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Abstract: 3-(2-Octyldodecyl)thieno[3,2-b]thiophen was successfully synthesized as a new π-bridge
with a long branched side alkyl chain. Two donor-π-bridge-acceptor type copolymers were designed
and synthesized by combining this π-bridge structure, a fluorinated benzothiadiazole acceptor unit,
and a thiophene or thienothiophene donor unit, (PT-ODTTBT or PTT-ODTTBT respectively) through
Stille polymerization. Inverted OPV devices with a structure of ITO/ZnO/polymer:PC71BM/MoO3/Ag
were fabricated by spin-coating in ambient atmosphere or N2 within a glovebox to evaluate
the photovoltaic performance of the synthesized polymers (effective active area: 0.09 cm2).
The PTT-ODTTBT:PC71BM-based structure exhibited the highest organic photovoltaic (OPV) device
performance, with a maximum power conversion efficiency (PCE) of 7.05 (6.88 ± 0.12)%, a high
short-circuit current (Jsc) of 13.96 mA/cm2, and a fill factor (FF) of 66.94 (66.47 ± 0.63)%; whereas
the PT-ODTTBT:PC71BM-based device achieved overall lower device performance. According to
GIWAXS analysis, both neat and blend films of PTT-ODTTBT exhibited well-organized lamellar
stacking, leading to a higher charge carrier mobility than that of PT-ODTTBT. Compared to
PT-ODTTBT containing a thiophene donor unit, PTT-ODTTBT containing a thienothiophene donor
unit exhibited higher crystallinity, preferential face-on orientation, and a bicontinuous interpenetrating
network in the film, which are responsible for the improved OPV performance in terms of high Jsc,
FF, and PCE.
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1. Introduction

Bulk heterojunction organic photovoltaics (OPVs) have received a great deal of attention owing
to their unique advantages including low cost, mechanical flexibility, and ease processability [1–
5]. Recently, their photovoltaic performance has rapidly advanced through the development of
state-of-the-art electron donor/acceptor or interfacial materials, as well as optimization of the OPV
device fabrication process via adjusting additives, solvents, and thermal treatment. They showed
enhanced power conversion efficiencies (PCEs) of over 15% and 17% for single junction devices and
double junction devices, respectively [6–10]. However, the problems such as the difficulty in controlling
the morphology of the active layer, the sensitive device efficiency according to film thickness, and
the polymer solubility in organic solvents have still remained for real application through roll-to-roll
and ink-jet printing processes. It has been studied to find effective methods to solve the above problems
through molecular engineering. [11–15]. The active layer of an OPV is composed of an interpenetrating
network formed by blending electron-donor and electron-acceptor materials [16,17]. In particular,
π-conjugated polymers with a donor(D)–π–bridge–acceptor(A) architecture are commonly used as
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an electron donor. By changing the molecular structures of the D and A moieties, the properties of
the conjugated polymer such as the energy levels of the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO), absorption range, charge carrier mobility, and
morphology can be adjusted [18–20]. Moreover, the π-bridge unit as a component of the polymer
backbone crucially affects the molecular structure and electronic properties of the polymer, and
consequently impacts the physical and optoelectronic properties of the D–π–A type conjugated
polymer. Therefore, choosing the proper π-bridge could be an important strategy for enhancing
the OPV performance. Among the D–π–A type polymer donors, benzothiadiazole based polymer
donors have been reported with excellent photovoltaic properties. Notably, H. Yan et al. reported
a promising polymer donor (PffBT4T-2OD) consisting of benzothiadiazole as an electron accepting
building block. The fabricated fullerene-based OPV showed significantly high PCE of 11% with
excellent solubility arising from the incorporation of the appropriate alkyl-substituted π-bridge onto
the polymer backbone [20].

The fused heterocyclic ring of thieno[3,2-b]thiophene (TT) is attractive as an electron-donating
building block or π-bridge in D–π–A type conjugated polymers, because of its excellent
electron-donating ability and good planarity [21–25]. In particular, polymer donors containing
TT exhibited a well-organized crystal domain and high charge carrier mobility and can be used in
the development of efficient OPVs. We have previously reported several new D–π–A type polymers
consisting of linear alkyl-substituted TT as a π-bridge (PBDT–TPD, PBDT–ttTPD, PBDTT–TPD, and
PBDTT–ttTPD) that showed excellent OPV device performance in single/tandem solar cells owing to
their well-ordered orientation and enhanced hole mobility [22]. Additionally, Wang et al. reported
that the polymer donor P(BDT-TT-BT), which contained TT as the π-bridge instead of thiophene (T),
has a broad absorption spectrum and increased hole mobility because of the extended π-conjugation
and enhanced crystallinity [24]. However, incorporation of TT limits the solubility of polymer in
common organic solvents, since the rigid planar structure also resulted in strong π–π stacking of
the polymer. To address these issues, a linear alkyl side chain was substituted onto TT to improve
the solubility of the polymer in organic solvents [22,24] but sufficient solubility is still required to
facilitate the subsequent device fabrication. Conventional synthetic approaches to introduce a longer
branched alkyl side chain onto TT using a palladium or nickel complex as a catalyst afforded only
trace chemical yield. Moreover, the procedure was inconvenient as the organometallic reagents need
to be pre-generated by metal insertion (Scheme S1).

