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Abstract: A series of novel p-type conjugated copolymers, PTTVBDT, PTTVBDT-TPD,
and PTTVBDT-DPP, cooperating benzo[1,2-b:4,5-b0 ]dithiophene (BDT) and terthiophene-vinylene
(TTV) units with/without thieno[3,4-c]pyrrole-4,6-dione (TPD) or pyrrolo[3,4-c]pyrrole-1,4-dione
(DPP) via Stille polymerization were synthesized and characterized. Copolymer PTTVBDT
shows a low-lying HOMO energy level and ordered molecular-packing behavior. Furthermore,
two terpolymers, PTTVBDT-TPD and PTTVBDT-DPP, display stronger absorption ability,
alower-lying HOMO energy level, and preferred molecular orientation, due to the replacement
TTV-monomer units with electron-deficient groups. Furthermore, bulk-heterojunction organic solar
cells were fabricated using blends of the PTTVBDT-TPD, and PC61 BM gave the best power conversion
efficiency of 5.01% under the illumination of AM 1.5G, 100 mW·cm−2 ; the short circuit current (Jsc ) was
11.65 mA·cm−2 which displayed a 43.8% improvement in comparison with the PTTVBDT/PC61 BM
device. These results demonstrate a valid strategy combining the two-dimensional molecular
structure with random copolymerization strikes promising conjugated polymers to achieve highly
efficient organic photovoltaics.
Keywords: two-dimensional conjugated polymer; polymer solar cell; benzo[1,2-b:4,5-b0 ]dithiophene;
thieno[3,4-c]pyrrole-4,6-dione; pyrrolo[3,4-c]pyrrole-1,4-dione; conjugated side chain.

1. Introduction
Development of novel semiconducting conjugated polymers and investigation
ofstructure–property relationships always play a critical role in the organic electronic devices.
Through rational molecular design, they will be tuned specifically to achieve desired optical and
electronic properties for application in electronics and optoelectronics, such as field effect transistors
(FETs) [1,2], photo-detectors [3], light-emitting diodes (LEDs) [4], and photovoltaics (PVs) [5,6].
Over the past several decades, many well-designed conjugated polymers have been used as
photoactive materials in organic photovoltaic (OPV) devices owing to their excellent optoelectronic
properties [7,8]. As a promising conjugated polymer in the OPV field, it should possess broad
absorption in the solar spectrum, high charge carrier mobility for charge transport, suitable energy
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Figure 2. Chemical Structures of PTTVBDT, PTTVBDT-TPD, and PTTVBDT-DPP (R1 = 2-ethylhexyl;
Figure 2. Chemical Structures of PTTVBDT, PTTVBDT-TPD, and PTTVBDT-DPP (R1 = 2-ethylhexyl;
R2 = n-octyl).
R2 = n-octyl).

