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ABSTRACT: A donor copolymer Poly{2,6-4,8-bis(2-ethylhexyl)benzo[1,2-b:3,4-b0]dithiophene-5,8-2,3-bis(5-octylthiophen-2-yl)quinoxa-

line} (PBDTThQx) with benzo[1,2-b:4,5-b0]dithiophene and quinoxaline derivatives was synthesized and characterized with NMR,

ultraviolet–visible spectroscopy, thermogravimetric analyses, and cyclic voltammetry. Photovoltaic devices with the configuration in

dium tin oxide–poly(3,4-ethylenedioxythiophene)–poly(styrene sulfonate)–PBDTThQx–[6,6]-phenyl-C61-butyric acid methyl ester

(PC61BM)–LiF–Al were fabricated, in which PBDTThQx performed as the electron donor and PC61BM was the electron acceptor in

the active layer. The device presented reasonable photovoltaic properties when the weight ratio of PBDTThQx:PC61BM reached 1:3.

The open-circuit voltage, fill factor, and power conversion efficiency were gauged to be 0.75 V, 0.59, and 0.74%, respectively. The

experimental data implied that PBDTThQx would be a promising donor candidate in the application of polymer solar cells. VC 2013
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INTRODUCTION

Because of their light weight, low cost, large area, and flexibility,

organic photovoltaic devices (OPVs) based on the bulk-

heterojunction active layers of conjugated polymers and

fullerene derivatives have drawn wide attention.1–4 Generally

speaking, poly(3-hexylthiophene) (P3HT) and methanofullerene

(6,6)-phenyl-C61-butyric acid methyl ester (PC61BM) are com-

monly used donors and acceptors in the active layer, respec-

tively.5,6 However, the relatively large band gap of P3HT limits

the absorption capability and spectrum response range of the

active layer. Moreover, the high highest occupied molecular

orbital (HOMO) level of P3HT induces a low open-circuit volt-

age (Voc) in OPVs; this confines the power conversion efficiency

(PCE) of the devices. Much effort has been made in the OPV

field to pursue novel donor–acceptor (D–A) copolymers with

low HOMO levels and narrow band gaps.7–17 According to

previous studies, benzo[1,2-b:4,5-b0]dithiophene (BDT)-based

moieties, such as 4,7-dithiophene-2-yl-2,1,3-benzothiadiazole,

thieno[3,4-b]thiophene, and N-alkylthieno-[3,4-c]-pyrrole-4,6-

dione, have been considered to be effective donor segments in

the main chain of polymers,18–22 and promising photovoltaic

properties have been realized accordingly. Meanwhile, because

of the electron-deficient N-heterocycle, quinoxaline-based moi-

eties, for example, poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-

5,8-diyl-alt-thiophene-2,5-diyl] (TQ1)23 and Poly[N-90-heptade-

canyl-4,5-ethylenecarbazole-alt-5,8-bis(20-thienyl)-2,3-bis(4-octy-

loxyphenyl)quinoxaline] (PECz-DTQx),24 were introduced as

acceptors into the main chain of the D–A copolymers. The

energy levels of the copolymers could be effectively tuned.

Therefore, the design of the D–A copolymers based on BDT and

quinoxaline for photovoltaic devices would be a possible solu-

tion for the development of OPVs.

In a previous study, the copolymers Poly{2,6-4,8-bis(2-ethylhexyl)-

benzo[1,2-b:3,4-b0]dithiophene-5,8-2,3-bis(3-(octyloxy)phenyl)qui-

noxaline} (PBDTQx) and Poly{2,6-4,8-bis(2-ethylhexyl)benzo[1,2-

b:3,4-b0]dithiophene-5,8-6-fluorine-2,3-bis(3-(octyloxy)phenyl)qui-

noxaline} (PBDTFQx), which were based on BDT and quinoxaline,

were synthesized and investigated in our laboratory.4,25 Reasonable

photovoltaic performances of the OPVs based on the copolymers

were achieved. Moreover, to further improve the absorption capa-

bility of the photosensitive materials, an increase in the conjugation

of the copolymers was considered to be an effective method. In
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this study, a donor copolymer Poly{2,6-4,8-bis(2-ethylhexyl)-

benzo[1,2-b:3,4-b0]dithiophene-5,8-2,3-bis(5-octylthiophen-2-yl)qui-

noxaline} (PBDTThQx) was synthesized and is reported in this

article (Scheme 1). The synthesis process, optical properties, and

photovoltaic properties of the copolymer were investigated in

detail. Quinoxaline derivative (ThQx) and BDT moieties per-

formed as the acceptor and donor segments in the main chain of

PBDTThQx, respectively. It is worth noting that the thiophene

rings were introduced into the quinoxaline segments instead of

the benzene rings; this indicated the prolonged conjugation

length of the copolymer PBDTThQx. The photovoltaic properties

of the PBDTThQx-based OPVs were acceptable in this study.

