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Abstract We have synthesized a series of conjugated

random copolymers—P1-COOR0, P2-COOR00, and P3-

COOR00—containing electron-donating units based on (4,4-

bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b0]dithiophene),

alkyl 3-thiophene carboxylate, and thiophene by Stille

polycondensation method. The polymers were characterized

by 1H NMR spectroscopy, gel permeation chromatography

(GPC), UV–Vis absorption spectroscopy, and cyclic vol-

tammetry. The optical band gaps of the polymers varies from

1.88 to 1.93 eV and their absorption characteristics can be

tuned by adjusting the ratio of the two electron-donating

units: (4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b0]
dithiophene) and thiophene. These polymers exhibit broad

and strong absorption between 300 and 700 nm with good

solubility and thermal stability. Electrochemical studies

indicate sufficiently deep HOMO levels and it gives high

open-circuit voltage in the bulk heterojunction device when

fullerene derivatives are used as electron acceptors. By

changing the ratio of the two donor monomers, the highest

occupied molecular orbital energy levels of polymers varies

between -5.04 and -5.19 eV and the lowest unoccupied

molecular orbital energy levels range from -3.16 to

-3.26 eV. Preliminary results on solar cell fabrication using

the synthesized polymers show open-circuit voltage in the

range of 0.62–0.63 V.

Introduction

Organic semiconducting polymers have been of intense

study in recent years due to their potential application in

low-cost optoelectronic devices such as organic thin-film

transistors and photovoltaic cells [1–7]. The power con-

version efficiency (PCE) of organic photovolatics has

reached 12 % recently [8]. To achieve high efficiency of

PSCs, one of the most critical challenges at the molecular

level is to develop ideal p-type conjugated polymers that

simultaneously possess sufficient solubility, low band gap,

and high hole mobility to ensure high PCE for organic

photovoltaics. Among the polymers, polythiophene deriv-

atives are the most commonly used due to their higher

charge carrier mobility. Solubility can be improved by

incorporation of suitable substituents attached at the 3-

position of the thiophene. Most of the polythiophene ana-

logs contain either alkyl side chains or electron-donating

substituents. Polythiophenes with electron-withdrawing

ester groups attached at the 3-position have already been

reported [9, 10]. These polymers have lower HOMO

energy levels which provide better oxidative doping sta-

bility than the conventional solution-processable polythio-

phenes. Introducing donor and acceptor monomers together

in the polymer backbone is a promising strategy to obtain

polymers with low band gap. In most cases, low band gap

polymers achieved by the donor–acceptor (D-A) approach

do not show broad absorption, but instead the absorption

maxima are red-shifted, decreasing the number of absorbed

photons in the visible region and ultimately limiting the

achievable photocurrent. Combining two kinds of conju-

gated polymers with different broad absorption spectra and

band structures have been conducted for the development

of high performance photovoltaic solar cells due to the

improved harvest of the solar emission and the control of
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band gap [11]. Incorporation of multiple chromophores in

one polymer has received less attention even though it has

been successfully shown that a randomized polymer

structure in combination with the D/A strategy can lead to

broadened absorption and efficiencies above 5 % [12–18].

In this study, we describe the synthesis and the opto-

electronic characterization of a novel family of random

copolymers bearing multiple monomer units. There have

been reports on two-donor-one-acceptor random copoly-

mers [19–21]. But the resulting absorption spectra were not

so broad, and hence fabricated polymer solar cells resulted

in low power conversion efficiencies. Later research has

been focused on two-acceptor-one-donor random copoly-

mers where the presence of two acceptors and donor with

complementary absorption resulted in low band gap poly-

mers with a broad absorption range in the visible region

and near infrared (NIR) region, and higher power conver-

sion efficiencies [22–27]. In the present study, we describe

the application of a weak electron-withdrawing unit—alkyl

3-thiophene carboxylate—to enhance the open-circuit

voltage of cyclopentadithiophene-based copolymers by

random copolymerization method. The synthesis and the

optoelectronic characterization of a novel family of random

copolymers bearing varying molar ratio of two electron-

donating units and a weak electron accepting unit have

been studied. Carboxylate functionalized polymers have

already been applied in organic solar cells to achieve high

open-circuit voltage and better operational stability of the

devices after thermo cleavage of the ester group [28–33].