2.
Experimental Section
Section
2. Experimental
2.1. Materials
2.1. Materials
All reagents were purchased from Acros (purchased from Dinhaw Enterprise Co., New Taipei
All reagents were purchased from Acros (purchased from Dinhaw Enterprise Co., New Taipei
city, Taiwan), Aldrich (purchased from UNI-ONWARD Co., New Taipei city, Taiwan), or Alfa Aesar
city, Taiwan), Aldrich (purchased from UNI-ONWARD Co., New Taipei city, Taiwan), or Alfa Aesar
(purchased from ECHO Chemical Co., Taipei city, Taiwan) and used without further purification
(purchased from ECHO Chemical Co., Taipei city, Taiwan) and used without further purification
unless otherwise noted. 2,6-Bis(trimethyltin)-4,8-bis(2-ethylhexyloxy)benzo[1,2-b:4,5-b0 ]dithiophene
unless otherwise noted. 2,6-Bis(trimethyltin)-4,8-bis(2-ethylhexyloxy)benzo[1,2-b:4,5-b′]dithiophene
(M2) [31] and 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)(M2) [31] and 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)dione (M3) [32] were prepared via literature procedures. Poly(3,4-ethylenedioxythiophene):polydione (M3) [32] were prepared via literature procedures. Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, Bytron P AI4083) was purchased from HC Starck (Berlin, Germany).
(styrenesulfonate) (PEDOT:PSS, Bytron P AI4083) was purchased from HC Starck (Berlin, Germany).
2.2. Instrument and Characterization
2.2. Instrument and Characterization
1 H NMR and 13 C NMR spectra were recorded in chloroform-d (CDCl ) solution at 400 MHz on
3
1H NMR and 13C NMR spectra were recorded in chloroform-d (CDCl3) solution at 400 MHz on
Bruker DRX-400 spectrometer (Bruker Taiwan Co., Taipei, Taiwan). All NMR spectra were calibrated
Bruker DRX-400 spectrometer (Bruker Taiwan Co., Taipei, Taiwan). All NMR spectra were calibrated
by CDCl3 where 1 H NMR chemical shifts of CDCl3 is 7.23 ppm; in addition, 13 CNMR of CDCl3
by CDCl3 where 1H NMR chemical shifts of CDCl3 is 7.23 ppm; in addition, 13CNMR of CDCl3 is 77.0
is 77.0 ppm. Microwave assisted Stille cross-coupling reactions were performed in Anton Paar
ppm. Microwave assisted Stille cross-coupling reactions were performed in Anton Paar Monowave
Monowave 300 microwave reactor (Graz, Austria). Ultraviolet–visible (UV–vis) absorption spectra in
300 microwave reactor (Graz, Austria). Ultraviolet–visible (UV–vis) absorption spectra in solution or
solution or solid thin film were recorded on a JASCO MD-2010 spectrometer (JASCO, Tokyo, Japan).
solid thin film were recorded on a JASCO MD-2010 spectrometer (JASCO, Tokyo, Japan). Gel
Gel permeation chromatography (GPC) was conducted at 40 ◦ C using two Jordi DVB mixed-bed
permeation chromatography (GPC) was conducted at 40 °C using two Jordi DVB mixed-bed columns
columns (250 mm (length) × 10 mm (inner diameter, ID); suitable for separating polymers with
(250 mm (length) × 10 mm (inner diameter, ID); suitable for separating polymers with molecular
molecular weights from 1 × 102 to 1 × 107 g·mol−1 ) using THF as the eluent at a flow rate of
weights from 1 × 102 to 1 × 107 g·mol−1) using THF as the eluent at a flow rate of 1.0 mL/min on a
1.0 mL/min on a JASCO instrument (JASCO, Tokyo, Japan) that was equipped with UV–vis and
JASCO instrument (JASCO, Tokyo, Japan) that was equipped with UV–vis and refractive index (RI)
refractive index (RI) detectors connected in series. The work functions of materials were measured
detectors connected in series. The work functions of materials were measured using an AC2
using an AC2 photoelectron spectrometer (Riken Keiki Co., Tokyo, Japan). Atomic force microscopy
photoelectron spectrometer (Riken Keiki Co., Tokyo, Japan). Atomic force microscopy (AFM) images
(AFM) images were captured using taping model in Digital Instruments Nanoscope III (Eugene, OR,
were captured using taping model in Digital Instruments Nanoscope III (Eugene, OR, USA). The
USA). The AFM samples were prepared by spin-coating the blend solution on a ITO/PEDOT:PSS
AFM samples were prepared by spin-coating the blend solution on a ITO/PEDOT:PSS substrate. The
two-dimensional grazing incident X-ray diffraction (2D-GIXRD) samples were prepared by dropcasting from CB solution (10 g/L) on 10 mm × 10 mm Si wafers substrate and then thermal annealing
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substrate. The two-dimensional grazing incident X-ray diffraction (2D-GIXRD) samples were prepared
