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ABSTRACT: Seven donor—acceptor copolymers incorporating didecyloxyphenylene (DP) donor and the
following acceptors—thieno[3,4-b]pyrazine (TP), 2,1,3-benzothiadiazole (BT), quinoxaline (Q), pyridine (Py),
2,3-dimethyl-5,7-dithien-2-yl-thieno[3,4-b]pyrazine (DTTP), 4,7-dithien-2-yl-2,1,3-benzothiadiazole (DTBT), and
2,3-dimethyl-5,7-dithien-2-yl-quinoxaline (DTQ)—were synthesized by Suzuki coupling polymerization. The effects
of the acceptor strength and backbone planarity on the optical, electrochemical, field-effect charge transport, and
photovoltaic properties of the donor—acceptor copolymers were investigated. The optical band gap (eV) of the
copolymers showed the trend of DP/TP (1.47) < DP/BT (2.37) < DP/Py (2.76) < DP/Q (2.78) < DP/P (3.15).
The DP/TP copolymer had a field-effect hole mobility of 1.89 x 1073 ¢cm? V! s71. The DP/DTBT and DP/
DTQ copolymers showed hole mobilities of 1.92 x 107#and 2.10 x 1073 cm? V™! s71, respectively. The strong
acceptor strength of TP and coplanar backbone in the DP/TP copolymer resulted in a large intramolecular charge
transfer, leading to the observed charge transport and optical properties.. These results show that the backbone
planarity of the DP/BT and DP/Q copolymers was significantly improved by incorporating thiophene moieties,
leading to enhanced charge transport. Photovoltaic cells fabricated from DP/DTBT and DP/DTQ polymers blended
with [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) showed power conversion efficiencies of 0.40—0.41%
under AM 1.5 solar simulator illumination (100 mW/cm?). The results of the present study show that the electronic
and optoelectronic properties of dialkoxylphenylene-based donor—acceptor copolymers could be tuned through

the acceptor structure and backbone coplanarity.
Introduction

Donor—acceptor (D—A) conjugated copolymers have at-
tracted considerable attention in part because their electronic
and optoelectronic properties could be efficiently tuned by
intramolecular charge transfer (ICT).'~'® The hybridization of
the HOMO on the donor moiety and the LUMO on the acceptor
moiety provides a means to tune the electronic and optoelec-
tronic properties for device applications, such as light-emitting
diodes (LEDs),"?<3 photovoltaic cells,*° field-effect transistors
(FETS),zC"”_9 reversible electrochromic devices,'® and memory
devices."'

Among the D—A alternating conjugated polymers, the
electron-donating moieties of fluorene,' > thiophene,* '’
ethylenedioxythiophene,'*'? dialkoxylphenylene,"* ' carba-
zole,”® ¢ and phenothiazine®*~f have been reported. High FET
carrier mobilities were obtained from the thiophene—acceptor
or thiophene—acceptor—thiophene polymer systems through the
manipulation of intramolecular charge transfer, morphology, or
gate dielectric surface modification.””® Our study on the
fluorene-based donor—acceptor—donor polymers showed that
the hole mobility was controlled by the acceptor strength and
backbone coplanarity. Also, photovoltaic devices with high
power conversion efficiency could be achieved through the
manipulation of the acceptor structure in different donor—acceptor
copolymers.*®
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Poly(p-phenylene) (PPP)*'? is a blue emitter with large band
gap, and its electronic optoelectronic properties could be easily
modified through side chains or copolymers. Introduction of
long dialkoxy chains into the phenylene not only makes these
materials more soluble but also increases the p-type strength.
Recently, the synthesis and characterization of dialkoxy-
phenylene—acceptor conjugated copolymers have been re-
ported.'*!? Dialkoxyphenylene—pyridine copolymers exhibited
efficient blue emission,'*'® and their photophysical properties
could be controlled by protonation/intramolecular hydrogen
bonding'® and metal ion.'> However, the effects of acceptor
strengths on the electronic and optoelectronic properties of
soluble dialkoxyphenylene—acceptor and donor—acceptor—donor
copolymers have not been fully explored yet, especially the
field-effect charge transport and photovoltaic properties.