In this study, we successfully synthesized 3-(2-octyldodecyl)thieno[3,2-b]thiophen by
cobalt (II)-catalyzed reductive alkylation as a new π-bridge to improve the solubility
and crystallinity of conjugated polymers incorporating TT [26]. Two desired
polymers consisting of 5,6-difluorobenzo[c][1,2,5]thiadiazole as an electron accepting
unit and T or TT as an electron donating unit were design and synthesized, namely,
poly(5,6-difluoro-4-(6-(2-octyldodecyl)-5-(thiophen-2-yl)thieno[3,2-b]thiophen-2-yl)-7-(6-(2-octyldo
decyl)thieno[3,2-b]thiophen-2-yl)benzo[c][1,2,5]thiadiazole) (PT-ODTTBT) and
poly(5,6-difluoro-4-(3-(2-octyldodecyl)-[2,2′-bithieno[3,2-b]thiophen]-5-yl)-7-(6-(2-octyldodecyl)thie
no[3,2-b]thiophen-2-yl)benzo[c][1,2,5]thiadiazole) (PTT-ODTTBT). Their photovoltaic properties were
investigated and compared.

2. Materials and Methods

2.1. Materials

All reagents were purchased from Sigma Aldrich (St. Louis, MO, USA) and used without
further purification. 3-Bromothieno[3,2-b]thiophene, 2,5-bis(trimethylstannyl)thiophene (M1), and
2,5-bis(trimethylstannyl)thieno[3,2-b]thiophene (M2) were synthesized according to previously reported
methods [27–29].



Polymers 2020, 12, 2121 3 of 12

2.2. Monomer Syntheses

2.2.1. Synthesis of 3-(2-octyldodecyl)thieno[3,2-b]thiophene (1)

3-Bromothieno[3,2-b]thiophene (10.0 g, 45.6 mmol) and 9-(iodomethyl)nonadecane (22.4 g,
54.8 mmol) were added to a solution of tri(o-tolyl)phosphine (2.8 g, 9.1 mmol), cobalt (II) bromide
(2.0 g, 9.1 mmol), and manganese powder (10.0 g, 182.5 mmol) in N,N-dimethylacetamide (80 mL)
and pyridine (20 mL) under N2. Five drops of trifluoroacetic acid was slowly added, and then
the reaction mixture was heated to 70 ◦C for 24 h. After the reaction mixture was cooled to room
temperature, the precipitates were passed through celite and washed with ethyl acetate. Aqueous
ammonium chloride was added to the filtrate, and the mixture was extracted with ethyl acetate three
times. The collected organic layer was washed with brine, dried using anhydrous magnesium sulfate
(MgSO4), and concentrated in vacuo. The crude product was purified by silica column chromatography
using hexane as an eluent to yield the desired product 1 (10.1 g, 52.1%) as a colorless oil. 1H NMR
(CDCl3, 300 MHz): δ (ppm) 7.35 (d, J = 5.1 Hz, 1H), 7.24 (d, J = 5.1 Hz, 2H), 6.95 (s, 1H), 2.65 (d, J =

6.9 Hz, 2H), 1.83 (m, 1H), 1.23 (m, 32H), 0.87 (m, 6H).

2.2.2. Synthesis of tributyl(6-(2-octyldodecyl)thieno[3,2-b]thiophen-2-yl)stannane (2)

n-Butyllithium (7.1 mL, 14.3 mmol, 2.0 M in cyclohexane) was added dropwise to a solution
of 1 (6.0 g, 14.3 mmol) in anhydrous tetrahydrofuran at −78 ◦C. After stirring at −78 ◦C for 15 min,
tributyltin chloride (5.1 g, 15.7 mmol) was added. Subsequently, the reaction mixture was gradually
warmed to room temperature and further stirred for 1 h. The reaction mixture was quenched with
water and extracted with dichloromethane three times. The collected organic layer was dried over
anhydrous MgSO4 and then concentrated in vacuo. The crude product was used without purification
for the next step. 1H NMR (CDCl3, 300 MHz): δ (ppm) 7.23 (s, 1H), 6.91 (s, 1H), 2.64 (s, J = 6.3 Hz, 2H),
1.84 (m, 1H), 1.52 (m, 50H), 0.92 (m, 15H).

2.2.3. Synthesis of
5,6-difluoro-4,7-bis(6-(2-octyldodecyl)thieno[3,2-b]thiophen-2-yl)benzo[c][1,2,5]thiadiazole (3)

4,7-Dibromo-5,6-difluorobenzo[c][1,2,5]thiadiazole (1.0 g, 3.0 mmol) and
dichlorobis(triphenylphosphine)palladium(II) (63.8 mg, 0.1 mmol) were dissolved in anhydrous
N,N-dimethylformamide. After stirring at 140 ◦C for 30 min, 2 was added. After stirring overnight at
the same temperature, the reaction mixture was extracted with dichloromethane and washed with
brine. The collected organic layer was dried over anhydrous MgSO4 and concentrated under reduced
pressure. The residue was purified by silica column chromatography with hexane as the eluent to
obtain a red oil (2.4 g, 78.4%). 1H NMR (CDCl3, 300 MHz): δ (ppm) 8.55 (s, 2H), 7.08 (s, 2H), 2.74 (d, J
= 6.9 Hz, 4H), 1.92 (m, 2H), 1.29 (m, 64H), 0.94 (m, 12H).