by drop-casting from CB solution (10 g/L) on 10 mm × 10 mm Si wafers substrate and then thermal
annealing at 120 ◦ C, 20 min. 2D-GIXRD measurements were carried out on the wiggler beamline
BL17A1 of the National Synchrotron Radiation Research Center (NSRRC, Hsinchu, Taiwan), with a
wavelength of 1.333 Å delivered from a superconducting wavelength-shifting magnet and a Si (111)
triangular crystal monochromator (TCM) [26,33]. The data were recorded by a Mar3450 image
plate with exposure duration 60 s. The two-dimensional diffraction pattern was converted to a
one-dimensional powder diffraction profile by fit-2D program. Furthermore, the diffraction patterns
are fitted into the one-dimensional powder diffraction spectra using Gauss function of OriginPro 8
(Northampton, MA, USA) to locate the peak positions and calculate the full-width at half-maximum.
2.3. Device Fabrication and Characterization
The polymer solar cells (PSCs) were fabricated with the structure of ITO/PEDOT:PSS/
polymer:PC61 BM/Ca/Al from our previous work [20,26]. The ITO glasses were cleaned by a
sequential ultrasonic treatment in detergent, deionized water, acetone, and isopropanol for 20 min.
Then PEDOT:PSS was filtered through a 0.2-µm filter and spin-coated at 3500 rpm for 30 s on top of ITO
electrode. Subsequently, the PEDOT:PSS film was baked at 140 ◦ C for 10 min in the air, and then moved
into a glovebox. The blend solution of PC61 BM and synthesized polymers in a solvent was filtered
with/without a 0.45-µm filter and spin-coated at 800 rpm for 30 s on top of the PEDOT:PSS layer.
These devices were thermally annealed at various temperatures for 10 min, followed by capping with
Ca (~20 nm) and then Al (~60 nm) in a thermal evaporator at a base pressure of ca. 10±6 Pa. The active
area of the devices is 0.06 cm2 . The current density–voltage (J–V) measurements of the devices were
conducted on a computer-controlled Keithley 2400 Source Measure Unit under AM 1.5G simulated
solar irradiation at 100 mW·cm−2 . The light incident intensity was calibrated by a mono-Si reference
cell with a KG5 filter (PV Measurements, Inc., Boulder, CO, USA), which was pre-calibrated by the
National Renewable Energy Laboratory. The space charge limited currents (SCLC) measurements were
carried out using a Keithley 2400 source meter (Keithley, Cleveland, OH, USA) under dark condition.
The hole mobilities of were evaluated in a hole-only device configuration, ITO/PEDOT:PSS/(pristine
polymer thin films or blend with PC61 BM) (~200 nm)/Au (~80 nm); the electron mobilities of were
evaluated in a device configuration, ITO/SAM-NH2 (self-assembled monolayer, 4-aminobenzoic
acid)/(pristine polymer thin films or blend with PC61 BM)/Ca (~20 nm)/Al (~60 nm). The IPCE
spectra were recorded under illumination by a xenon lamp and a monochromator (TRIAX 180, JOBIN
YVON, Edison, NJ, USA), and the light intensity was calibrated by using an OPHIR 2A-SH thermopile
detector (OPHIR Photonics, North Logan, UT, USA).
2.4. Synthesis of Monomers and Polymers
2.4.1. (E)-30 -(2-(5,5”-dibromo-[2,20 :50 ,2”-terthiophen]-30 -yl)vinyl)-4,4”-bis(2-ethylhexyl)-2,20 :50 ,
2”-terthiophene (M1)
(E)-30 -(2-(5,5”-dibromo-[2,20 :50 ,2”-terthiophen]-30 -yl)vinyl)-4,4”-bis(2-ethylhexyl)-2,20 :50 ,2”terthiophene (M1). Compound 1 (1.9 g, 3.2 mmol) was taken in a 100 mL Schlenk flask and degassed
via vacuum-nitrogen cycle by three times. 20 mL of anhydrous THF was added and stirred in an ice
bath for several minutes and then added with sodium tert-butoxide (0.33 g, 3.4 mmol). After stirring
for 30 min, Compound 2 (1.37 g, 2.7 mmol) which was dissolved in anhydrous THF (10 mL) was
added. The reaction mixture was warmed to room temperature and stirred overnight. The solution
was poured into ammonium chloride aqueous solution and extracted twice with 40 mL ethyl acetate.
The organic phase was combined and dried with MgSO4 . After removal of the solvent, the residue
was purified by flash column chromatography (eluent: Hexane, Rf = 0.4), yielding a yellow liquid
M1 (1.3 g, 1.5 mmol, 56%) 1 H NMR (500 MHz, CDCl3 ) δ 7.24 (s, 1H), 7.23 (d, J = 15.8 Hz, 1H), 7.20
(s, 1H), 7.07 (d, J = 15.8 Hz, 1H), 7.05 (d, J = 3.8 Hz, 1H), 7.01 (s, 1H), 6.98 (s, 1H), 6.95 (s, 1H), 6.94 (d,