In this paper, we report the synthesis and properties of seven
didecyloxyphenylene—acceptor or thiophene—acceptor—thiophene
copolymers shown in Scheme 1. These donor—acceptor con-
jugated polymers were synthesized by Suzuki coupling reaction
of 2,5-didecyloxy-1,4-phenylene-1,4-bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolate) (DP) with the dibromo acceptors. The
acceptors include thieno[3,4-b]pyrazine (TP), 2,1,3-benzothia-
diazole (BT), quinoxaline (Q), pyridine (Py), 2,3-dimethyl-5,7-
dithien-2-yl-thieno[3,4-b]pyrazine (DTTP), 4,7-dithien-2-yl-
2,1,3-benzothiadiazole (DTBT), and 2,3-dimethyl-5,7-dithien-
2-ylquinoxaline] (DTQ). The properties of these D—A copolymers
could be compared those of the parent didecyloxyphenylene-
phenylene polymer (DP/P, 1 in Scheme 1). The LUMO of the
Q, BT, and TP moicties are —0.90, —1.81, and —1.41 eV,
respectively,” which means that the order of the acceptor
strength is BT > TP > Q. Thus, the effects of the acceptor
strength and structural coplanarity on the optical and electro-
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Scheme 1. Synthetic Scheme of Didecyloxyphenylene-Based Donor—Acceptor and Donor—Acceptor—Donor Alternating Copolymers
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chemical properties were studied. The field-effect carrier mobil-
ity was obtained from the bottom gate thin film transistor (TFT)
devices and correlated with the polymer structures. Polymer
solar cell devices were fabricated by spin-coating a blend of
polymer/PCBM, sandwiched between a transparent anode (ITO/
PEDOT:PSS) and a cathode (Ca). The experimental results
revealed the importance of the acceptor strength and backbone
planarity on the electronic and optoelectronic properties of the
didecyloxyphenylene-based donor—acceptor conjugated copoly-
mers.

Experimental Section

Materials. 2,5-Didecyloxy-1,4-phenylene-1,4-bis(4,4,5,5-tet-
ramethyl-1 ,3,2-dioxaborolate),” 5,7-dibromo-thieno[3,4-b]-pyra-
zine,?* 4,7-dibromo-2,1,3-benzothiadiazole,?® 5,8-dibromoqui-
noxaline,?® 2,3-dimethyl-5,7-bis[5'-bromodithien-2-yl-thieno[3,4-b]-
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pyrazine],2° 2,3-dimethyl-5,8-bis[5'-bromodithien-2-yl-quino-
xalines],?® and 4,7-di-2-thienyl-2,1,3-benzothiadiazole® were
synthesized similar to those reported in the literature. Tetraki-
s(triphenylphosphine)palladium(0), trioctylmethylammonium chlo-
ride (Aliquat 336), 2,5-dibromopyridine, 1,4-dibromopheneylene,
1,2,4-trichlorobenzene, octyltrichlorosilane (OTS, 97%), toluene,
and chloroform were purchased from Aldrich or TEDIA and used
without further purification. [6,6]-Phenyl-C61-butyric acid meth-
yl ester (PCBM) was purchased from Nano-C without further
purification.

General Procedures of Polymerization. Suzuki cross-coupling
reaction was used to synthesize the polymers shown in Figure 1.
2,5-Didecyloxy-1,4-phenylene-1,4-bis(4,4,5,5-tetramethyl-1,3,2-di-
oxaborolate) (DP), dibromo monomer (TP, BT, Q, Py, DTTP,
DTBT, DTQ, or P), and (PPh3),Pd(0) (1 mol % with respect to
the monomer) were dissolved in a mixture of toluene (15 mL) and

¥

c

A S

T T IARARS RARAY AR RAARS RARME
8.0 8.0 7.0 6.0

e
5.0

T T T ] T T T 3

4.0 3.0 2.0 1.0

3 (ppm)