2.2.4. Synthesis of
4,7-bis(5-bromo-6-(2-octyldodecyl)thieno[3,2-b]thiophen-2-yl)-5,6-difluorobenzo[c][1,2,5]thiadiazole
(ODTTBT)

To a solution of 3 (1.0 g, 1.0 mmol) in N,N-dimethylformamide, N-bromosuccinimide (NBS) (0.35 g,
2.0 mmol) was added and stirred at room temperature overnight in the dark. Water was then poured
into the reaction mixture and extracted with dichloromethane, and the organic layer was dried over
anhydrous MgSO4. After removal of the solvent under reduced pressure, the residue was recrystallized
from dichloromethane/methanol to afford the product as a purple solid (0.76 g, 65.7%). 1H NMR
(CDCl3, 300 MHz): δ (ppm) 8.46 (s, 2H), 2.72 (d, J = 7.2 Hz, 4H), 2.01 (m, 2H), 1.24 (m, 64H), 0.85 (m,
12H).
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2.3. Polymerization Procedure

A mixture of the distannylated monomer (1 equivalent), ODTTBT (1 equivalent), and
tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4, 0.03 equivalent) was dissolved in anhydrous
toluene (5 mL) and N,N-dimethylformamide (1 mL). The reaction mixture was stirred at 100 ◦C for
16 h, and then 2-tributhylstannylthiophene (0.2 mL) and 2-bromothiophene (0.2 mL) were added
as end-cappers. After another 2 h, the reaction mixture was poured into methanol (200 mL), and
the precipitate was collected by filtration and purified by Soxhlet extraction using methanol, acetone,
and hexane. The polymers were obtained by reprecipitation of the chloroform solution in methanol.

2.3.1. PT-ODTTBT

ODTTBT (0.25 g, 0.20 mmol), M1 (87.7 mg, 0.20 mmol), and Pd(PPh3)4 (7.4 mg) were used to
synthesize PT-ODTTBT via the previously described method (170 mg, 78%). GPC: Mn = 82.3 Kda,
Mw = 103 Kda, PDIs = 1.38, Td = 388 ◦C.

2.3.2. PTT-ODTTBT

ODTTBT (0.37 g, 0.30 mmol), M2 (0.15 mg, 0.30 mmol), and Pd(PPh3)4 (11.0 mg) were used to
synthesize PTT-ODTTBT via the previously described method (310 mg, 90%). GPC: Mn = 95.4 kDa,
Mw = 119 kDa, PDIs = 1.54, Td = 384 ◦C.

3. Results and Discussion

3.1. Synthesis and Characterization of Polymers

The key precursor 1 for the synthesis of ODTTBT was obtained by the reaction of
3-bromothieno[3,2-b]thiophene and 2-iodooctyldodecan using cobalt (II)-catalyzed alkylation to
afford a colorless liquid. Compound 1 was subjected to stannylation at the α position to
obtain 2, which was used to synthesize 3 through the Stille cross-coupling reaction with
4,7-dibromo-5,6-difluorobenzo[c][1,2,5]thiadiazole. Finally, 3 was reacted with N-bromosuccinimide
(NBS) to yield the final brominated monomer ODTTBT. The synthesized ODTTBT was reacted with
either thiophene (M1) or thienothiophene distannylated monomer (M2) via Stille polymerization
to give PT-ODTTBT or PTT-ODTTBT, respectively, as shown in Scheme 1. The detailed synthetic
procedures of ODTTBT and the polymers are provided in the Experimental Section. The synthesized
polymers were found to be soluble in chloroform, chlorobenzene (CB), and o-dichlorobenzene.
The number-average molecular weight (Mn)/polydispersity index (PDI) was 82.3 kDa/1.26 and
95.1 kDa/1.25 for PT-ODTTBT and PTT-ODTTBT, respectively, as measured by gel-permeation
chromatography (GPC) using chloroform as an eluent and polystyrene as a reference. (Figures S1 and
S2) Thermal properties of the synthesized polymers were characterized by thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC). All the polymers exhibited good thermal stability,
had thermal decomposition temperatures (Td, 5% weight loss temperature) above 380 ◦C, and showed
no signal for endo- and exo-thermic processes in the heat flow when measured using DSC, indicating
their suitability for the OPV fabrication (Figure S3).

Density functional theory (DFT) calculation at the B3LYP/6-31G(d) level was conducted to obtain
the optimized structures and frontier molecular orbitals for PT-ODTTBT and PTT-ODTTBT, using
the dimeric architectures for each polymer to simplify the computation. The results indicated that
the two polymers have similar geometric structures and frontier molecular orbital distributions
(Figure S4). The HOMO was delocalized on the entire backbone, whereas the LUMO was localized
at the BT unit, which would generate efficient charge transfer between the electron-donating and
electron-accepting building blocks. The calculated HOMO/LUMO energy levels were −5.03/−2.88 eV
and −5.01/−2.91 eV for PT-ODTTBT and PTT-ODTTBT, respectively. The HOMO of PTT-ODTTBT
was higher in energy than that of PT-ODTTBT, because TT on the polymer backbone has a stronger
electron donating capability than T.
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Scheme 1. Synthetic procedures for ODTTBT monomer and PT-ODTTBT and PTT-ODTTBT
polymers. Reaction conditions: (i) 9-(Iodomethyl)nonandecane, P(o-tol)3, CoBr2, Mg, DMA, 70 ◦C; (ii)
n-BuLi, (Bu)3SnCl, THF, −78 ◦C; (iii) 4,7-dibromo-5,6-difluorobenzo[c][1,2,5]thiadiazole, PdCl2(PPh3)2,
DMF, 140 ◦C; (iv) NBS, DMF.

