLS measurements were performed 
on a Malvern, Nano ZS Zetasizer. UV–vis absorption measurements 
were performed on a Shimadzu, UV-1800 UV–vis Spectrophotometer. 
Electrochemical measurements were performed on a C3 cell 
stand electrochemical station equipped with BAS-Epsilon software 
(Bioanalytical Systems, Inc., Lafayette, IN). The molecular geometry 
optimizations and total energy calculations were carried out using DFT 
at the B3LYP/6-31G** level by using Gaussian 09.[101]

Synthesis and Characterization: The synthesis of 2-(2-octyldodecyl)
thiophene (1),[81] 2-methylpyrrole,[41] 2,5-bis(trimethylstannyl)
thiophene,[41] 2,5-bis(trimethylstannyl)thieno[3,2-b]thiophene,[74] and 
5,5′-bis(trimethylstannyl)-2,2′-bithiophene[102] reagents were performed 
in accordance with the previously reported procedures.

Synthesis of 5-(2-Octyldodecyl)thiophene-2-Carbaldehyde (2): To 
a solution of 2-(2-octyldodecyl)thiophene (1) (1.7 g, 4.66 mmol) 
in THF (30 mL) at −78 °C 1.96 mL (4.89 mmol) of n-butyllithium 
(2.5 m in n-hexane) was added under nitrogen. The mixture was 
stirred at −78 °C for 30 min and at room temperature for 1 h. Then, 
N,N-dimethylformamide (0.375 g, 5.13 mmol) was added slowly at 
−78 °C, and the resulting reaction mixture was allowed to warm to 
room temperature overnight. The reaction mixture was quenched with 
water, and the product was extracted with hexanes. The organic phase 
was washed with water, dried over Na2SO4, filtered, and evaporated 
to dryness to give a crude product, which was purified by column 
chromatography on silica gel using hexanes:ethyl acetate (10:1) as the 
eluent. The pure product was obtained as a dark yellow oil (1.48 g, 
81%). 1H NMR (CDCl3, 400 MHz): 0.89 (t, 6H, J = 6.4 Hz), 1.25–1.35 
(m, 33H), 2.81 (d, 2H, J = 6.8 Hz), 6.88 (d, 1H, J = 3.6 Hz), 7.62 (d, 1H, 
J = 3.6 Hz), 9.83 (s, 1H).

Synthesis of 10-(5-Octyldodecylthiophen-2-yl)-5,5-Difluoro-3,7-Dimethyl-
5,10a-Dihydro-1H-5l4,6l4-Dipyrrolo[1,2-c:2′,1′-f ][1,3,2]Diazaborinine 
(2OD-TBDY): A degassed solution of 5-(2-octyldodecyl)thiophene-
2-carbaldehyde (2) (0.70 g, 1.78 mmol) and 2-methylpyrrole (0.33 g, 
4.03 mmol) in CH2Cl2 (≈250 mL) was prepared under nitrogen and 
TFA (2 drops) was added. The reaction mixture was stirred at ambient 
temperature overnight. Next, DDQ (0.40 g, 1.78 mmol) was added, 
and the reaction mixture was stirred for additional 2.5 h. Finally, N,N-
diisopropylethylamine (i-Pr)2EtN (1.26 g, 9.77 mmol) and boron 
trifluoride diethyl etherate (BF3·Et2O) (0.88 g, 6.22 mmol) were added, 
and the reaction mixture was stirred for 2 h. The reaction mixture was 
poured into water and extracted with CH2Cl2. The organic phase was 
dried over Na2SO4, filtered, and evaporated to dryness to give a crude 
product, which was purified by column chromatography on silica gel 
using CH2Cl2:hexanes (2:3) as the eluent. The pure product was obtained 
as red oil (0.29 g, 28% yield). 1H NMR (400 MHz, CDCl3): δ 0.89 (t, 6H, 
J = 6.0 Hz), 1.27–1.33 (m, 33H), 2.66 (s, 6H), 2.82 (d, 2H, J = 6.8 Hz), 
6.30 (d, 2H, J = 4.4 Hz), 6.86 (d, 1H, J = 4.0 Hz), 7.11 (d, 2H, J = 4.4 
Hz), 7.29 (d, 1H, J = 4.0 Hz). 13C NMR (100 MHz, CDCl3): 14.1, 14.9, 
22.7, 26.6, 29.3, 29.4, 29.6, 29.7, 29.8, 30.0, 31.9, 33.3, 34.7, 40.1, 119.1, 
126.1, 130.3, 131.9, 132.3, 133.9, 135.4, 150.3, 157.0. MS(MALDI-TOF) 
m/z (M+): calcd. for C35H53BF2N2S: 582.40, found: 582.762 [M]+, 562.709 
[M-F]+, 534.745 [M-F-2 × (CH3)]+. Anal.calcd. for C35H53BF2N2S: C, 72.14; 
H, 9.17; N, 4.81, found: C, 72.47; H, 9.53; N, 4.98.