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J = 3.8 Hz, 1H), 6.90 (d, J = 3.8 Hz, 1H), 6.88 (d, J = 3.8 Hz, 1H), 6.79 (s, 1H), 2.61–2.51 (m, 4H), 1.62–1.56
(m, 2H), 1.40–1.26 (m, 16H), 0.92–0.87 (m, 12H); 13 C NMR (125 MHz, CDCl3 ) δ 142.92, 142.81, 137.88,
137.04, 136.46, 136.27, 136.98, 135.63, 135.32, 134.54, 132.47, 130.69, 130.67, 130.38, 128.73, 127.18, 125.99,
124.42, 124.32, 122.46, 122.22, 122.14, 121.64, 120.44, 113.26, 111.70, 40.34, 40.22, 34.55, 34.52, 32.55, 32.46,
28.90, 28.86, 25.65, 25.60, 23.04, 14.14, 10.87, 10.83.
2.4.2. 5-Octyl-1,3-di(thiophen-2-yl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (4)
5-Octyl-1,3-di(thiophen-2-yl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (4). Compound 3 (1.0 g,
3 mmol), tributyl(thiophen-2-yl)stannane (2.8 g, 7.5 mmol), and Pd(PPh3 )4 (35 mg, 0.03 mmol) were
weighted into microwave tubes (G30) and then 12 mL anhydrous toluene were added. The tubes
were directly subjected into the microwave reactor and processed the reaction conditions: (1) raise
temperature from r.t. to 30 ◦ C in 3 min; (2) raise temperature from 30 to 200 ◦ C as fast as possible;
(3) hold the temperature 90 min; cool down to 55 ◦ C. The crude product was filtered with Celite
to remove the metal catalyst. After removal of the solvent, the residue was purified by column
chromatography (Hexane/chloroform = 4/1), yielding a yellow solid 4 (1.138 g, 2.61 mmol, 86%).
1 H NMR (400 MHz, CDCl ) δ 7.98 (d, 2H, J = 3.6 Hz), 7.41 (d, 2H, J = 5.0 Hz), 7.10 (dd, 2H, J = 3.6,
3
5.0 Hz), 3.63 (t, 2H, J = 7.2 Hz), 1.65 (m, 2H), 1.23 (m, 10H), 0.84 (t, 3H, J = 6.6 Hz); 13 C NMR (100 MHz,
CDCl3 ) δ 162.51, 136.39, 132.41, 129.81, 128.56, 128.36, 38.54, 31.76, 29.67, 29.16, 28.46, 26.93, 22.59, 14.04.
2.4.3. 1,3-Bis(5-bromothiophen-2-yl)-5-octyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (M3)
1,3-Bis(5-bromothiophen-2-yl)-5-octyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (M3). A mixture of 5
(0.432 g, 1.01 mmol) and N-bromosuccinimide (0.394 g, 2.2 mmol) in 50 mL chloroform and 50 mL acetic
acid stirred overnight at room temperature. Then, the solution was poured into water and extracted
twice with 50 mL chloroform. The organic phase was combined and dried with MgSO4 . After removal
of the solvent, the residue was purified by flash column chromatography (eluent: hexane/CH2 Cl2 = 6/1),
yielding yellow solid M3 (0.50 g, 0.85 mmol, 85%). 1 H NMR (400 MHz, CDCl3 ) δ 7.63 (d, 2H, J = 4.0 Hz),
7.05 (d, 2H, J = 4.0 Hz), 3.61 (t, 2H, J = 7.2 Hz), 1.64 (m, 2H, J = 7.2 Hz), 1.22 (m, 10H) , 0.84 (t, 3H,
J = 7.2 Hz); 13 C NMR (100 MHz, CDCl3 ) δ 162.12, 134.90, 133.66, 131.05, 129.66, 128.48, 116.69, 38.61,
31.74, 29.66, 29.12, 28.40, 26.92, 22.559, 14.05.
2.4.4. Standard Procedure of Polymerization and Purification
Monomers were first weighted into a 50 mL two neck round-bottom flask and then subjected
to three successive cycles of vacuum followed by refilling with nitrogen. Then, Pd2 dba3
(3 mol %)/P(o-tol)3 (6 mol %) were dissolved in anhydrous chlorobenzene and added into the
reaction mixture via a syringe. The polymerization was carried out at 110 ◦ C for 72 h. The raw
product was dissolved by chloroform, then precipitated into methanol and collected through a Soxhlet
thimble by filtration, which was then subjected to Soxhlet extraction with methanol, acetone, hexanes,
methylene chloride and chloroform. The final polymer was recovered from chloroform fraction by
rotary evaporation and dried in vacuum for 12 h at 60 ◦ C.
2.4.5. Synthesis of Polymers
PTTVBDT is synthesized according to the standard procedure with M1 (183 mg, 0.237 mmol) and
M2 (214 mg, 0.237 mmol), yielding PTTVBDT (273 mg, 82%).
PTTVBDT-TPD is synthesized according to the standard procedure with M1 (167.4 mg,
0.174 mmol), M2 (168.4 mg, 0.218 mmol) and M3 (25.8 g, 0.044 mmol), yielding PTTVBDT-TPD
(154.8 mg, 63.0%). Elemental analysis: found: S, 21.268%; H, 7.326%; C, 68.365%; N, 0.179%.
PTTVBDT-DPP is synthesized according to the standard procedure with M1 (178.9 mg,
0.198 mmol), M2 (191.5 mg, 0.248 mmol) and M4 (33.8 g, 0.049 mmol), yielding PTTVBDT-DPP
(159.0 mg, 56%). Elemental analysis: found: S, 20.819%; H, 7.449%; C, 68.714%; N, 0.297%.
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The synthetic
routes of the monomers and copolymers are shown in Scheme 1. The monomers