3.2. Optical and Electrochemical Properties

Figure 1a shows the absorption spectra of PT-ODTTBT and PTT-ODTTBT in the CB solution and
in the thin film states. The copolymers displayed broad absorption from 400 to 750 nm with a strong
absorption band in the longer wavelength region, owing to the intramolecular charge transfer between
the electron-donating and electron-accepting building blocks. PT-ODTTBT showed slightly red-shifted
absorption at 681 nm in the film state compared with that in the solution because of enhanced molecular
aggregation in the solid state. In contrast, PTT-ODTTBT exhibited similar absorption maxima in
the two states (688 nm), indicating that this polymer undergoes strong molecular aggregation even
in the solution state owing to favorable π–π stacking upon introducing the TT block on the polymer
backbone. The optical bandgap (Eg

opt) was estimated to be 1.65 eV for PT-ODTTBT and 1.69 eV for
PTT-ODTTBT from the corresponding absorption edge in the film state.
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The electrochemical properties of PT-ODTTBT and PTT-ODTTBT were investigated by cyclic
voltammetry (Figure S5). From their first oxidation onset potentials, the HOMO energy levels of
PT-ODTTBT and PTT-ODTTBT were estimated to be −5.48 and −5.26 eV, respectively. PTT-ODTTBT
possessed a higher HOMO energy than PT-ODTTBT. The LUMO energies of the synthesized polymers,
estimated by combining their Eg

opt and HOMO energy levels, were−3.83 and−3.57 eV for PT-ODTTBT
and PTT-ODTTBT, respectively. These experimentally measured energy levels for the frontier
molecular orbitals show similar trends to the DFT calculation results. The optical and electrochemical
properties of the synthesized polymers are summarized in Table 1. Figure 1b is a schematic energy
diagram of the synthesized donor polymers and PC71BM acceptor. It shows an energy cascade that
can facilitate efficient charge dissociation and transportation to the electrodes in the OPV device.

Table 1. Molecular weight, optical, and electrochemical properties of the synthesized copolymers.

Mn
(kDa) a PDIs a

λmax, abs
(nm)

λedge
(nm) Eg

opt

(eV) b
EHOMO
(eV) c

ELUMO
(eV) d

Film

PT-ODTTBT 82.3 1.26 437,681 752 1.65 -5.48 -3.83

PTT-ODTTBT 95.1 1.25 462,688 733 1.69 -5.26 -3.57
a Mn and PDIs of the polymers were determined by GPC, b Eg = 1240/λedge (eV), c EHOMO = -(4.71 + Eox) (eV),
d ELUMO = EHOMO + Eg

opt.

3.3. Photovoltaic Characteristics

Inverted OPV devices with a structure of indium-tin oxide (ITO)/ZnO/polymer:PC71BM/MoO3/Ag
were fabricated to evaluate the photovoltaic performance of PT-ODTTBT and PTT-ODTTBT. The OPV
devices were systematically optimized by controlling the donor/acceptor blending ratio, additive
solvent, and thickness of the photoactive layer (Figures S6 and S7, and Tables S1 and S2). The current
density-voltage (J-V) and the corresponding external quantum efficiency (EQE) curves are shown in
Figure 2. The PTT-ODTTBT:PC71BM blend exhibited a slightly lower Voc than PT-ODTTBT:PC71BM
(0.75 vs. 0.77 eV) because of the relatively higher HOMO energy of PTT-ODTTBT. (Table 2)
However, the PTT-ODTTBT:PC71BM blend showed higher Jsc (13.13 mA/cm2) and FF (67.88%)
than the PT-ODTTBT:PC71BM blend under the same conditions. This might be attributed to
the improved crystallinity and hole mobility of the polymer film upon incorporation of TT on
the polymer backbone. 1,8-Diiodooctane (DIO) was selected as an additive solvent to control
the morphology of the photoactive layer, and its addition enhanced Jsc of both PT-ODTTBT- and
PTT-ODTTBT-based OPVs. The PTT-ODTTBT:PC71BM blend exhibited an improved PCE of 7.05%
with Voc of 0.75 V, Jsc of 13.96 mA/cm2, and FF of 66.94%, whereas the PT-ODTTBT:PC71BM blend
exhibited overall lower device performance. To further study this, hole-only devices consisting
of ITO/PEDOT:PSS/photoactive layer/MoO3/Ag were fabricated using the blend films to measure
the space-charge limited current (SCLC), as depicted in Figure 3. The measured hole mobility
of PTT-ODTTBT:PC71BM (7.08 × 10−3 cm2 v−1 s−1) was one order of magnitude higher than that
of PT-ODTTBT:PC71BM (2.55 × 10−4 cm2 v−1 s−1). This reveals that the incorporation of TT
as an electron-donating building block on the polymer backbone can improve the hole mobility.
The corresponding EQE spectra of the PT-ODTTBT- and PTT-ODTTBT-based OPV devices are
provided in Figure 2b. The PTT-ODTTBT:PC71BM device without DIO exhibited a response range
from 300 to 750 nm, and the EQE value exceeded 50% from 400 to 700 nm with a maximum EQE of 57%
at 540 nm. After adding DIO, the EQE curves of PTT-ODTTBT:PC71BM increased by approximately
60% compared to the device without DIO.
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PT-ODTTBT
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(62.13 ± 0.46)
5.83
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polymer:PC71BM (1:2 w/w) blend films calculated for the hole-only devices by fitting J-V curves in
the SCLC regime.