Synthesis of 2,8-Dibromo-10-(5-Ethylthiophen-2-yl)-5,5-
Dif luoro-3,7-Dimethyl-5,10a-Dihydro-1H-5l4,6l4-Dipyrrolo[1,2-
c:2′,1′-f ][1,3,2]Diazaborinine (2OD-TBDY-Br2): To a solution of 
10-(5-octyldodecylthiophen-2-yl)-5,5-difluoro-3,7-dimethyl-5,10a-
dihydro-1H-5l4,6l4-dipyrrolo[1,2-c:2″ ,1 ′-f ] [1,3,2]diazaborinine 
(2OD-TBDY) (0.289 g, 0.496 mmol) in dry CH2Cl2: DMF (6 mL:6 mL) 
N-bromosuccinimide (0.181 g, 1.02 mmol) in CH2Cl2 (3 mL) was added 
under nitrogen, and the mixture was stirred at ambient temperature 

for 2 h. The reaction mixture was evaporated to dryness to give a 
crude product, which was purified by column chromatography on silica 
gel using CH2Cl2:hexanes (1:1) as the eluent. The pure product was  
obtained as dark red oil (0.33 g, 91% yield). 1H NMR (400 MHz, CDCl3): 
δ 0.88 (t, 6H, J = 6.0 Hz), 1.27–1.33 (m, 33H), 2.63 (s, 6H), 2.85 (d, 2H,  
J = 6.4 Hz), 6.90 (d, 1H, J = 3.6 Hz), 7.20 (s, 2H), 7.30 (d, 1H, J = 3.6 Hz).  
13C NMR (100 MHz, CDCl3): 13.4, 14.1, 22.7, 26.6, 29.3, 29.4, 29.6, 
29.7, 29.8, 29.9, 31.8, 31.9, 33.3, 34.8, 40.1, 108.6, 126.7, 130.3, 131.4, 
132.3, 132.9, 135.2, 152.1, 154.9. MS(MALDI-TOF) m/z (M+): calcd. for 
C35H51BBr2F2N2S: 738.22, found: 738.357 [M]+, 720.638 [M-F]+. Anal.
calcd. for C35H53BF2N2S: C, 56.77; H, 6.94; N, 3.78, found: C, 56.97; H, 
6.85; N, 3.85.

Synthesis of P(2OD-TBDY-T): A mixture of 2OD-TBDY-Br2 (0.23 g, 
0.310 mmol, 1.0 equiv.), 2,5-bis(trimethylstannyl)thiophene (0.127 g, 
0.310 mmol, 1.0 equiv.), Pd2(dba)3 (14.22 mg, 0.016 mmol, 0.05 equiv.), 
and P(o-tolyl)3 (37.8 mg, 0.124 mmol, 0.4 equiv.) in anhydrous toluene 
(25 mL) was heated at 120 °C for 16 h in a sealed flask under nitrogen. 
Then, the polymerization mixture was cooled to room temperature, and 
the viscous mixture was poured into methanol (≈200 mL). After stirring 
for 1h, the precipitated dark solid was collected by gravity filtration. The 
crude polymer solid was subjected to sequential Soxhlet extractions with 
methanol, acetone, hexanes, and chloroform. Finally, the concentrated 
chloroform solution (≈10 mL) was precipitated into methanol 
(≈200 mL). The extraction/precipitation procedure was repeated three 
times in total. The final precipitate was collected by vacuum filtration 
and dried under reduced pressure to give the pure polymer as a 
dark-colored solid (186 mg, 91% yield). Elemental analysis calcd. for 
C39H53BF2N2S2: C, 70.67; H, 8.06; N, 4.23; found: C, 70.86; H, 8.15; N, 
4.55; GPC (RT in THF): Mn = 75.3 kDa, Mw = 398.6 kDa, and PDI = 5.29 
(against PS standard).