With an optimized blend ratio of PBDTThQx to PC61BM, the

OPVs exhibited Voc, fill factor (FF), and PCE values of 0.75 V,

0.59, and 0.74%, respectively. The experimental data in this study

revealed the fact that a PBDTThQx with acceptable photovoltaic

properties would be a promising donor candidate for OPVs.

EXPERIMENTAL

Materials and Synthesis

All of the chemicals and reagents were obtained from Aldrich

and Alfa Aesar and were used without further purification

unless stated otherwise; 3,6-dibromo-1,2-phenylenediamine

and 2,6-bis (trimethyltin)-4,8-bis(2-ethylhexyl)benzo[1,2-b:3,4-

b0]dithiophene were synthesized according to the reported

literature.4

1,2-Bis(5-octylthiophen-2-yl)ethane-1,2-dione (1). A mixture of

2-octylthiophene (5 g, 25.4 mmol) and dichloromethane (25 mL)

was stirred at 0�C under a nitrogen atmosphere. AlCl3 (3.38 g,

25.4 mmol) was added slowly to the suspension over a period of

30 min. Then, oxalyl chloride (1.47 g, 11.5 mmol) was added

dropwise. The mixture was stirred for 3 h at 12�C. The solution

was poured into ice–water with care and was extracted with

dichloromethane. The organic layer was washed with brine and

dried over anhydrous magnesium sulfate. After the removal of the

solvent, the residue was recrystallized twice by hexane, and we

obtained compound 1 (1.82 g, 4.05 mmol) in a 35.2% yield.

The 1H-NMR spectrum of compound 1 is shown in Figure 1

(500 MHz, CDCl3, ppm, d): 7.86 (d, 2H, J 5 3.5 Hz), 6.88

Scheme 1. Synthetic route to PBDTThQx.

Figure 1. 1H-NMR spectrum of compound 1 (at 500 MHz in CDCl3).

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4027940279 (2 of 8)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


(d, 2H, J 5 5 Hz), 2.88 (t, 4H, J 5 10 Hz), 1.72 (m, 4H), 1.37–

1.26 (m, 20H), and 0.88 (t, 6H, J 5 7 Hz).

5,8-Dibromo-2,3-bis(5-octylthiophen-2-yl) quinoxaline [Qx(Th)].

Compound 1 (2 g, 4.48 mmol) and 3,6-dibromo-1,2-phenylene-

diamine (1.43 g, 5.37 mmol) were dissolved in acetic acid

(AcOH; 180 mL) and stirred at 40�C overnight. The precipitate

was collected by filtration and washed with ethanol three times

and purified by column chromatography with hexane–ethyl ace-

tate (100:1), and we obtained Qx(Th) (2.35 g, 3.47 mmol) in a

yield 77.5%.

The 1H-NMR spectrum of Qx(Th) is provided in Figure 2 (500

MHz, CDCl3, ppm): d 5 7.77 (s, 2H), 7.41 (d, 2H, J 5 5 Hz),

6.72 (d, 2H, J 5 5 Hz), 2.87 (t, 4H, J 5 5 Hz), 1.75 (m, 4H),

1.41 (m, 4H), 1.31 (m, 16H), 0.89 (t, 6H, J 5 5 Hz).