Figure 1. '"H NMR spectrum of polymer 2a in CDCl; solvent (x: CDCls; y: H,O).
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aqueous 2 M K,COj; (3/2 volume ratio) with several drops of
Aliquat 336. The solution was stirred under an Ar atmosphere and
refluxed with vigorous stirring for 72 h. The resulting solution was
then poured into methanol and followed by washing with water.
The precipitated solid was dissolved in THF and then reprecipitated
in methanol/acetone to afford the polymers. The solid product was
extracted with acetone for 24 h in a Soxhlet apparatus to remove
the oligomers and catalyst residues.
Poly[2,5-didecyloxy-1,4-phenylene-alt-1,4-phenylene)] (DP/P, 1).
350 mg of the 2,5-didecyloxy-1,4-phenylene-1,4-bis(4,4,5,5-tet-
ramethyl-1,3,2-dioxaborolate) (DP) (0.54 mmol), 128 mg of 1,4-
dibromopheneylene (0.54 mmol), and 15 mL of toluene were used
to afford jasper solid (yield: 45%). 'H NMR (CDCls, 0 ppm):
7.90—7.05 (br, 6H), 3.98 (m, 4H), 1.77 (m, 4H), 1.65—1.08 (br,
28H), 0.87 (s, 6H). Anal. Calcd for (C5,Hs500,),.: C, 82.35; H, 10.80.
Found: C, 80.87; H, 10.50.
Poly[2,5-didecyloxy-1,4-phenylene-alt-5,7-(thieno[3,4-
blpyrzaine)] (DP/TP, 2a). 400 mg of DP (0.62 mmol) and 183 mg
of 5,7-dibromothieno[3.,4-b]pyrazine (0.62 mmol) were used to
afford a dark green solid (yield: 47%). '"H NMR (CDCl;, 6 ppm):
7.95 (s, 2H), 7.47 (s, 2H), 4.05 (m, 4H), 1.65 (m, 4H), 1.23 (br,
28H), 0.89 (s, 6H). Calcd for ((C3,HssOoN»S),: C, 73.24; H, 9.22;
N, 5.34; S, 6.11. Found: C, 72.13; H, 9.15; N, 5.19; S, 5.62.
Poly[2,5-didecyloxy-1,4-phenylene-ait-4,7-(2,1,3-benzothiodiaz-
ole)] (DP/BT, 2b). 500 mg of DP (0.78 mmol) and 229 mg of 4,7-
dibromo-2,1,3-benzothiodiazole (0.78 mmol) were used to afford
a yellowish-brown solid (yield: 55%). '"H NMR (CDCl;, 6 ppm):
8.68 (br, 2H), 8.61 (br, 2H), 4.11 (m, 4H), 1.90—0.95 (br, 32H),
0.89 (s, 6H). Anal. Calcd for (C3,H430,N»S),: C, 73.24; H, 9.22;
N, 5.34; S, 6.11. Found: C, 72.09; H, 9.11; N, 5.17; S, 5.65.
Poly[2,5-didecyloxy-1,4-phenylene-alt-(5,8-quinoxaline)] (DP/Q,
2¢). 500 mg of DP (0.78 mmol) and 224 mg of 5,8-dibromoqui-
noxaline (0.78 mmol) were used to afford an olivine solid (yield:
60%). 'H NMR (CDCl;, 6 ppm): 8.93 (s, 2H), 8.01 (s, 2H), 7.25
(s, 2H), 3.95 (m, 4H), 1.60—0.95 (br, 32H), 0.89 (s, 6H). Anal.
Calcd for (C34Hs50O;N,),: C, 78.72; H, 9.71; N, 5.40. Found: C,
77.83; H, 9.65; N, 5.31.
Poly[2,5-didecyloxy-1,4-phenylene-alt-(2,5-pyridine)] (DP/Py, 2d).
500 mg of DP (0.78 mmol) and 184 mg of 2,5-dibromopyridine
(0.78 mmol) were used to afford an olivine solid (yield: 80%). 'H
NMR (CDCl3, 6 ppm): 8.97 (s, 1H), 8.17 (br, 1H), 8.03 (br, 1H),
7.75 (br, 1H), 7.10 (br, 1H), 4.11 (m, 4H), 1.90—0.95 (br, 32H),
0.89 (s, 6H). Anal. Calcd for (C31H490O,N),: C, 79.60; H, 10.56; N,
2.99. Found: C, 78.03; H, 10.36; N, 3.10.
Poly[2,5-didecyloxy-1,4-phenylene-alt-2,3-dimethyl-5,7-dithien-
2-yl-thieno[3,4-b]pyrazine] (DP/DTTP, 3a). 281 mg of DP (0.4
mmol) and 194 mg of 2,3-dimethyl-5,7-dithien-2-yl-thieno[3,4-
blpyrazine] (0.4 mmol) were used to afford a black solid (yield:
50%). "H NMR (CDyCl,, 0 ppm): 7.61 (br, 2H), 7.41 (m, br, 4H),
4.07 (m, 4H), 2.67 (br, 6H), 1.97 (br, 4H), 1,26 (m, br, 28H), 0.84
(br, 6H). Anal. Calcd for (C4Hs54N>0,S3),: C, 70.54; H, 7.61; N,
3.92; S, 13.45. Found: C, 70.92; H, 8.07; N, 3.44; S, 10.41.
Poly[2,5-didecyloxy-1,4-phenylene-alt-4,7-dithien-2-yl-2,1,3-ben-
zothiadiazole] (DP/DTBT, 3b). 350 mg of DP (0.54 mmol) and
250 mg of 4,7-di-2-thienyl-2,1,3-benzothiadiazole (0.54 mmol) were
used to afford a deep purple solid (yield: 60%). 'H NMR (CDCls,
O ppm): 8.17 (br, 2H) 7.88(br, 2H), 7.69 (br, 2H), 7.37 (br, 2H),
4.11 (m, 4H), 2.03—1.25 (m, br, 32H), 0.87 (br, 6H) Anal. Calcd
for (C49Hs50N20,S3),: C, 69.93; H, 7.34; N, 4.08; S, 14.00. Found:
C, 68.02; H, 7.21; N, 3.85; S, 13.41.
Poly[2,5-didecyloxy-1,4-phenylene-alt-2,3-dimethyl-5,7-dithien-
2-ylquinoxaline] (DP/DTQ, 3c). 350 mg of DP (0.54 mmol), 260
mg of 2,3-dimethyl-5,7-dithien-2-ylquinoxaline (0.54 mmol), and
15 mL of toluene were used to afford a light red solid (yield: 60%).
'"H NMR (CD,Cl,, ¢ ppm): 8.08 (br, 2H), 7.91 (br, 2H), 7.66 (br,
2H), 7.42 (br, 2H), 4.20 (br, 4H), 2.00 (br, 6H), 1.59 (br, 4H),
1.42—1.24 (br, 28H), 0.84 (br, 6H). Anal. Calcd for
(Cy4H56N>05S5),: C, 74.53; H, 7.96; N, 3.95; S, 9.04. Found: C,
68.04; H, 6.87; N, 4.15; S, 10.00.
Characterization. 'H nuclear magnetic resonance (NMR) data
were recorded on a Bruker-AF300 spectrometer at 300 MHz. Gel
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permeation chromatographic (GPC) analysis was performed on a
Laboratory Alliance RI2000 instrument (two column, MIXED-C
and MIXED-D from Polymer Laboratories) connected with one
refractive index detector from Schambeck SFD GmbH. All GPC
analyses were manipulated on polymer/THF solution at a flow rate
of 1 mL/min at 40 °C and calibrated polystyrene standards.
Thermogravimetric analysis (TGA) and differential scanning cal-
orimetry (DSC) measurements were performed under a nitrogen
atmosphere at a heating rate of 20 and 10 °C/min using a TA
Instruments TGA-951 and DSC-Q100, respectively.