Synthesis of P(2OD-TBDY-TT): A mixture of 2OD-TBDY-Br2 (0.44 g, 
0.59 mmol, 1.0 equiv.), 2,5-bis(trimethylstannyl)thieno[3,2-b]thiophene 
(0.285 g, 0.59 mmol, 1.0 equiv.), Pd2(dba)3 (20.72 mg, 29 µmol, 0.05 
equiv.), and P(o-tolyl)3 (72.3 mg, 237.6 µmol, 0.4 equiv.) in anhydrous 
toluene (50 mL) was heated at 120 °C for 5 min in a sealed flask 
under nitrogen. Then, the polymerization mixture was cooled to room 
temperature, and the viscous mixture was poured into methanol 
(≈750 mL). After stirring for 1h, the precipitated dark solid was collected 
by gravity filtration. The crude polymer solid was subjected to sequential 
Soxhlet extractions with methanol, acetone, hexanes, and chloroform. 
Finally, the concentrated chloroform solution (≈100 mL) was precipitated 
into methanol (≈2000 mL). The extraction/precipitation procedure was 
repeated three times in total. The final precipitate was collected by 
vacuum filtration and dried under reduced pressure to give the pure 
polymer as a dark-colored solid (85 mg, 20% yield). Elemental analysis 
calcd. for C41H53BF2N2S3: C, 68.50; H, 7.43; N, 3.90; found: C, 68.78; H, 
7.85; N, 3.65; GPC (RT in THF): Mn = 11.0 kDa, Mw = 112.0 kDa, and 
PDI = 10.21 (against PS standard).

Fabrication and Characterization of OFET Devices: All OFETs were 
fabricated on highly n-doped silicon wafers having thermally oxidized 
300 nm SiO2 dielectric (capacitance per unit area, Ci = 11.4 nF cm−2) 
by adopting the top-contact/bottom-gate device architecture. The 
substrates were cleaned via sonication in acetone for 10 min followed 
by oxygen plasma cleaning for 5 min (Harrick plasma, PDC-32G, 18 W). 
The PS (polystyrene)-brush treatment was performed in accordance with 
the reported procedures (Mw = 1.7–10 kg mol−1) to achieve favorable 
dielectric–semiconductor interfaces.[75] The polymeric semiconductor 
films (P(2OD-TBDY-T) and P(2OD-TBDY-TT)) were deposited via spin 
coating (≈5–7 mg mL−1 in chloroform) on PS-brush-treated substrates, 
followed by thermal annealing at 70 °C to remove residual solvents. The 
profilometer (DEKTAK-XT, Bruker) was used to measure the polymer film 
thicknesses (≈50–60 nm). The top electrodes were thermally evaporated 
(deposition rate = 0.2 Å s−1) as Au layers (50 nm) with various channel 
widths (W, 1000 and 500 µm) and lengths (L, 100 and 50 µm). Keithley 
4200-SCS was used to characterize the electrical performances of OFETs 
in ambient at room temperature. The electronic performance in the 
saturation region such as charge-carrier mobilities (μ) and threshold 
voltages (VT) was extracted from the equation
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2 /sat DS i G T
2I L WC V Vµ ( ) ( )= −



 	

(1)

where IDS is the drain current, L and W are the channel length and 
width, respectively, Ci is the areal capacitance of the gate dielectric, 
VG is the gate voltage, and VT is the threshold voltage. The surface 
morphology and microstructure of thin films were measured by atomic 
force microscopy (NX10, Park systems), field-emission scanning 
electron microscope (FE-SEM, Zeiss EVO LS 10), and XRD (Smartlab, 
Rigaku).

Fabrication and Characterization of Inverted OPV Devices: The 
BHJ-OPV devices of inverted type were fabricated with the structure 
of ITO/ZnO/active layer (P(2OD-TBDY-T):PC71BM))/MoO3/Ag. The 
patterned ITO substrates were cleaned by ultrasonication in acetone, 
DI water, and isopropyl alcohol for 20 min at each step. Then, the 
ITO substrates were dried for 60 min in an oven at 80 °C. The ITO 
substrates were treated with plasma prior to the spin coating of 
ZnO solution at 4000 rpm for 40 s and baking for 20 min at 200 °C 
in ambient air. The devices were transferred to an N2-filled glovebox. 
P(2OD-TBDY-T):PC71BM (ratio 1:1.5 w/w) dissolved in chloroform  
(12 mg mL−1) with or without 3 vol% DIO additive was spin-coated 
onto the ZnO layer at 3000 rpm for 40 s. 10 nm of MoO3 layer followed 
by a Ag layer (120 nm) was thermally evaporated under high vacuum 
(<10−6 Torr). The J–V characteristics of the devices were measured 
with a Keithley 2400 SMU under AM 1.5G (100 mW cm−2) solar 
irradiation (Peccell: PEC-L01). The EQE was obtained using a solar 
cell spectral response measurement system (K3100 IQX, McScience 
Inc.) at ambient conditions. A monochromatic light from a xenon arc 
lamp at 300 W processed by a monochromator (Newport) and an 
optical chopper (MC 2000 Thorlabs) was used to apply this spectral 
measurement system. The morphology of the polymer:fullerene blend 
was studied by AFM (Veeco Dimension 3100) in tapping mode and a 
TEM (JEM-3011, JEOL).
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