PBDTThQx. In a 50-mL flask, Qx(Th) (203.6 mg, 0.3 mmol)

and 2,6-bis(trimethyltin)24,8-bis(2-ethylhexyl)benzo[1,2-b:3,4-

b0]dithiophene (231.6 mg, 0.3 mmol) were dissolved in 20 mL

of toluene and stirred at room temperature under a nitrogen

atmosphere for 30 min. Then, tris(dibenzylideneacetone)dipalla-

dium [Pd2(dba)3; 5.5 mg] and tris(o-tolyl)phosphine [P(o-Tol)3;

7.3 mg] were added and flushed with nitrogen for another 30

min. After that, the reactants were stirred for 24 h at 110�C in

the nitrogen atmosphere. After cooling, the solution was poured

into methanol. The polymer was collected by filtration and

Soxhlet-extracted with methanol, hexane, and chloroform in

order. The chloroform solution was concentrated into a small

volume and then poured into methanol again. The precipitate

was collected by filtration and dried in vacuo at 50�C overnight,

and this afforded PBDTThQx (252 mg) as a blue–black solid at

a yield 87.5%.

Gel permeation chromatography (tetrahydrofuran, polystyrene

standard, 25�C): number-average molecular weight 5 84.8 kDa,

weight-average molecular weight 5 326.8 kDa, polydispersity

index 5 3.85.

ANAL. Calcd for (C58H76N2O2S4)n: C, 71.46%; H, 7.86%; N,

2.91%. Found: C, 72.45%; H, 7.97%; N, 2.91%.

Characterization
1H-NMR spectra were recorded on a Bruker DRX-500 spec-

trometer (at 500 MHz). The molecular weights and distribu-

tions of the copolymer were determined by gel permeation

chromatography. Tetrahydrofuran (THF) and polystyrene were

used as the eluent and standard, respectively, during the mea-

surement. The ultraviolet–visible (UV–vis) absorption spectra

were recorded by a Unico UV-2102 scanning spectrophotometer.

Thermogravimetric analyses (TGA) for the polymers was carried

out on a Universal V2.4F (TA Instruments). The electrochemical

cyclic voltammetry (CV) was carried out on a CHI 660D elec-

trochemical workstation. A Pt disk, Pt plate, and Ag/Ag1 elec-

trode were used as the working electrode, counter electrode,

and reference electrode, respectively, in a 0.1 mol/L tetrabutyl

ammonium hexafluorophosphate (Bu4NPF6) acetonitrile solu-

tion. We produced polymer thin films by drop-casting 1.0 lL of

PBDTThQx in THF solution (analytical reagent, 1 mg/mL)

onto the working electrode (Pt disk) and then drying in air.

The CV curves of the pristine PBDTThQx films were recorded

by the electrochemical workstation. Additionally, the HOMO

and lowest unoccupied molecular orbital (LUMO) energy levels

of the PBDTThQx films were estimated by the CV

measurement.

OPV Fabrication and Characterization

To investigate the photovoltaic characteristics of PBDTThQx,

OPVs with the configuration of indium tin oxide (ITO)–

poly(3,4-ethylenedioxythiophene) (PEDOT)–poly(styrene sulfo-

nate) (PSS)–PBDTThQx–PC61BM (with weight ratios of 1:1,

1:2, 1:3, and 1:4)–LiF–Al were fabricated and characterized at

room temperature under ambient conditions.

ITO (<20 X/w) evaporated on glass substrate was used as the

anode. The ITO substrates were cleaned with deionized water,

acetone, and anhydrous ethanol in sequence by an ultrasonic

cleaner. Then, the ITO substrates were illuminated by UV and

oxygen plasma for 5 min to remove organic contamination.

PEDOT–PSS (Baytron P VPAl 4083) aqueous solution was spin-

cast onto ITO substrates and then annealed at 200�C for 20

min under an N2 atmosphere. A PEDOT–PSS layer with a

Figure 2. 1H-NMR spectrum of compound Qx(Th) (at 500 MHz in

CDCl3).

Figure 3. Differential scanning calorimetry measurements of PBDTThQx.

The inset shows an enlarged plot of the glass-transition temperature point.
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thickness of about 28 nm performed as the anode buffer layer.

PBDTThQx and PC61BM were simultaneously dissolved in

chlorobenzene with a concentration of 10 mg/mL. For compari-

son, the weight ratios of PBDTThQx to PC61BM varied from

1:1 to 1:4. The PBDTThQx–PC61BM solutions were spin-coated

onto the PEDOT–PSS layers. Then, the films were transferred

immediately into a glovebox for solvent annealing at room tem-

perature. The annealed PBDTThQx–PC61BM films were used as

photoactive layers of the OPVs, and the thickness of the

PBDTThQx–PC61BM films was gauged to be about 70 nm with

atomic force microscopy (AFM) measurement. Finally, the cath-

ode buffer layer (LiF) and cathode (Al) were thermally evapo-

rated in sequence onto the active layers with evaporation rates

of 0.1 and 2.5 Å/s, respectively. The LiF and Al layers were con-

trolled to be 0.7 and 100 nm, respectively, by a quartz crystal

microbalance in the vacuum chamber. The effective area of the

OPVs was defined by a shadow mask with openings 2 mm in

diameter.