3. Results
and Discussion
M2 and M4 were synthesized by reported methods [31,32,34]; M1 was synthesized via the HornerThe synthetic routes of the monomers and copolymers are shown in Scheme 1. The monomers
Wadsworth-Emmons reaction of diisopropyl ((5,5″-dibromo-[2,2′:5′,2″-terthiophen]-3′-yl)methyl)
M2 and M4 were synthesized by reported methods [31,32,34]; M1 was synthesized via the Hornerphosphonate 1 with 4,4″-bis(2-ethylhexyl)-[2,2′:5′,2″-terthiophene]-3′-carbaldehyde 2. The monomer
Wadsworth-Emmons reaction of diisopropyl ((5,5”-dibromo-[2,20 :50 ,2”-terthiophen]-30 -yl)methyl)
M3 was synthesized from the bromination of 5-octyl-1,3-di(thiophen-2-yl)-4H-thieno[3,4-c]pyrrolephosphonate 1 with 4,4”-bis(2-ethylhexyl)-[2,20 :50 ,2”-terthiophene]-30 -carbaldehyde 2. The monomer
4,6(5H)-dione 4, which is the microwave-assisted Stille cross-coupling reaction product of 1,3M3 was synthesized from the bromination of 5-octyl-1,3-di(thiophen-2-yl)-4H-thieno[3,4-c]pyrroledichloro-5-octyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione 3 and tributyl(thiophen-2-yl)stannane.
4,6(5H)-dione 4, which is the microwave-assisted Stille cross-coupling reaction product of
These three copolymers PTTVBDT, PTTVBDT-TPD, and PTTVBDT-DPP were performed by
1,3-dichloro-5-octyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione 3 and tributyl(thiophen-2-yl)stannane.
Stille coupling polymerization in chlorobenzene (CB) at 110 °C using Pd2dba3 and P(o-tol)3 as the
These three copolymers PTTVBDT, PTTVBDT-TPD, and PTTVBDT-DPP were performed by Stille
catalyst and ligand, respectively. In the preparation of ◦PTTVBDT-TPD and PTTVBDT-DPP, the feed
coupling polymerization in chlorobenzene (CB) at 110 C using Pd2 dba3 and P(o-tol)3 as the catalyst
molar ratio of M1 to the corresponding donor and the acceptor monomer (TPD or DPP units) in the
and ligand, respectively. In the preparation of PTTVBDT-TPD and PTTVBDT-DPP, the feed molar
reaction is 4:5:1. In other words, 2,6-bis(trimethyltin)-4,8-bis(2-ethylhexyloxy)benzo[1,2-b:4,5ratio of M1 to the corresponding donor and the acceptor monomer (TPD or DPP units) in the reaction
b′]dithiophene (M2) was copolymerized with 80 mol % of the dibromo donors (M1) and 20 mol % of
is 4:5:1. In other words, 2,6-bis(trimethyltin)-4,8-bis(2-ethylhexyloxy)benzo[1,2-b:4,5-b0 ]dithiophene
the dibromo acceptor, M3 and M4, to generate the corresponding copolymer PTTVBDT-TPD and
(M2) was copolymerized with 80 mol % of the dibromo donors (M1) and 20 mol % of the dibromo
PTTVBDT-DPP, respectively. The raw products were precipitated into methanol and collected
acceptor, M3 and M4, to generate the corresponding copolymer PTTVBDT-TPD and PTTVBDT-DPP,
through a Soxhlet thimble by filtration, which was then subjected to repeated Soxhlet extraction with
respectively. The raw products were precipitated into methanol and collected through a Soxhlet
methanol, acetone, hexane, and methylene chloride to remove the small molecules and oligomers,
thimble by filtration, which was then subjected to repeated Soxhlet extraction with methanol, acetone,
and finally with chloroform to collect the target compounds. Due to the presence of 2-ethylhexyl or
hexane, and methylene chloride to remove the small molecules and oligomers, and finally with
n-octyl groups in the monomer units, all the copolymers are soluble in common organic solvents such
chloroform to collect the target compounds. Due to the presence of 2-ethylhexyl or n-octyl groups in
as chloroform, THF, and chlorobenzene. More detailed synthetic procedures and characterization
the monomer units, all the copolymers are soluble in common organic solvents such as chloroform, THF,
data of monomers and polymers are described in the Experimental Section and Supplementary
and chlorobenzene. More detailed synthetic procedures and characterization data of monomers and
Materials (Figure S1–S18) [35–37].
polymers are described in the Experimental Section and Supplementary Materials (Figures S1–S18) [35–37].
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the copolymers were verified by elemental analyses: the composition (m/n) for PTTVBDT-TPD and
PTTVBDT-DPP was 5.9 and 7.0, respectively.
Table 1. Polymerization results and thermal properties of copolymers.
Polymer
PTTVBDT
PTTVBDT-TPD
PTTVBDT-DPP