UV —vis absorption spectra were recorded on a Perkin-Elmer
model Lambda 900 UV/vis/near-IR spectrometer. The electro-
chemical properties of the polymer films were investigated on a
Princeton Applied Research model 273A potentiostat/galvanostat
with a 0.1 M acetonitrile or DMF solution containing tetrabuty-
lammonium tetrafluoroborate (TBABF,) as the electrolyte. Platinum
wire and rod-tip electrodes were used as counter and working
electrodes, respectively. Silver/silver ion (Ag in 0.1 M AgNOs in
the supporting electrolyte solutions) was used as a reference
electrode. A 3 wt % solution of a polymer in THF was used to
prepare the polymer film on the Pt rod-tip electrode. Then, the cyclic
voltammetry of films was performed on a three-electrode cell. The
energy parameters HOMO and LUMO were estimated from the
measured redox potentials on the basis of the prior work on
conjugated polymers which has shown that HOMO = —(E,ps®* +
4.4) and LUMO = —(Eypse® + 4.4), where the onset potentials
are in volts (vs SCE) and HOMO and LUMO are in electronvolts.'?
The structures of polymer thin films on SiO,/Si substrates were
characterized by means of tapping mode atomic force microscopy
(AFM) with a Nanoscope 3D controller (Digital Instruments). The
cantilever used was fabricated from phosphorus-doped Si with a
spring constant of 3 N/m and a resonance frequency of 82 kHz.
The processing and annealing conditions of thin film of polymer
samples are the same as the device fabrication to simulate the
polymer transistor structures.

Fabrication and Characterization of Thin Film Transistors.
Organic thin film transistors were prepared from polymer thin films
with a bottom-contact configuration on the heavily n-doped silicon
wafers. A thermally grown 200 nm SiO, used as the gate dielectric
with a capacitance of 17 nF/cm?. The aluminum was used to create
a common bottom-gate electrode. The source/drain regions were
defined by a 100 nm thick gold contact electrode through a regular
shadow mask, and the channel length (L) and width (W) were 25
um and 500 or 100 um, respectively. Afterward, the substrate was
modified with octyltrichlorosilane (OTS) as silane coupling agents.
The 0.5 wt % polymer solutions in 1,2.4-trichlorobenzene should
be filtered through 0.20 um pore size PTFE membrane syringe
filters, spin-coated at a speed rate of 1000 rpm for 60 s onto the
silanized SiO,/Si substrate, and heated at 60 °C overnight in
vacuum. Output and transfer characteristics of the FET devices were
measured using a Keithley 4200 semiconductor parametric analyzer.
All the procedures and electrical measurements were performed in
ambient air.

Fabrication and Characterization of Polymer Photovoltaic
Cells. Before solar device fabrication, the ITO glass substrates were
cleaned by ultrasonification sequentially in detergent, deionized
water, acetone, and isopropyl alcohol. The synthesized polymers
were dissolved in chloroform with the concentration of 10 mg/
mL, followed by blending with PCBM and stirred overnight in the
glovebox.