The presence of 4,4-diethylhexyl-cyclopenta[2,1-b:3,4-

b0]dithiophene and alkyl 3-thiophene carboxylate units are

expected to lead copolymers with sufficiently deep HOMO/

LUMO energy level and high charge carrier mobility for

photovoltaic applications. The presence of alkyl 3-thio-

phene carboxylate unit can lower HOMO energy level to

maximize the gap between the HOMO level of the elec-

tron-donating polymer and the LUMO level of the electron

acceptor in order to increase the open-circuit voltage. Cy-

clopentadithiophene (CPDT) is used as a good electron-

donating moiety due to the presence of rigid coplanar

structure with easy p–p intermolecular interaction and side

chain manipulation which can result in high charge carrier

mobility essential for good fill factor. Also the two units

show different electrochemical properties such as the

frontier molecular orbital energy levels and band gaps.

Hence, it is expected that random copolymerization of the

two units can tune the HOMO and LUMO energy levels of

the resulting polymer. The random copolymers composed

of 4,4-diethylhexyl-cyclopenta[2,1-b:3,4-b0]dithiophene/

thiophene/alkyl thiophene 3-carboxylate as the electron

donors show intense light absorption from 300 to 700 nm

and low-lying HOMO levels.

Experimental part

Materials

2,6-Dibromo-4H-cyclopenta[2,1-b:3,4-b0]dithiophene (1) was

purchased from Luminescence Technology Corp. Anhydrous

solvents and 2,5-bis(tri-n-butyltin)-thiophene were purchased

from Aldrich. The precursors 2,6-dibromo-4,4-diethylhexyl-

cyclopenta[2,1-b:3,4-b0]dithiophene (2) and alkyl 2,5-dibromo

thiophene 3-carboxylates (5) were prepared as per reported

in the literature [34, 35].

Characterization

1H NMR spectra were recorded on a Bruker 500 MHz

spectrometer using deuterated solvents with tetramethyl-

silane (TMS) as a reference. UV–Vis absorption spectra

were recorded in chloroform solution (10-5 mol L-1) on a

Shimadzu 2401 PC spectrophotometer. Thermal analyses

were carried out on a Mettler Toledo TGA/SDTA851e,

DSC 822e analyzer under a dynamic atmosphere of nitro-

gen with a heating/cooling rate of 15�min-1. The molec-

ular weights of the polymers were determined by gel

permeation chromatography (GPC) against polystyrene

standard with THF as eluent at 30 �C. GPC analysis was

performed on a Perkin Elmer, Series 200, USA GPC sys-

tem equipped with a refractive index detector. The cyclic

voltammetric study was conducted on an Autolab

PGSTAT302 N at a constant scan rate of 20 mV s-1.

Platinum wires were used as both the counter and working

electrodes, and Ag/AgCl electrode was used as a reference

electrode. Polymer thin films were formed by drop-casting

chloroform solution (5 mg mL-1) onto the working elec-

trode, and then dried in the air at 80 �C. 0.1 M tetrabu-

tylammonium hexafluorophosphate (TBAPF6) in

acetonitrile was used as the electrolyte. The morphology of

the active layers was investigated through atomic force

microscopy (AFM) in tapping-mode under ambient con-

ditions using Nanoscope-5 Bruker ALX.

Fabrication of polymer solar cells

The organic photovoltaic cells were fabricated with ITO

glass as the anode, Ca and Al as the cathode, and the blend

films of polymer: PC60BM as the BHJ active layer. ITO-

coated glass substrate was pre-treated with acetone, tri-

chloroethylene, and isopropanol in an ultrasonic bath. A

thin layer of MoO3 (ca 10 nm) was thermally evaporated on

the ITO anode. The active layer was prepared by spin-

coating a blend solution of the polymers and PC60BM in

chlorobenzene (CB) with the concentration of 30 mg mL-1.