Grazing incidence wide-angle X-ray scattering (GIWAXS) was used to investigate the effect of
crystallinity and molecular orientation of the neat polymer and blend films on the device performance.
Figure 4 shows the GIWAXS images of the neat polymer and blended films, as well as the corresponding
line-cut profiles in the out-of-plane (OOP) and in-plane (IP) directions. Neat films of PT-ODTTBT and
PTT-ODTTBT exhibited distinct (100) diffraction peaks in both OOP and IP directions. Interestingly,
a well-ordered lamellar stacking reflection peak from (100) to (300) along the OOP direction was observed
in neat PTT-ODTTBT. This demonstrates that introduction of TT on the polymer backbone enhanced
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the molecular crystallinity compared to that of T [30]. The neat PT-ODTTBT film exhibited favorable
(010) diffraction of π–π stacking along the OOP direction, indicating a preferential face-on orientation.
In contrast, the neat PTT-ODTTBT film showed both edge-on and face-on orientations. After blending
PT-ODTTBT with PC71BM, the (010) peak disappeared, indicating a decrease in the crystallinity of
the blend film. In contrast, PTT-ODTTBT maintained its crystallinity in the blend film by showing
strong lamellar stacking diffraction (Figure 4a). It reveals that PTT-ODTTBT can maintain higher
crystallinity in the blended film than PT-ODTTBT, resulting in increased Jsc and charge carrier mobility.
An azimuthal scan corresponding to the lamellar stacking (100) diffraction was conducted to further
understand the correlation between molecular orientation and device efficiency [31]. According to
Figure 5 and Table S3, the blend films of PT-ODTTBT and PTT-ODTTBT displayed similar trends:
the face-on ratio gradually increased upon adding DIO to the polymer:PC71BM blend films (Figure 4b).
The integrated ratios in the face-on region for PTT-ODTTBT:PC71BM were 25.5% without DIO and
37.7% with DIO, whereas lower integrated ratios (12.1% and 20.8%, respectively) were observed in
PT-ODTTBT:PC71BM. Compared to PT-ODTTBT:PC71BM, the relatively higher portion of face-on
orientation in PTT-ODTTBT:PC71BM film supports a higher PCE in the corresponding device, because
this orientation would be more advantageous for charge transfer.
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Furthermore, the enhanced device performance for both types of OPVs after adding DIO can be
attributed to increased face-on molecular orientation. The surface morphologies of both blend films were
investigated by tapping mode atomic force microscopy (AFM) and transmission electron microscopy
(TEM). As shown in Figure 6, the root-mean-square (RMS) of the blend films without DIO was
measured to be 1.79 and 3.87 nm for PT-ODTTBT:PC71BM and PTT-ODTTBT:PC71BM, respectively.
The relatively high RMS value of the latter was attributed to the high crystallinity of the polymer
upon incorporating TT on its backbone, as shown in the GIWAX data. After adding DIO, both blend
films displayed smooth surfaces with much lower RMS values (0.99 and 1.75 nm for PT-ODTTBT and
PTT-ODTTBT, respectively). As shown in the TEM images (Figure 6e–h), the PTT-ODTTBT:PC71BM
film exhibited a bicontinuous interpenetrating network with a well-developed fibrillar nanostructure,
which could be beneficial for charge transport and separation. In comparison, phase separation
between the donor and acceptor was observed in the PT-ODTTBT:PC71BM film, suggesting that
the poor miscibility of this blend film would affect the charge transport and separation, leading to
relatively lower Jsc and FF than those of PTT-ODTTBT:PC71BM.

Polymers 2020, 12, x 9 of 12 

 

 
Figure 5. Azimuthal angle scan profiles for the neat polymer and blended films at the (100) peak for 
(a) PT-TTBT and (b) PTT-TTBT. 

Furthermore, the enhanced device performance for both types of OPVs after adding DIO can 
be attributed to increased face-on molecular orientation. The surface morphologies of both blend 
films were investigated by tapping mode atomic force microscopy (AFM) and transmission electron 
microscopy (TEM). As shown in Figure 6, the root-mean-square (RMS) of the blend films without 
DIO was measured to be 1.79 and 3.87 nm for PT-ODTTBT:PC71BM and PTT-ODTTBT:PC71BM, 
respectively. The relatively high RMS value of the latter was attributed to the high crystallinity of 
the polymer upon incorporating TT on its backbone, as shown in the GIWAX data. After adding 
DIO, both blend films displayed smooth surfaces with much lower RMS values (0.99 and 1.75 nm 
for PT-ODTTBT and PTT-ODTTBT, respectively). As shown in the TEM images (Figure 6e–h), the 
PTT-ODTTBT:PC71BM film exhibited a bicontinuous interpenetrating network with a 
well-developed fibrillar nanostructure, which could be beneficial for charge transport and 
separation. In comparison, phase separation between the donor and acceptor was observed in the 
PT-ODTTBT:PC71BM film, suggesting that the poor miscibility of this blend film would affect the 
charge transport and separation, leading to relatively lower Jsc and FF than those of 
PTT-ODTTBT:PC71BM. 

 
Figure 6. AFM and TEM images (2 μm × 2 μm) of (a,c,e,g) polymer:PC71BM and (b,d,f,h) 
polymer:PC71BM w DIO on BHJ films. 

  

Figure 6. AFM and TEM images (2 µm × 2 µm) of (a,c,e,g) polymer:PC71BM and (b,d,f,h)
polymer:PC71BM w DIO on BHJ films.