The current density–voltage (J–V) data were measured with a

Keithley 2611 source meter under illumination conditions

(Newport Thermal Oriel 69911 300W, air mass (AM) 1.5G

illumination at 100 mW/cm2). A calibrated mono silicon diode

was used as a reference. All of the OPVs were investigated with-

out encapsulation.

RESULTS AND DISCUSSION

Thermal Properties

The thermal properties of PBDTThQx were analyzed by differ-

ential scanning calorimetry and TGA. The glass-transition tem-

perature was observed around 104�C, as shown in Figure 3.

Moreover, the decomposition temperature of PBDTThQx was

located at 312�C (with 5% weight loss, as shown in Figure 4);

this implied that PBDTThQx had good thermal stability for

applications in OPVs.

Absorption Properties of PBDTThQx

The UV–vis absorption spectra of PBDTThQx were obtained

both in the chloroform solution and in the film state, as shown

in Figure 5. The absorption peaks of the PBDTThQx solution

were almost identical to those in the film state. The peaks

around 400 nm were attributed to the p–p* transition of the

conjugated backbone. Meanwhile, the peaks located at about

620 nm were ascribed to the charge transfer between the BDT

Figure 4. TGA curve of PBDTThQx. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Absorption spectra of PBDTThQx in solution and film states.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 6. Cyclic voltammogram of the PBDTThQx films on a Pt electrode

(0.1 mol/L Bu4NPF6 and CH3CN solution at a scan rate of 100 mV/s).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 7. Schematic illustration of the energy levels of the materials used

in the OPVs. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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and ThQx segments. Furthermore, the absorption edge of

PBDTThQx in the film state was 705 nm, which was about

17 nm redshifted compared with that in the solution state. The

bathochromic-shift phenomenon revealed that the p-stacked

structure might have been formed in the PBDTThQx film state.

The optical band gap (Eg
opt) of PBDTThQx was evaluated to be

1.76 eV (�0.02 eV smaller than that of PBDTQx4) according to

the absorption edge value of the PBDTThQx film; this indicated

that when the thiophene rings were introduced into the qui-

noxaline segments instead of the benzene rings, the prolonged

conjugation length was obtained. A relatively low band gap of

PBDTThQx facilitated a high absorption in green–red region of

the solar spectrum. Thus, OPVs with acceptable photovoltaic

behaviors were prospective.

Electrochemical Properties

The redox potentials of PBDTThQx were studied by CV mea-

surement. The HOMO and LUMO values of PBDTThQx were

calculated accordingly.26–28 The energy level of ferrocene (Fc)/

ferrocenium (Fc1) was 24.8 eV below the vacuum level.29 The

former potential of Fc/Fc1 was gauged to be 0.08 eV against

Ag/Ag1. As shown in Figure 6, the onset reduction potential

(Eonset
red) and oxidation potential (Eonset

ox) of the PBDTThQx

Figure 8. J–V characteristics of the photovoltaic device under an AM

1.5 G irradiation of 100 mW/cm2. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Table I. Photovoltaic Data for the Polymer Solar Cells

PBDTThQx/PC61BM Voc (V)
Jsc

(mA/cm2) FF
PCE
(%)

1:1 0.79 1.69 0.33 0.44

1:2 0.72 1.38 0.55 0.54

1:3 0.75 1.68 0.59 0.74

1:4 0.66 1.38 0.48 0.44

P3HT/PC61BM (1:1) 0.59 7.48 0.67 2.94

Figure 9. AFM phase images (0.5 3 0.5 lm2) of PBDTThQx:PC61BM with weight ratios of (a) 1:1, (b) 1:2, (c) 1:3, and (d) 1:4. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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film were recorded to be 21.47 and 0.44 V, respectively. There-