Mw

a

(kDa)

124.6
309.4
300.6

M n a (kDa)

PDI a

m/n b

T d c (◦ C)

47.1
110.3
120.8

2.64
2.81
2.49

5.9
7.0

357
358
368

a M , M , and PDI of the polymers were estimated by GPC using polystyrene as standards in THF; b m/n ratio
w
n
was calculated by elemental analyses; c 5% weight-loss temperature measured by TGA under N2 atmosphere.

As shown in Figure S19a, thermogravimetric analysis (TGA) curves of polymers, which were
recorded under N2 atmosphere at a heating rate of 10 ◦ C/min, show that all polymers had good thermal
stability with degradation temperatures (Td ) at 5% weight loss well beyond 350 ◦ C (the measured data
shown in Table 1). However, differential scanning calorimetry (DSC) analysis, shown in Figure S19b,
of all the polymers reveals there are no apparent thermal transitions, such as Tg and Tm , before
240 ◦ C that may be due to the rigid structure of the polymer which is quite common in low-bandgap
conjugated polymers [38].
The optical properties of the polymers were examined by ultraviolet–visible (UV–vis) absorption
spectroscopy. The UV–vis spectra of the polymers in dilute chlorobenzene solution and in spin-coated
thin films on glass substrates are shown in Figure 3 and the corresponding absorption data of
the polymers are summarized in Table 2. In the solution, the copolymer PTTVBDT exhibits two
characteristic bands in the absorption spectra: the lower energy band with absorption peaked at ca.
526 nm corresponded to the π–π* transition of the conjugated backbone, while the shorter wavelength
absorption band peaked at ca. 362 nm originated from the terthiophene units. Compared to the
absorption spectra in the solution, the spectra of PTTVBDT in thin film which the wavelength of
maximum absorption (λmax ) and absorption edge (λedge ) were 536 and 635 nm, respectively, displaying
broadened and red-shifted absorption attributed to the intermolecular interaction and aggregation
in the solid state. Furthermore, by replacing TTV unit with electron acceptor TPD or DPP unit,
a slightly broad and red-shift spectra of PTTVBDT-TPD with absorption edge measured at 647 nm
was observed due to addition of the intramolecular charge transfer (ICT) interaction between the
TPD and BDT. However, the absorption bands of the TPD containing polymers PTTVBDT-TPD are
slightly broadened compared to PTTVBDT but are much narrower than for DPP-containing polymers
PTTVBDT-DPP because TPD is a weaker acceptor than DPP [39,40]. In addition, Mario Leclerc et al.
have reported a series of PBDTBTTPD derivatives which display absorption bands from around 300 to
650 nm with λmax at ca. 516–553 nm, implying that the presence of electron-rich spacer in TPD-based
conjugated polymers leads to a weaker intramolecular charge transfer [41]. Therefore, PTTVBDT-TPD
displays slighter redshift and broadening of the absorption bands than PTTVBDT. On the other hand,
PTTVBDT-DPP possesses the broadest absorption spectra and displays a significant absorption band
around 600–800 nm which is derived from ICT interaction between the DPP and BDT, implying that
DPP-BDT have stronger ICT interaction than TPD-BDT. As similar to PTTVBDT, the absorption spectra
of PTTVBDT-TPD and PTTVBDT-DPP also displayed broadened and red-shifted absorption in the
solid state than solution state.
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In addition, the absorption edges of PTTVBDT, PTTVBDT-TPD and PTTVBDT-DPP thin films
PTTVBDT
526
536
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were located at 635, 647 and 791 nm, corresponding to optical band gaps (Eg, opt. ) of 1.95, 1.91 and
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The orientation of conjugated polymers has a direct effect on their charge transport, leading
samples; e Calculated according to the equation: LUMO = HOMO + Eg, opt. (eV).
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Figure 4. 2D-GIXRD images of thin films of (a) PTTVBDT; (b) PTTVBDT-TPD; (c) PTTVBDT-DPP
Figure 4. 2D-GIXRD images of thin films of (a) PTTVBDT; (b) PTTVBDT-TPD;
(c) PTTVBDT-DPP
which were prepared by drop-casting and then thermal annealing at 120 ◦ C, 20 min.
which were prepared by drop-casting and then thermal annealing at 120 °C, 20 min.
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Figure 5. (a) Work function of polymer thin films determined by photoelectron emission; (b) Energy
Figure
5. (a)
Work function
of polymer thin
films determined by photoelectron emission; (b) Energy
diagram
of PTTVBDT,
PTTVBDT-TPD,
and PTTVBDT-DPP.
diagram of PTTVBDT, PTTVBDT-TPD, and PTTVBDT-DPP.