Polymers 2020, 12, 2121 10 of 12

4. Conclusions

2-Octyldodecyl-substituted thieno[3,2-b]thiophene was successfully synthesized as a new building
block via cobalt (II)-catalyzed alkylation. Two corresponding conjugated copolymers (PT-ODTTBT
and PTT-ODTTBT) composed of benzothiadiazole and thiophene or thieno[3,2-b]thiophene were
synthesized as electron donor materials for organic photovoltaics. PTT-ODTTBT exhibited a strong
intermolecular π–π stacking even in the solution state and a well-ordered lamellar stacking
than PT-ODTTBT, leading to improved hole mobility. The PTT-ODTTBT:PC71BM-based OPV
device exhibited the highest PCE of 7.05% and higher short-circuit current and fill factor than
the PT-ODTTBT:PC71BM-based device. Such improved OPV device performance is attributed to
the high crystallinity, preferential face-on orientation, and formation of a bicontinuous interpenetrating
network in the PTT-ODTTBT:PC71BM film. Incorporation of thieno[3,2-b]thiophene in the polymer
backbone would be a good approach for enhancing the molecular crystallinity and hole mobility in
organic photovoltaics.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/9/2121/s1,
Scheme S1: Synthetic routes for 3-alkylthieno[3,2-b]thiophene using Ni or Pd as catalyst, Figure S1: GPC data for
PT-ODTTBT, Figure S2: GPC data for PTT-ODTTBT, Figure S3: TGA (up) and DSC (down) curves of synthesized
polymers, Figure S4: Optimized molecular models for (a) PT-ODTTBT and (b) PTT-ODTTBT. Energy levels and
distribution of the corresponding (c,d) LUMO and (e,f) HOMO, Figure S5: Cyclic voltammograms of synthesized
polymers, Figure S6: J–V characteristics and EQE curves of the OPV devices based on PT-ODTTBT:PC71BM
with various blending ratios (up) and DIO volumes (down), Figure S7: J–V characteristics and EQE curves of
the OPV devices based on PTT-ODTTBT:PC71BM with various blending ratios (up) and DIO volumes (down),
Table S1: Performance of the OPV devices based on PT-ODTTBT:PC71BM, Table S2: Performance of the OPV
devices based on PTT-ODTTBT:PC71BM, Table S3: Azimuthal angle scan profiles for the synthesized polymer
films at the (100) peak.

Author Contributions: Conceptualization, synthesis, and analysis, J.-W.H.; fabrication and analysis, J.B.P.;
writing-original draft preparation, J.-W.H. and J.B.P.; writing-review and editing, H.J.P. and D.-H.H. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Korea Institute of Energy Technology Evaluation and Planning
(KETEP) (No. 20173010012960), the R&D Convergence Program of NST (National Research Council of Science &
Technology) of the Republic of Korea (CAP-15-04-KITECH), and the National Research Foundation (NRF) grants
(NRF-2020R1A2C2008757).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yan, C.; Barlow, S.; Wang, Z.; Yan, H.; Jen, A.K.-Y.; Marder, S.R.; Zhan, X. Non-fullerene acceptors for organic
solar cells. Nat. Rev. Mater. 2018, 3, 18003. [CrossRef]

2. Lu, L.; Zheng, T.; Wu, Q.; Schneider, A.M.; Zhao, D.; Yu, L. Recent Advances in Bulk Heterojunction Polymer
Solar Cells. Chem. Rev. 2015, 115, 12666–12731. [CrossRef] [PubMed]

3. Cheng, P.; Yang, Y. Narrowing the Band Gap: The Key to High-Performance Organic Photovoltaics. Accounts
Chem. Res. 2020, 53, 1218–1228. [CrossRef] [PubMed]

4. Cheng, P.; Li, G.; Zhan, X.; Yang, Y. Next-generation organic photovoltaics based on non-fullerene acceptors.
Nat. Photon- 2018, 12, 131–142. [CrossRef]

5. Kippelen, B.; Brédas, J.-L. Organic photovoltaics. Energy Environ. Sci. 2009, 2, 251–261. [CrossRef]
6. Cui, Y.; Yao, H.; Hong, L.; Zhang, T.; Xu, Y.; Xian, K.; Gao, B.; Qin, J.; Zhang, J.; Wei, Z.; et al. Achieving Over

15% Efficiency in Organic Photovoltaic Cells via Copolymer Design. Adv. Mater. 2019, 31. [CrossRef]
7. Meng, L.; Zhang, Y.; Wan, X.; Li, C.; Zhang, X.; Wang, Y.-B.; Ke, X.; Xiao, Z.; Ding, L.; Xia, R.; et al. Organic

and solution-processed tandem solar cells with 17.3% efficiency. Science 2018, 361, 1094–1098. [CrossRef]
8. Jin, Y.; Chen, Z.; Dong, S.; Zheng, N.; Ying, L.; Jiang, X.-F.; Liu, F.; Huang, F.; Cao, Y. A Novel Naphtho[1,2-c:

5,6-c′]Bis([1,2,5]Thiadiazole)-Based Narrow-Bandgap π-Conjugated Polymer with Power Conversion
Efficiency Over 10%. Adv. Mater. 2016, 28, 9811–9818. [CrossRef]