The active layer thickness was determined to be ca 80 nm.
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As a cathode, a thin layer of Ca and a film of Al (ca 100 nm)

were evaporated in sequence under the vacuum of 10-6 -

Torr. This all resulted in the device configuration as ITO/

MoO3/BHJ active layer/Ca/Al with pixel area of the device

*2 9 3 mm.The device was then annealed at 130 �C for

10 min. The current density–voltage (J–V) curves were

obtained using a Keithley 2400 source-measure unit inter-

faced with a PC.

Synthesis of polymers

Synthesis of poly{[(4,4-bis(2-ethylhexyl)-cyclopenta-

[2,1-b:3,4-b0]dithiophene)-2,6-diyl-alt-thiophene-2,5-diyl]-

co-[4,4-bis(2-ethylhexyl)-cyclopenta-[2,1-b:3,4-

b0]dithiophene)-2,6-diyl-alt-3-hexylthiophenecarboxylate-

2,5-diyl] (P1-COOR0)

The monomers 2 (0.200 g, 0.357 mmol), 5 (0.132 g,

0.357 mmol), and 6 (0.478 g, 0.721 mmol) were dissolved

in a mixture of anhydrous toluene/DMF (8 mL) under N2

atmosphere. The reaction mixture was purged with nitro-

gen for 30 min and then Pd (PPh3)4 (17 mg, 2mol%) was

added. The reaction mixture was heated with stirring for

48 h at 115 �C. 2-Bromothiophene (0.118 g, 0.723 mmol)

and 2-(tributylstannyl)thiophene (0.269 mg, 0.721 mmol)

were added as end capping agent to the mixture and stirred

for 12 h under the same conditions. After cooling to room

temperature, the viscous solution was poured into 300 mL

of methanol. The precipitated polymer was isolated by

filtration. It was further purified by Soxhlet extraction with

acetone followed by reprecipitation from methanol. The

polymer was dried under reduced pressure to yield P1-

COOR0 as violet-colored solid (0.160 g, 68 %). 1H NMR

(500 MHz, CDCl3): dH = 7.08–7.13 (m, 5H, br), 7.48–

7.51 (m, 2H, br), 4.32 (t, 2H, br), and 1.92–0.63 (m, 47, br).

GPC analysis (PS standard): Mn = 7.23 9 104 gmol-1,

PDI = 1.59.

Synthesis of poly{[(4,4-bis(2-ethylhexyl)-cyclopenta-

[2,1-b:3,4-b0]dithiophene)-2,6-diyl-alt-thiophene-2,5-diyl]-

co-[4,4-bis(2-ethylhexyl)-cyclopenta-[2,1-b:3,4-

b0]dithiophene)-2,6-diyl-alt-3-heptylthiophenecarboxylate-

2,5-diyl] (P2-COOR00)

The monomers 2 (0.250 g, 0.446 mmol), 5 (0.086 g,

0.223 mmol), and 6 (0.443 g, 0.669 mmol) were dissolved

in a mixture of anhydrous toluene/DMF (6.5 mL) under N2

atmosphere. The reaction mixture was purged with nitro-

gen for 30 min and then Pd (PPh3)4 (16 mg, 2 mol%) was

added. The reaction mixture was heated with stirring for

48 h at 115 �C. 2-Bromothiophene (0.109 g, 0.699 mmol)

and 2-(tributylstannyl)thiophene (0.250 mg, 0.699 mmol)

were added as end capping agent to the mixture and stirred

for 12 h under the same conditions. After cooling to room

temperature, the viscous solution was poured into 300 mL

of methanol. The precipitated polymer was isolated by

filtration. It was further purified by Soxhlet extraction with

acetone followed by reprecipitation from methanol. The

polymer was dried under reduced pressure to yield P2-

COOR00 as violet-colored solid (0.140 g, 52 %). 1H NMR

(500 MHz, CDCl3): dH = 6.93–7.14 (m, 9H, br), 7.44–

7.51 (m, 2H, br), 4.29 (t, 4H, br), 1.89–0.65 (m, 89, br).