By comparing with the HOMO of PTTVBDT, the HOMO energies of PTTVBDT-TPD and
By comparing with the HOMO of PTTVBDT, the HOMO energies of PTTVBDT-TPD and
PTTVBDT-DPP are 0.11 and 0.06 eV, respectively, deeper due to the TTV unit being replaced to
PTTVBDT-DPP are 0.11 and 0.06 eV, respectively, deeper due to the TTV unit being replaced to the
the stronger acceptor unit which reduces electron-donating ability. On the other hand, the LUMO
stronger acceptor unit which reduces electron-donating ability. On the other hand, the LUMO level
level is primarily affected by the electron-deficient units in general donor-acceptor polymers. Hence,
is primarily affected by the electron-deficient units in general donor-acceptor polymers. Hence, the
the order of the LUMO levels is PTTVBDT-DPP (−3.40 eV) < PTTVBDT-TPD (−3.29 eV) < PTTVBDT
order of the LUMO levels is PTTVBDT-DPP (−3.40 eV) < PTTVBDT-TPD (−3.29 eV) < PTTVBDT (−3.00
(−3.00 eV), which not only is consistent with the acceptor strength of the introduced units but also
eV), which not only is consistent with the acceptor strength of the introduced units but also agrees
agrees with the results of UV–vis absorption spectra. Moreover, the differences (>0.5 eV) between the
with the results of UV–vis absorption spectra. Moreover, the differences (>0.5 eV) between the LUMO
LUMO energies of the polymers and PC61 BM (ca. 4.20 eV) should allow for efficient charge carrier
energies of the polymers and PC61BM (ca. 4.20 eV) should allow for efficient charge carrier generation
generation to occur in the devices by overcoming Coulombic binding energy of the exciton, since it is
to occur in the devices by overcoming Coulombic binding energy of the exciton, since it is normally
normally accepted that the LUMO energies of the donor should be at least 0.3 eV higher than that of
accepted that the LUMO energies of the donor should be at least 0.3 eV higher than that of the
the acceptor in BHJ solar cells [9,43,44].
acceptor in BHJ solar cells [9,43,44].
To compare the photovoltaic properties of copolymers, the bulk heterojunction PSCs were
To compare the photovoltaic properties of copolymers, the bulk heterojunction PSCs were
fabricated with an conventional device configuration of ITO/PEDOT:PSS/polymer:PC61 BM/Ca/Al.
fabricated with an conventional device configuration of ITO/PEDOT:PSS/polymer:PC61BM/Ca/Al.
The current density–voltage (J–V) curves of the PSC devices under AM 1.5G illumination with an
The current density–voltage
(J–V) curves of the PSC devices under AM 1.5G illumination with an
intensity of 100 mW·cm−2 are plotted in Figure 6a and the relevant average photovoltaic characteristics,
intensity of 100 mW·cm−2 are plotted in Figure 6a and the relevant average photovoltaic
including open-circuit voltage (V oc ), short-circuit current (Jsc ), fill factor (FF), power conversion
characteristics, including open-circuit voltage (Voc), short-circuit current (Jsc), fill factor (FF), power
efficiency (PCE), series resistance (Rs ), and shunt resistance (Rsh ), are listed in Table 3. The optimum
conversion efficiency (PCE), series resistance (Rs), and shunt resistance
(Rsh), are listed in Table 3. The
PCEs (%) for each PSCs are 3.10% (PTTVBDT/PC61 BM 5:4 w/w), 5.01% (PTTVBDT-TPD/PC61 BM
optimum PCEs (%) for each PSCs are 3.10% (PTTVBDT/PC61BM 5:4 w/w), 5.01% (PTTVBDT1:1 w/w), and 4.39% (PTTVBDT-DPP/PC61 BM 5:4 w/w).
TPD/PC61BM 1:1 w/w), and 4.39% (PTTVBDT-DPP/PC61BM 5:4 w/w).
Since the V oc value of PSCs is primarily proportional to the difference between the HOMO energy
Since the Voc value of PSCs is primarily proportional to the difference between the HOMO energy
level of the donor polymer and the LUMO energy level of the fullerene acceptor, these devices prepared
level of the donor polymer and the LUMO energy level of the fullerene acceptor, these devices
from the blends of PTTVBDT, PTTVBDT-TPD, and PTTVBDT-DPP with PC61 BM exhibited average V oc
prepared from the blends of PTTVBDT, PTTVBDT-TPD, and PTTVBDT-DPP
with PC61BM exhibited
of 703, 740, and 723 mV, respectively, are in good agreement with the order of the HOMO energy levels
average Voc of 703, 740, and 723 mV, respectively, are in good agreement with the order of the HOMO
of these polymers. Additionally, the Jsc of the devices based on blends of PTTVBDT, PTTVBDT-TPD,
energy levels of these polymers. Additionally, the Jsc of the devices−based
on blends of PTTVBDT,
and PTTVBDT-DPP with PC61 BM were 8.10, 11.65, and 9.96 mA·cm 2 , respectively.−2
PTTVBDT-TPD, and PTTVBDT-DPP with PC61BM were 8.10, 11.65, and 9.96 mA·cm , respectively.
In order to investigate the improved Jsc , the monochromatic incident photon-to-electron
In order to investigate the improved Jsc, the monochromatic incident photon-to-electron
conversion efficiency (IPCE) spectra of the optimized polymer/PC61 BM devices were measured
conversion efficiency (IPCE) spectra of the optimized polymer/PC
61BM devices were measured under
under AM 1.5G illumination with an intensity of 100 mW
·cm−2 and shown in Figure 6b. It is worth
−2
AM 1.5G illumination with an intensity of 100 mW·cm and shown in Figure 6b. It is worth noting
noting that due to the high efficiency of the photon-to-electron conversion for PTTVBDT-TPD/PC61 BM
that due to the high efficiency of the photon-to-electron conversion for PTTVBDT-TPD/PC61BM (>60%
(>60% over the range 340–600 nm and peaking at ca. 85% at 370 nm), they not only possess the highest
over the range 340–600 nm and peaking at ca. 85% at 370 nm), they not only possess the highest Jsc in
Jsc in all the solar cell devices but are potential materials for photo-detector devices. In addition,
all the solar cell devices but are potential materials for photo-detector devices. In addition, the IPCE
the IPCE plot of PTTVBDT-DPP/PC61 BM displays the broadest IPCE region extended to 800 nm,
plot of PTTVBDT-DPP/PC61BM displays
the broadest IPCE region extended to 800 nm, indicating
indicating that the incorporation of the strongest electron-withdrawing DPP units into the polymer
that the incorporation of the strongest electron-withdrawing DPP units into the polymer backbone
backbone effectively improves the Jsc value in solar cell devices by enhancing absorption ability in
effectively improves the Jsc value in solar cell devices by enhancing absorption ability in comparison
comparison with PTTVBDT/PC61 BM.
with PTTVBDT/PC61BM.
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Table 3.3. Photovoltaic
Photovoltaic properties
polymer solar
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and
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optimized
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under
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61
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VV
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Avg.
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2)2
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·cm2 )2)
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± 0.06
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11.65
± 0.08 52.24
57.63
± 0.03 2.984.97 3.10 5.01