9. Song, X.; Gasparini, N.; Ye, L.; Yao, H.; Hou, J.; Ade, H.; Baran, D. Controlling Blend Morphology for
Ultrahigh Current Density in Nonfullerene Acceptor-Based Organic Solar Cells. ACS Energy Lett. 2018, 3,
669–676. [CrossRef]

http://www.mdpi.com/2073-4360/12/9/2121/s1
http://dx.doi.org/10.1038/natrevmats.2018.3
http://dx.doi.org/10.1021/acs.chemrev.5b00098
http://www.ncbi.nlm.nih.gov/pubmed/26252903
http://dx.doi.org/10.1021/acs.accounts.0c00157
http://www.ncbi.nlm.nih.gov/pubmed/32407622
http://dx.doi.org/10.1038/s41566-018-0104-9
http://dx.doi.org/10.1039/b812502n
http://dx.doi.org/10.1002/adma.201808356
http://dx.doi.org/10.1126/science.aat2612
http://dx.doi.org/10.1002/adma.201603178
http://dx.doi.org/10.1021/acsenergylett.7b01266


Polymers 2020, 12, 2121 11 of 12

10. Zhang, S.; Qin, Y.; Zhu, J.; Hou, J. Over 14% Efficiency in Polymer Solar Cells Enabled by a Chlorinated
Polymer Donor. Adv. Mater. 2018, 30, e1800868. [CrossRef]

11. Li, H.; Wu, Q.; Zhou, R.; Shi, Y.; Yang, C.; Zhang, Y.; Zhang, J.; Zou, W.; Deng, D.; Lu, K.; et al. Liquid-Crystalline
Small Molecules for Nonfullerene Solar Cells with High Fill Factors and Power Conversion Efficiencies. Adv.
Energy Mater. 2018, 9. [CrossRef]

12. Espinosa, N.; Hösel, M.; Angmo, D.; Krebs, F.C. Solar cells with one-day energy payback for the factories of
the future. Energy Environ. Sci. 2012, 5, 5117–5132. [CrossRef]

13. Kapnopoulos, C.; Mekeridis, E.D.; Tzounis, L.; Polyzoidis, C.; Zachariadis, A.; Tsimikli, S.; Gravalidis, C.;
Laskarakis, A.; Vouroutzis, N.; Logothetidi, S. Fully gravure printed organic photovoltaic modules: A
straight forward process with a high potential for large scale production. Sol. Energy Mat. Sol. C. 2016, 144,
724–731. [CrossRef]

14. Krebs, F.C.; Tromholt, T.; Jørgensen, M. Upscaling of polymer solar cell fabrication using full roll-to-roll
processing. Nanoscale 2010, 2, 873–886. [CrossRef] [PubMed]

15. Tzounis, L.; Gravalidis, C.; Papamichail, A.; Logothetidis, S. Enhancement of P3HT:PCBM Photovoltaic
Shells Efficiency Incorporating Core-shell Au@Ag Plasmonic Nanoparticles1. Mater. Today: Proc. 2016, 3,
832–839. [CrossRef]

16. Yu, G.; Gao, J.; Hummelen, J.C.; Wudl, F.; Heeger, A.J. Polymer Photovoltaic Cells: Enhanced Efficiencies via
a Network of Internal Donor-Acceptor Heterojunctions. Science 1995, 270, 1789–1791. [CrossRef]

17. Peet, J.; Heeger, A.J.; Bazan, G.C. “Plastic” Solar Cells: Self-Assembly of Bulk Heterojunction Nanomaterials
by Spontaneous Phase Separation. Acc. Chem. Res. 2009, 42, 1700–1708. [CrossRef]

18. Thompson, B.C.; Fréchet, J.M.J. Polymer-fullerene composite solar cells. Angew. Chem. Int. Ed. 2008, 47,
58–77. [CrossRef]

19. Chen, J.W.; Cao, Y. Development of Novel Conjugated Donor Polymers for High-Efficiency
Bulk-Heterojunction Photovoltaic Devices. Acc. Chem. Res. 2009, 42, 1709–1718. [CrossRef]

20. Liu, Y.; Zhao, J.; Li, Z.; Mu, C.; Ma, W.; Hu, H.; Jiang, K.; Lin, H.; Ade, H.; Yan, H. Aggregation and
morphology control enables multiple cases of high-efficiency polymer solar cells. Nat. Commun. 2014, 5,
5293. [CrossRef]

21. Kim, J.-H.; Song, C.E.; Kim, B.; Kang, I.-N.; Shin, W.S.; Hwang, D.-H. Thieno[3,2-b]thiophene-Substituted
Benzo[1,2-b:4,5-b′]dithiophene as a Promising Building Block for Low Bandgap Semiconducting Polymers
for High-Performance Single and Tandem Organic Photovoltaic Cells. Chem. Mater. 2014, 26, 1234–1242.
[CrossRef]

22. Kim, J.-H.; Park, J.B.; Xu, F.; Kim, D.; Kwak, J.; Grimsdale, A.C.; Hwang, D.-H. Effect of p-conjugated bridges
of TPD-based medium bandgap conjugated copolymers for efficient tandem organic photovoltaic cells.
Energy Environ. Sci. 2014, 7, 4118–4131. [CrossRef]

23. Kim, J.-H.; Park, J.B.; Jung, I.H.; Grimsdale, A.C.; Yoon, S.C.; Yang, H.; Hwang, D.-H. Well-controlled
thieno[3,4-c]pyrrole-4,6-(5H)-dione based conjugated polymers for high performance organic photovoltaic
cells with the power conversion efficiency exceeding 9%. Energy Environ. Sci. 2015, 8, 2352–2356. [CrossRef]