GPC analysis (PS standard): Mn = 8.159 9 104 gmol-1,

PDI = 1.57.

Synthesis of poly{[(4,4-bis(2-ethylhexyl)-cyclopenta-

[2,1-b:3,4-b0]dithiophene)-2,6-diyl-alt-thiophene-2,5-diyl]-

co-[4,4-bis(2-ethylhexyl)-cyclopenta-[2,1-b:3,4-

b0]dithiophene)-2,6-diyl-alt-3-heptylthiophenecarboxylate-

2,5-diyl] (P3-COOR00)

The monomers 2 (0.146 g, 0.260 mmol), 5 (0.200 g,

0.521 mmol), and 6 (0.517 g, 0.781 mmol) were dissolved

in a mixture of anhydrous toluene/DMF 7.5 mL) under N2

atmosphere. The reaction mixture was purged with nitro-

gen for 30 min and then Pd (PPh3)4 (18 mg, 2 mol%) was

added. The reaction mixture was heated with stirring for

48 h at 115 �C. 2-Bromothiophene (0.127 g, 0.781 mmol)

and 2-(tributylstannyl) thiophene (0.291 mg, 0.781 mmol)

were added as end capping agent to the mixture and stirred

for 12 h under the same conditions. After cooling to room

temperature, the viscous solution was poured into 300 mL

of methanol. The precipitated polymer was isolated by

filtration. It was further purified by Soxhlet extraction with

acetone followed by reprecipitation from methanol. The

polymer was dried under reduced pressure to yield P3-

COOR00 as violet-colored solid (0.200 g, 68 %). 1H NMR

(500 MHz, CDCl3): dH = 6.96–7.14 (m, 6H, br), 7.47–

7.51 (m, 4H, br), 4.32 (t, 4H, br), and 1.92–0.68 (m, 62, br).

GPC analysis (PS standard): Mn = 9.145 9 104 gmol-1,

PDI = 1.45.

Results and discussion

Synthesis and thermal study

Copolymerization of 2,6-dibromo-4,4-diethylhexyl-cyclo-

penta[2,1-b:3,4-b0]dithiophene (2), alkyl 2,5-dibromothiophene

3-carboxylate (5) and 2,5-bis(tri-n-butyltin) thiophene (6)

in toluene/DMF mixture at 115 �C with Pd (PPh3)4 catalyst

yielded the desired polymers, as illustrated in Scheme 1.

The comonomer feed ratios are 1:1, 2:1, and 1:2, and the

corresponding polymers are named as P1-COOR0, P2-

COOR00, and P3-COOR00, respectively, based on the alkyl

substituent on thiophene 3-carboxylate ester. P1-COOR0
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contains hexyl group on the ester part, while P2-COOR00

and P3-COOR00 carries heptyl group on it. The yields of

polymers varied from 68 % for P1-COOR0 to 52 % for P2-

COOR00, and finally 68 % for P3-COOR00. All the polymers

showed good solubility at room temperature in organic

solvents such as THF, chloroform, and CB. The molecular

structures of the polymers were characterized by 1H NMR

spectroscopy and the NMR spectra of the polymers are

given in Fig. 1. The actual incorporation ratio of the

monomers could be analyzed by comparison of the 1H

NMR signal intensities of protons of –CH2 group in 4,4-

diethylhexyl-cyclopenta[2,1-b:3,4-b0]dithiophene moiety

and –CH2 group in carboxylate ester part. The signals with

chemical shifts of 4.3 ppm and 1.90 ppm are assigned,

respectively, to protons of –OCH2 in alkyl thiophene 3-

carboxylate ester moiety and –CH2 group directly con-

nected to CPDT unit. The integration ratio of these two

peaks is slightly different from the feeding molar ratio of 2

to 5, as given in Table 1. GPC analysis of the polymers

using polystyrene (PS) standard showed the number aver-

age molecular weight (Mn) of 7.231 9 104 gmol-1

(PDI = 1.59), 8.159 9 104 gmol-1 (PDI = 1.57), and

9.145 9 104 gmol-1 (PDI = 1.45) for P1-COOR0, P2-

COOR00, and P3-COOR00, respectively.