0.891.05

29.17
9.78

9.96 ± 0.21

59.5 ± 0.4

2.98

Best

4.29

4.39

0.84

8.56

PTTVBDT-TPD/PC61BM
740 ± 0
11.65 ± 0.08
57.63 ± 0.03
4.97
5.01
1.05
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a Blend ratio 5:4, in CB solvent, annealed at 90 ◦ C for 10 min; b blend ratio 1:1, in CB solvent, annealed at 100 ◦ C
c
61BM
4
9.96 ± 0.21
± 0.4◦ C for 4.29
0.84
8.56
PTTVBDT-DPP/PC
for 10 min; c blend
ratio 5:4,723
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at 100
10 min. 4.39
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at 100
°C for 10 min;devices,
For
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method
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structures
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a crucial
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for achieving
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film/Au
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S1,
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and
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blend
films
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electron mobility was applied to verify the hole and electron mobility of the blend films. As listed in
−4 and 4.23 × 10−4 /5.69 × 10−4 cm2 ·V−1 ·s−1 , respectively,
determined
to be
5.70 × 10−4mobilities
/8.37 × 10of
Table S1, the
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force microscopy
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of by
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preparing
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layers.
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images
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blend films
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interfacial
resistance.
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4. Conclusions

4. Conclusions
In summary, we have successfully synthesized and characterized a novel p-type conjugated
copolymer,
PTTVBDT;
cooperating
BDT and
TTV unitsand
via characterized
Stille polymerization.
shows a
In summary,
we have
successfully
synthesized
a novel PTTVBDT
p-type conjugated
low-lying
HOMO
energy
level
and
ordered
molecular-packing
behavior.
Furthermore,
by
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low-lyingelectron-withdrawing
HOMO energy level
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ordered
molecular-packing
Furthermore,
by
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and
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introducing different electron-withdrawing groups, two terpolymers, PTTVBDT-TPD and
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and
molecular
energy levels
of energy
the polymers
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absorption
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lower-lying
HOMO
level, and
preferred
molecular orientation, indicating the absorption ability, bandgaps, and molecular energy levels of the
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tuned by replacing TTV-monomer units with different acceptors. The polymer solar cells based on
the blends of PTTVBDT, PTTVBDT-TPD, and PTTVBDT-DPP with PC61 BM exhibited the best power
conversion efficiencies of 3.10%, 5.01%, and 4.39%, respectively. This work demonstrates an effective
strategy combining a two-dimensional molecular structure with random copolymerization strikes
producing conjugated polymers to achieve highly efficient organic photovoltaic devices.
Supplementary Materials: The following are available online at www.mdpi.com/2073-4360/8/11/382/s1.
Figure S1: 1 H-NMR spectrum of Compound S2; Figure S2: 13 C-NMR spectrum of Compound S2; Figure S3:
1 H-NMR spectrum of Compound S3; Figure S4: 13 C-NMR spectrum of Compound S3; Figure S5: 1 H-NMR
spectrum of Compound S4; Figure S6: 13 C-NMR spectrum of Compound S4; Figure S7: 1 H-NMR spectrum of
Compound 1; Figure S8: 13 C-NMR spectrum of Compound 1; Figure S9: 13 C-NMR spectrum of Compound S6;
Figure S10: 13 C-NMR spectrum of Compound S7; Figure S11: 1 H-NMR spectrum of Compound 3; Figure S12:
13 C-NMR spectrum of Compound 3; Figure S13: 1 H-NMR spectrum of Compound 4; Figure S14: 13 C-NMR
spectrum of Compound 4; Figure S15: 1 H-NMR spectrum of Compound M1; Figure S16: 13 C-NMR spectrum of
Compound M1; Figure S17: 1 H-NMR spectrum of Compound M3; Figure S18: 13 C-NMR spectrum of Compound
M3; Figure S19: (a) TGA and (b) DSC second heating profiles of PTTVBDT, PTTVBDT-TPD, and PTTVBDT-DPP
with a heating rate of 10 ◦ C/min under N2 atmosphere and a cooling rate of 10 ◦ C/min; Figure S20: 1D-GIXRD
out-of-plane of PTTVBDT, PTTVBDT-TPD, and PTTVBDT-DPP films which were prepared by drop-casting and
then thermal annealing at 120 ◦ C, 20 mins; Figure S21: AFM (a–c) topography images and (d–f) phase images of
spin-coated films of polymer/PC61 BM blends. The scan sizes for all images are 2 µm × 2 µm. Table S1: Mobility
of PTTVBDT, PTTVBDT-TPD, and PTTVBDT-DPP with/without PC61 BM by the SCLC method.
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