24. Wang, X.; Sun, Y.; Chen, S.; Guo, X.; Zhang, M.; Li, X.; Li, Y.; Wang, H. Effects of π-Conjugated Bridges on
Photovoltaic Properties of Donor-π-Acceptor Conjugated Copolymers. Macromolecules 2012, 45, 1208–1216.
[CrossRef]

25. Kim, M.-J.; Kim, J.-H.; Ahn, J.J.; Hwang, D.-H. Photovoltaic properties of a new quinoxaline-based copolymer
with Thieno[3,2-b]thiophene side chain for organic photovoltaic cell applications. Dye. Pigment. 2016, 133,
324–332. [CrossRef]

26. Cai, D.-J.; Lin, P.-H.; Liu, C.-Y. Cobalt-Catalyzed Reductive Alkylation of Heteroaryl Bromides: One-Pot
Access to Alkylthiophenes, -furans, -selenophenes, and -pyrroles. Eur. J. Org. Chem. 2015, 24, 5448–5452.
[CrossRef]

27. Meager, I.; Nikolka, M.; Schroeder, B.C.; Nielsen, C.B.; Planells, M.; Bronstein, H.; Rumer, J.W.; James, D.I.;
Ashraf, R.S.; Sadhanala, A.; et al. Thieno[3,2-b]thiophene Flanked Isoindigo Polymers for High Performance
Ambipolar OFET Applications. Adv. Funct. Mater. 2014. [CrossRef]

28. Ni, Z.; Dong, H.; Wang, H.; Ding, S.; Zou, Y.; Zhao, Q.; Zhen, Y.; Liu, F.; Jiang, L.; Hu, W. Quinoline-Flanked
Diketopyrrolopyrrole Copolymers Breaking through Electron Mobility over 6 cm2 V−1 s−1 in Flexible Thin
Film Devices. Adv. Mater. 2018, 30, 1704843. [CrossRef]

http://dx.doi.org/10.1002/adma.201800868
http://dx.doi.org/10.1002/aenm.201803175
http://dx.doi.org/10.1039/C1EE02728J
http://dx.doi.org/10.1016/j.solmat.2015.10.021
http://dx.doi.org/10.1039/b9nr00430k
http://www.ncbi.nlm.nih.gov/pubmed/20648282
http://dx.doi.org/10.1016/j.matpr.2016.02.016
http://dx.doi.org/10.1126/science.270.5243.1789
http://dx.doi.org/10.1021/ar900065j
http://dx.doi.org/10.1002/anie.200702506
http://dx.doi.org/10.1021/ar900061z
http://dx.doi.org/10.1038/ncomms6293
http://dx.doi.org/10.1021/cm4035903
http://dx.doi.org/10.1039/C4EE02318H
http://dx.doi.org/10.1039/C5EE01627D
http://dx.doi.org/10.1021/ma202656b
http://dx.doi.org/10.1016/j.dyepig.2016.06.011
http://dx.doi.org/10.1002/ejoc.201500784
http://dx.doi.org/10.1002/adfm.201402307
http://dx.doi.org/10.1002/adma.201704843


Polymers 2020, 12, 2121 12 of 12

29. Kini, G.P.; Oh, S.; Abbas, Z.; Rasool, S.; Jahandar, M.; Song, C.E.; Lee, S.K.; Shin, W.S.; So, W.-W.; Lee, J.-C.
Effects on Photovoltaic Performance of Dialkyloxy-benzothiadiazole Copolymers by Varying the Thienoacene
Donor. ACS Appl. Mater. Interfaces 2017, 9, 12617–12628. [CrossRef]

30. Jo, J.W.; Jung, J.W.; Wang, H.-W.; Kim, P.; Russell, T.; Jo, W.H. Fluorination of Polythiophene Derivatives for
High Performance Organic Photovoltaics. Chem. Mater. 2014, 26, 4214–4220. [CrossRef]

31. Diao, Y.; Tee, B.C.K.; Giri, G.; Xu, J.; Kim, D.H.; Becerril, H.A.; Stoltenberg, R.M.; Lee, T.H.; Xue, G.;
Mannsfeld, S.C.B.; et al. Solution coating of large-area organic semiconductor thin films with aligned
single-crystalline domains. Nat. Mater. 2013, 12, 665–671. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acsami.6b12670
http://dx.doi.org/10.1021/cm502229k
http://dx.doi.org/10.1038/nmat3650
http://www.ncbi.nlm.nih.gov/pubmed/23727951
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Monomer Syntheses 
	Synthesis of 3-(2-octyldodecyl)thieno[3,2-b]thiophene (1) 
	Synthesis of tributyl(6-(2-octyldodecyl)thieno[3,2-b]thiophen-2-yl)stannane (2) 
	Synthesis of 5,6-difluoro-4,7-bis(6-(2-octyldodecyl)thieno[3,2-b]thiophen-2-yl)benzo[c][1,2,5]thiadiazole (3) 
	Synthesis of 4,7-bis(5-bromo-6-(2-octyldodecyl)thieno[3,2-b]thiophen-2-yl)-5,6-difluorobenzo[c][1,2,5]thiadiazole (ODTTBT) 

	Polymerization Procedure 
	PT-ODTTBT 
	PTT-ODTTBT 


	Results and Discussion 
	Synthesis and Characterization of Polymers 
	Optical and Electrochemical Properties 
	Photovoltaic Characteristics 

	Conclusions 
	References