The thermal stability of the polymers was investigated

by thermo-gravimetric analysis (TGA). TGA thermograms

curves of polymers are shown in Fig. 2. TGA reveals good

thermal stability of the copolymers with onset decompo-

sition temperature higher than 300 �C. The decomposition

temperature corresponding to 5 % weight loss temperatures

(Td) for P1-COOR0, P2-COOR00, and P3-COOR00 are 338,

329, and 324 �C, respectively. The high-thermal stability is

crucial for the application in PSCs. No distinct glass

transition was observed from 25 to 300 �C in their DSC

curves of the second heating and cooling runs

(20 �C min-1). Table 1 summarizes the polymerization

results including molecular weight, molecular weight dis-

tribution (PDI), thermal stability, and estimated composi-

tions of the copolymers.

S S BrBr S S BrBr

R R

KOH, R-Br

DMSO, KI

S

COOH

BrBr S

COOH

BrBr S

COOR' (R")

BrBr
Br2 SOCl2

(R") R'-OH

S S BrBr

R R

S

COOR' (R'')

BrBr

S S

R R

S

S

(R'')R'COO

S *
*

m n
S SnBu3Bu3Sn

+m n

P1-COOR'; m = 1, n =1 
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1

2

3 4
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6
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R'' = n- heptyl
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R = 2- ethylhexyl

2

5

Scheme 1 Synthesis and structures of the copolymers with different monomer compositions of 2 and 5

Fig. 1 1H NMR spectra of the polymers
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Optical properties

The UV–Vis absorption spectra of the copolymers in

chloroform solution and thin-film formats are complied in

Figs. 3 and 4, respectively. In solution, all the three poly-

mers exhibit broad absorption in the region of 300–

650 nm. Compared with their absorption spectra in solu-

tion, in films, the three polymers exhibit slightly broader

and red-shifted feature due to enhanced interchain inter-

actions in solid state.

The absorption maximum peak (kmax) of P1-COOR0 in

visible region shows a red shift of 18 nm between solution

and thin films, and in the case of P2-COOR00 and P3-

COOR00 the absorption spectra in thin films exhibit a red

shift of 24 nm each, which can be explained by the for-

mation of stacking structure in the solid state that could p–

p facilitate charge transportation for photovoltaic applica-

tions. Among the copolymers, the highest absorption

maximum and higher red shift in absorption maximum is

Table 1 Polymerization results and thermal properties of polymers

Polymers Mw (910-4 gmol-1)a Mn (910-4 gmol-1)b PDIc Td (�C)d Actual ratio (m:n)e

P1-COOR0 11.52 7.23 1.59 338 1.105:1

P2-COOR00 12.83 8.15 1.57 329 1.855:1

P3-COOR00 13.23 9.14 1.45 324 1.04:2

a Weight average molecular weight
b Number average molecular weight
c Mw/Mn determined by GPC in THF based on polystyrene standards
d The temperature at 5 % weight loss measured by TGA with a heating rate of 15 �C min-1 under nitrogen atmosphere
e Comonomer ratio estimated from 1H NMR spectra

Fig. 2 TGA thermograms of the polymers

Fig. 3 Normalized UV–Vis absorbance spectra of polymers in

chloroform solution

Fig. 4 Normalized UV–Vis absorbance spectra of polymers in thin

films
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observed for copolymer incorporated with large amount of

CPDT moiety, i.e., P2-COOR00.
The optical band gap was calculated from the onset

wavelength of absorption by Eopt
g = 1240 nm/konset, where

Eopt
g is the optical band gap and konset is the onset

wavelength of absorption. The optical and electrochemical

properties of the polymers are given in Table 2.