fore, the HOMO and LUMO values of PBDTThQx were eval-

uated to be 25.16 and 23.25 eV, respectively. In addition, the

electrochemical energy band gap of the PBDTThQx film was

1.91 eV, about 0.15 eV larger than the Eg
opt value. It was a com-

mon phenomenon that the electrochemical energy band gap

value of the conjugated copolymers was higher than Eg
opt; this

was mainly due to the energy barriers of the charge transfer at

the electrodes during the CV measurement. The energy levels of

the materials used in the OPVs are sketched in Figure 7. Levels

of P3HT were also added for comparison. The HOMO level of

PBDTThQx was about 0.33 eV lower than that of P3HT, as

shown in Figure 7. This implied that the PBDTThQx-based

OPVs might have possessed a higher Voc than the P3HT-based

counterparts. The LUMO level of PBDTThQx was 0.66 eV

higher than that of PC61BM; this induced electron-effective

transfer at the donor–acceptor interface.

Photovoltaic Properties

To investigate the photovoltaic properties of PBDTThQx, the

OPVs were fabricated with a typical configuration of ITO/

PEDOT–PSS/PBDTThQx/PC61BM/LiF/Al. PBDTThQx blended

with the acceptor PC61BM performed as the active layer. The

weight ratios of PBDTThQx to PC61BM varied from 1:1 to 1:4

for comparison. The J–V curves of the OPVs under the illumi-

nation of AM 1.5G (100 mW/cm2) are recorded in Figure 8.

The photovoltaic data are summarized in Table I. For compari-

son, a control device based on P3HT–PC61BM (1:1) was also

fabricated in our laboratory, and the photovoltaic data are

included in Table I. When the weight ratio of PBDTThQx to

PC61BM reached 1:3, the corresponding OPV exhibited the best

performance with Voc, short-circuit current density (Jsc), FF,

and PCE values of 0.75 V, 1.68 mA/cm2, 0.59, and 0.74%,

respectively. The improved photovoltaic properties of the OPV

were attributed to the optimized phase separation of the

PBDTThQx to PC61BM (1:3) active layer, and effective exciton

diffusion and dissociation were realized accordingly.

The surface phase images of PBDTThQx to PC61BM with differ-

ent blend ratios, as shown in Figure 9, were studied with

tapping-mode AFM. When the weight ratio of PBDTThQx–

PC61BM reached 1:3, a relatively finer domain size and a com-

paratively better phase separation were achieved, as shown in

Figure 9(c). Moreover, to investigate the roughness of

the PBDTThQx–PC61BM blend films, AFM topography images

(0.5 3 0.5 lm2) of the PBDTThQx–PC61BM films were also

Figure 10. AFM topography images (0.5 3 0.5 lm2) of PBDTThQx:PC61BM with weight ratios of (a) 1:1, (b) 1:2, (c) 1:3, and (d) 1:4. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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obtained and are presented in Figure 10. The root mean square

roughness of PBDTThQx–PC61BM (1:3) was gauged to be 0.504

nm; this was lower than that of any other blend film [1.02 nm

for PBDTThQx–PC61BM (1:1), 1.32 nm for PBDTThQx–

PC61BM (1:2), and 1.39 nm for PBDTThQx–PC61BM (1:4)], as

shown in Figure 10. The flat surface of PBDTThQx–PC61BM

(1:3) facilitated the fine contact between the active layer and

cathode. Then, the effective electron extraction was realized.

Therefore, the exciton dissociation and charge diffusion were

optimized when the blend ratio of PBDTThQx–PC61BM was

controlled to be 1:3,30,31 and the photovoltaic performance was

improved accordingly. However, much work is still required to

effectively increase the Jsc value of the PBDTThQx-based OPVs.

For example, we need to insert novel buffer layers into the

device,32,33 optimize the annealing treatment,34,35 and modify

the electrodes.36,37 Therefore, PBDTThQx will be a promising

donor candidate for photovoltaic devices, and further improve-

ment in PBDTThQx-based OPVs can be foreseen.

CONCLUSIONS

A copolymer, PBDTThQx, based on BDT and ThQx moieties

was synthesized and characterized with NMR, UV–vis spectros-

copy, TGA, and CV. With a narrow band gap of 1.76 eV and a

low HOMO of 5.16 eV, the PBDTThQx-based OPVs exhibited a

broad absorption and high Voc. When the weight ratio of

PBDTThQx to PC61BM reached 1:3, satisfying photovoltaic

properties were achieved. The experimental data revealed that

PBDTThQx was a potential donor for OPVs, and the improved

photovoltaic performance was promising.
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