The polymer solar cell devices were fabricated by spin-coating
a blend of polymer/PCBM, sandwiched between a transparent anode
and a cathode. The anode consisted of glass substrates precoated
with indium tin oxide (ITO), modified by spin-coating polyethyl-
enedioxythiophene/polystyrenesulfonate (PEDOT/PSS) layer (~30
nm), and the cathode consists of Ca (~35 nm) capped with Al
(~130 nm). After device encapsulation, current—voltage charac-
teristics of the devices under white-light illumination from AM 1.5
solar simulator (100 mW/cm?) were recorded by a Keithley 2400
sourcemeter.
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Table 1. Molecular Weight and Thermal Properties of the
Donor—Acceptor Copolymers

polymer M., M, PDI Ty (°C)
DP/P 4350 3250 1.34 380
DP/TP 5440 4300 1.26 365
DP/BT 6120 4580 1.34 410
DP/Q 5100 3790 1.35 394
DP/Py 9500 5600 1.7 413
DP/DTTP 15980 7640 2.09 381
DP/DTBT 9180 4560 2.01 400
DP/DTQ 3270 2820 1.16 393

Results and Discussion

Synthesis and Characterization. Figure 1 shows the rep-
resentative 'H NMR spectrum of the DP/TP copolymer (2a) in
CDCls. The signals at 4.05 and 0.80—1.70 ppm are assigned to
the protons on the n-decyloxy substituent chains. The peaks that
appear at 7.95 and 7.47 ppm are due to the TP and phenylene
protons, respectively. The numbers of aromatic and aliphatic
protons estimated from peak integration are in a good agreement
with the molecular structures of the copolymers. The '"H NMR
spectra of other polymers (Supporting Information) also showed
a good agreement with the proposed polymer structures.

All the polymers except 2a and 3¢ were readily soluble in
common solvents, such as chloroform, toluene, and chloroben-
zene, whereas 2a was completely soluble only at a high
temperature. Polymer 3c has a poor solubility in THF, chloro-
form, or toluene, but it shows good solubility in 1,2-dichlo-
robenzene at a high temperature. On the basis of the above
polymer solubility results, chlorobenzene or dichlorobenzene
was used as solvent for obtaining optical quality films for device
characterization. The weight-average molecular weights (M,,)
of the polymers was determined by gel permeation chromatog-
raphy (GPC) against polystyrene standards in THF and found
to be 3260—15980 with a polydisperisty of 1.26—2.09, as
shown in Table 1. The moderate molecular weight of the
polymers probably results from the steric hindrance of the bulky
didecyloxy group in the DP coupling monomer. The poor
solubility of polymer 3c in toluene probably inhibits the coupling
reaction necessary for obtaining a high molecular weight
polymer. The elemental analyses for carbon, hydrogen, nitrogen,
and sulfur agree with the theoretical values, except polymers
3c. The large deviation in the carbon content of polymer 3¢
could be due to the bromine end groups since the GPC result
also show it has a low molecular weight.

Figure 2 shows the thermogravimetric analysis (TGA) curves
of the synthesized copolymers at the heating rate of 20 °C/min
under a nitrogen atmosphere. As shown in the figure, the onset
decomposition temperatures (74) of the copolymers are in the
range of 365—413 °C, which suggests their good thermal
stability. The small amount of weight loss before 74 in polymers
1 and 3c probably attributed to the existence of low molecular
weight oligomers. The differential scanning calorimetry (DSC)
curves on all of the copolymers did not detect any clear phase
transition and indicated that the movement of polymer chain
was probably limited by the rigid-rod moiety.

Optical Properties. The normalized optical absorption of
copolymers in dilute chloroform solution (107> M) and thin films
are shown in Figures 3 and 4, respectively, and the correspond-
ing absorption properties are collected in Table 2. The absorption
maxima (Amax) of polymers DP/P (1), DP/TP (2a), DP/BT (2b),
DP/Q (2¢), and DP/Py (2d) in solution are observed at 346,
605, 444, 379, and 383 nm, respectively, while those of thin
films are at 352, 678, 457, 382, and 389 nm. The optical band
gap (eV) obtained from the extrapolation of absorption edges
of film are in the order of 2a (1.47) < 2b (2.37) < 2d (2.76) <
2¢ (2.78) < 1 (3.15). Note that the band gap of polymer 2d is
consistent with 2.84 eV of similar polymer structures with
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Figure 2. TGA curves of copolymers at the heating rate of 20 °C/min
under a nitrogen atmosphere.
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Figure 4. Optical absorption spectra of the copolymer films on glass
substrates.

smaller alkoxyl substituent.?” The lower band gaps of polymers
2a—2d compared with that of parent polymer 1 are due to the
intramolecular charge transfer (ICT) between the didecylox-
yphenylene donor and TP, BT, Q, or Py acceptors. From the
literature,?? the order of the acceptor strength, Q < TP < BT,
is not in agreement with a decreasing trend on the optical band
gap of these alternative copolymers. Polymer 2a shows two
absorption bands (401 and 678 nm) attributed to the z—s*
transition and ICT, respectively. The five-member ring backbone
of the TP moiety leads to a smaller torsional angle than that of
the BT moiety and promotes the efficient intramolecular charge
transfer, which leads to the smaller band gap of the former.
The optical band gap of polymer 2a is the smallest among the
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Table 2. Physical Properties of the the Donor—Acceptor Copolymers

lmaxabsﬁsol /‘{maxabsﬁﬁlm Egopt ononsct HOMO Ere dcmsct LUMO Egclccu'o mobility rmsb
polymers (nm) (nm) (eV) V) V) V) (eV) (eV) (em?V~1s7h) on/off (nm)
DP/P 346 352 3.15 1.04 —5.44 —2.29¢ 3.15
DP/TP 374, 605 401, 678 1.47 0.21 —4.61 —1.02 —3.38 1.23 1.89 x 1073 82 2.1
DP/BT 444 457 2.37 1.03 —5.43 —1.14 —3.26 2.17
DP/Q 379 382 2.78 1.04 —5.44 —1.83 —2.57 2.87
DP/Py 383 389 2.76 1.05 —5.45 —1.85 —2.55 2.90
DP/DTTP 398, 602 410, 638 1.55 0.22 —4.62 —1.09 —3.31 1.31 1.41 x 1073 36 0.3
DP/DTBT 387, 564 413, 618 1.65 0.45 —4.85 —1.51 —2.89 1.96 1.92 x 107 604 1.1
DP/DTQ 384, 497 381, 549 1.91 0.36 —4.76 —1.84 —2.56 2.20 2.10 x 1073 3600 0.7

4 LUMO x band gap°® — HOMO. * Root-mean-square (rms) roughness from AFM measurement.

reported didecyloxyphenylene-based donor—acceptor conjugated
polymers.

The Aiax of polymer films, DP/DTTP (3a), DP/DTBT (3b),
and DP/DTQ (3c), are observed at 638, 618, and 549 nm,
respectively, while the optical band gaps estimated from the
absorption edges are 1.55, 1.65, and 1.91 eV, as shown in the
inset of Figure 4. The incorporation of the two thiophene
segments on the polymer backbone results in the significant red-
shifted absorption on polymers 3b and 3¢ in comparison with
polymers 2b and 2c. The large torsional angles of polymers 3b
and 3c with six-member phenylene ring are probably reduced
by incorporating the five-member thiophene ring,” which results
in the more coplanar structures and enhanced s-electronic
delocalization. However, polymer 3a shows a slightly lager band
gap than polymer 2a. The planarity of the polymer backbone
does not change significantly since the acceptor structures of
TP and DTTP have a similar five-member ring. However, the
acceptor/donor ratio decreases after incorporating the two
thiophene rings, and it probably leads a reduced intramolecular
charge transfer and enlarged band gap. Our recent study on the
effect of copolymer ratio on the optical band gaps of thiophene/
thieno[3,4-b]pyrazine copolymers also suggested a similar
conclusion.

Electrochemical Properties. The electrochemical redox
behaviors of synthesized copolymers with their cast thin films
were characterized by cyclic voltammetry (CV). The oxidation
and reduction cyclic voltammograms of polymer 1 and 2a—2d
are shown in parts a and b of Figure 5, respectively. The HOMO
and LUMO levels of the polymers were estimated from the
oxidation and reduction onsets, Eq°" and E¢°™, respectively.
The electrochemical band gap (E*™) of the polymers were
estimated from the difference between the E,°™° and Eq°™°.
The electrochemical properties are summarized in Table 2. The
estimated HOMO and LUMO energy levels of the parent
polymer 1 are —5.44 and —2.29 eV, respectively. The HOMO
energy level of polymers 2b, 2¢, and 2d are at —5.43 to —5.45
eV, which are very similar to that of polymer 1. However, the
LUMO levels of the polymers 2a—2d are in the range of —2.55
to —3.38 eV, which is lower-lying than that of polymer 1. The
particular high-lying HOMO level (—4.61 eV) and low-lying
LUMO level (—3.38 eV) of polymer 2a are due to the coplanar
polymer structures of the TP moiety. It also demonstrates the
more efficient intramolecular charge transfer of polymer 2a than
the other three copolymers. Besides, polymer 2b shows a lower-
lying LUMO energy than polymers 2¢ and 2d since BT has
the strongest 7-electron accepting ability.>* The electrochemical
band gaps of polymers 2a—2d are in the range of 1.23—2.90
eV, which are significantly lower than that of polymer 1 with
3.15 eV. The destabilization of HOMO and stabilization of
LUMO level result in reduced band gaps, which also demon-
strates the significance of intramolecular charge transfer through
the donor—acceptor structures. Although there is deviation
between the optical and electrochemical band gaps (0.2—0.8
eV), the trend between the band gap and polymer structure is
similar. Polymer 3a shows a similar HOMO level but a slighter
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Figure 5. Cyclic voltammograms of copolymers thin film in 0.1 M
TBAPF; solution: (a) electrochemical oxidation of polymers 1 and
2a—2d; (b) electrochemical reduction of polymers 2a—2d; (c) elec-
trochemical reduction of polymers 3a—3c.

higher LUMO level (Figure 5¢) and electrochemical band gap
than polymer 2a, which could be explained by the less
intramolecular charge transfer. Polymers 3b and 3¢ exhibit more
higher-lying HOMO than 2b and 2c¢, respectively, indicating
that the coplanarity of the polymer backbone is improved by
incorporating the thiophene moiety.

Field-Effect Transistor Characteristics. The bottom contact
FET devices based on the synthesized didecyloxyphenylene—
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Figure 7. Transfer characteristics of polymers 3a, 3b, and 3¢ FET
devices at V4 = —80 V in the saturation region.

acceptor conjugated copolymers were fabricated on a Si/SiO,
substrate by spin-coating. Only polymers 2a, 3a, 3b, and 3c
device could show typical p-channel transfer characteristics
(drain current (/) vs drain voltage (Vy) at various gate voltage
(Vy)), as shown in Figures 6 and 7. In the saturation region (Vy4
>V, — V), where V, is the threshold voltage, /4 can be described
by the equation

I _ WG (V, = V,)? (1)
d 2L/usat g t

Here, W and L are the channel width and length, respectively.
C; is the capacitance of the gate insulator, g, is the mobility in
the saturation region, and V; is the threshold voltage. Field-
effect mobilities of the studied conjugated polymers were
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Figure 8. Current—voltage (J—V) characteristics of polymer 2a/PCBM
(1:1 w/w, open triangles) polymer 3b/PCBM (1:3, w/w, filled squares),
and polymer 3¢/PCBM (1:4 w/w, open circles) solar cells under
simulated sunlight (AM1.5G, 100 mW/cm?).

estimated by eq 1 and Figures 6 and 7. The estimated hole
mobilities of polymers 2a, 3a, 3b, and 3¢ are 1.89 x 1073, 1.41
x 1073,1.92 x 1074, and 2.1 x 1073 cm? V™! s7!, respectively,
with the corresponding on/off current ratios of 82, 36, 604, and
3.6 x 103 in ambient conditions. Although the obtained hole
mobility is not as high as that of poly(3-hexylthiophene) (P3HT),
it is comparable to the reported other classes of donor—acceptor
conjugated polymers.®? The high mobility (1072—10"! cm? V!
s™1) of poly(3-hexylthiophene) is due to the regioregular polymer
structure and resulted self-organized morphology. However, the
synthesized DP—acceptor or DP—thiophene—acceptor—thiophene
conjugated polymers do not have such regioregular polymer
structure to obtain a similar mobility as P3HT. Also, the
differential scanning calorimetry (DSC) curves on all of the
copolymers did not detect any clear phase transition. The root-
mean-square roughness (rms) of polymer films from the AFM
are relatively low for the above four polymers, as shown in
Table 2. It suggests the amorphorous characteristic of the
synthesized polymers and the difference on the mobilities of
the above polymers are most likely due to the polymer
structures. Nevertheless, it would be of interest to discuss the
effect of donor/acceptor strength and backbone planarity on the
charge carrier mobility.

The significantly higher mobility of polymer 2a than those
of polymers 1 and 2b—2d is probably due to the significant
intermolecular charge transfer. Another possibility for the
insignificant hole mobility of polymers 1 and 2b—2d is that
the high injection barrier based on the HOMO level (—5.54 to
—5.45 eV). The obtained mobilities of polymers 2a and 3c
are slighter larger than that of dialkoxylphenylene-alt-
dodecylthiophene—TP—dodecylthiophene (BTTP—P) copoly-
mer with 1.1 x 1073 cm? V=1 s71.2 The relatively low on/off
current ratio of polymers 2a and 3a may be account for the
high-lying HOMO energy levels of the polymers and thus the
ambient oxygen doping of the organic semiconductor.” The low-
lying HOMO level of polymer 3¢ may be a main factor for the
highest charge carrier mobility and large on/off current ratio of
the polymer. It suggests that the low HOMO level of the
polymer could provide enough stability for charge transporting
and diminish the possibility of oxygen doping defects in ambient
air.

Inserting thiophene segments into the six-member-ring back-
bones of polymers 2b and 2¢ not only manipulates optical and
electrochemical properties but also enhances performances of
field-effect transistors. Neither of polymers 2b and 2c¢ exhibits
any significant transistor characteristics, but high FET perfor-
mances are observed from polymers 3b and 3¢ devices. It again
demonstrates the importance of enhanced intramolecular charge
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transfer by incorporating thiophene moieties. Nevertheless, the
much lower charge transporting performance of polymer 3a is
observed, as compared with that of polymer 2a. It is probably
explained from the reduced intramolecular charge transfer® or
the change on the surface structure. By comparing the similar
polymer reported by one of us,” the much higher mobility of
BTTP—P than that of polymer 3a is probably arisen from the
self-assembly of alkyl chains in the former.”®** Moreover, the
absence of the electron mobility of these synthesized materials
is probably explained as below. The mismatch between the
LUMO energy level of the studied copolymers and Au work
function results in the significant energy barriers for electron
injection, and thus electronic mobility was not observed.” ® The
easily presence of electron trap center on the SiO; surface was
an another important factor to mobile the electron difficultly.”

Photovoltaic Cell Characteristics. The polymer photovoltaic
cell was fabricated with a layered structure of glass/ITO/
PEDOT:PSS/polymer—PCBM blend/Ca/Al. One of the key
properties for polymer photovoltaic cell applications is the high
carrier mobility (higher than or close to 1073 cm? V=1 s~ 4&b),
The mobility of polymer 3a is not high enough for obtaining
significant power conversion efficiency, and thus only the
photovoltaic cell characteristics of polymers 2a, 3b, and 3c were
studied. Figure 8 shows the current—voltage characteristics of
the photovoltaic cells based on the three blends of polymer 2a/
PCBM (1:1 w/w), 3b/PCBM (1:3 w/w), and 3¢/PCBM (1:4
w/w). Under white light illumination (100 mW/cm?), the cell
based on polymer 2a/PCBM as the active layer has a short
circuit current density (Ji) of 0.71 mA/cm,’ an open circuit
voltage (Vi) of 0.27 V, a calculated fill factor (FF) of 0.33,
and power conversion efficiency (PCE) of 0.06%. However,
much enhanced device performance was found using the other
two polymers: polymer 3b/PCBM (1.67 mA/cm? (Jy.), 0.61 V
(Voo), 0.40 (FF), and 0.41% PCE; polymer 3¢/PCBM (1.55 mA/
cm? (Jso), 0.52 V (Voe), 0.49 (FF), and 0.40% PCE.

Voc 1s approximately a measure of the difference between the
oxidation potential of the donor (polymers 2a, 3b, and3c¢) and
the reduction potential of the acceptor (PCBM). Thus, the raising
HOMO of polymer 2a, closer to the LUMO of PCBM,
diminishes the value of V. (0.27 V) while the V,. of polymer
3b/PCBM (0.61 V) and polymer 3¢/PCBM (0.52 V) shows a
larger value. Furthermore, the Ji. of polymer 2a/PCBM is lower
than those of polymer 3b or 3¢/PCBM. It might arise from the
small energy difference (0.32 eV) between the LUMO levels
of polymer 2a (3.38 eV) and PCBM (3.7 eV) and lead to
insufficient electron—hole charge separation. Therefore, polymer
2a/PCBM shows a much lower power conversion efficiency than
the others.

The highest power conversion efficiency for the polymers is
around 0.41%, which is 1 order of magnitude smaller than that
of poly(3-hexylthiophene) (P3HT)/PCBM-based devices.”* As
described in the literature,**® small band gap, self-organized
structure, and high carrier mobility are essential for obtaining
high power conversion efficiency in bulk heterojunction solar
cells. On the basis of the above criteria, the amorphorous
characteristic of polymers 2 and 3 probably account for the
observed low efficiency. However, their tunable electronic
properties provide an understanding on how the polymer
structures affect the device characteristics. Further optimization
on the solar cell structure (such as different blend ratios, film
thickness, or electrode materials) or processing conditions (such
as annealing temperature) could lead to enhanced efficiency of
photovoltaic cells.

Conclusions

In this study, seven soluble didecyloxyphenylene—acceptor
or —thiophene—acceptor—thiophene copolymers were success-
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fully synthesized by Suzuki coupling polymerization. The
electronic, electrochemical, and optoelectronic properties sig-
nificantly varied with acceptor strength and backbone planarity
of the D—A copolymers. The copolymers showed a wide range
of optical band gaps of 1.47—3.15 eV through the variation of
acceptors. The field-effect mobility of holes varied from 1.4 x
1073 ecm? V71 s71in DP/DTTP to0 2.10 x 103 em? V™! s lin
DP/DTQ. The observed much higher carrier mobilities in DP/
DTBT and DP/DTQ copolymers than those of DP/BT and
DP/Q are probably due to the improved backbone planarity of
the latter. A power conversion efficiency around 0.4% was
achieved from the photovoltaic cells fabricated from some of
these polymers blended with PCBM. The present study dem-
onstrates that the electronic and optical properties of dialkoxy-
Iphenylene-based donor—acceptor copolymers could be easily
manipulated through the acceptor strength and backbone co-
planarity.
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