Electrochemical properties

The electrochemical properties of the polymers were

investigated by using cyclic voltammetry (CV) to deter-

mine the energy levels of the HOMO and LUMO energy

levels of the polymers. Figure 5 shows the CV diagrams of

the copolymers using 0.1 M TBAPF6 as supporting elec-

trolyte in acetonitrile solution.

The HOMO level values of the copolymers were esti-

mated from the roughly evaluated onset oxidation potential

according to the following empirical formula EHOMO =

-e(Eox ? 4.40) (eV). The Eox is the onset oxidation

potential versus Ag/Ag?. The lowest unoccupied molecular

orbital (LUMO) level values of the copolymers were esti-

mated as ELUMO = EHOMO-Eg, where Eg is the optical

band gap. The onset oxidation potentials (Eox), which are

related with the constitution of polymers, varied from

0.79 V for P1-COOR0 to 0.64 V for P2-COOR00 and 0.73 V

for P3-COOR00.
The CV results illustrated that these new polymers are

good candidates as donor materials. The LUMO energy

levels of are in the range of -3.16 to -3.26 eV which are

Table 2 Optical and electrochemical properties of polymers

Polymers Eonset
ox

(V)

EHOMO

(eV)a
ELUMO

(eV)b
kmax

(nm)c
konset

(nm)d
Eopt

g

(eV)e

P1-COOR0 0.79 -5.19 -3.26 543 642 1.93

P2-COOR00 0.64 -5.04 -3.16 552 657 1.88

P3-COOR00 0.73 -5.13 -3.22 531 646 1.91

a Determined from the onset oxidation potential. EHOMO =

-e(Eonset
ox ? 4.4) eV

b ELUMO = (EHOMO-Eopt
g ) eV

c Absorption maxima of thin films
d Onset of absorption of thin films
e Eopt

g = 1240 nm/konset

Fig. 5 a Oxidation scan of thin films recorded in 0.1 M Bu4NPF6/

acetonitrile at a scan rate of 20 mV s-1 b Schematic energy level

diagram of ITO, buffer layer (MoO3), polymers, and PC60BM

Fig. 6 J–V characteristics of organic solar cell based on the polymers

with PC60BM under illumination of AM1.5G, 100 mW cm-2

Table 3 Photovoltaic properties of the solar cells

Polymers Voc (V) Jsc (mA cm-2) FF PCE (%)

P1COOR0 0.63 0.45 0.35 0.1

P2COOR00 0.62 0.08 0.20 0.01

P3COOR00 0.62 0.52 0.27 0.09
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higher than that of PC61BM (-4.2 eV), guaranteeing the

photoinduced electrons transfer from the donor to acceptor,

that is, from polymers to PC61BM. For a clear comparison,

the energy levels of the polymers determined by the elec-

trochemical method are shown in the energy level diagram

in Fig. 5b. P1-COOR0 has a band gap of 1.93 eV, whereas

P2-COOR00 and P3-COOR00 show band gap of 1.88 and

1.91 eV, respectively.

Photovoltaic properties

Preliminary results of a conventional photovoltaic device

made of the bulk heterojunction composite of P1-COOR0

with PC60PM show an open-circuit voltage (Voc) of 0.63 V,

a current density of 0.45 mA cm-2 and a fill factor 35 %.

The open-circuit voltage of the all the polymers is compa-

rable to that of well-known alternating copolymer based on

cyclopentadithiophene and benzothiadiazole (PCPDTBT)

[36]. The J–V characteristics of solar cells prepared with

polymer and PC60BM in 1:1 ratio is shown in Fig. 6 and

solar cell parameters are summarized in Table 3.

The poor PCE of 0.1 % was resulted for P1-COOR0

from the very low Jsc values. Although the relatively high

band gap have decreased the light harvesting ability of the

polymer, the significant factor attributed to the poor Jsc is

possibly due to the lack of interpenetrating network of

donor and acceptor in the blend, which adversely affect

exciton dissociation and transport of electrons and holes to

the respective electrodes.

The nanoscale morphologies of the polymer/PC60BM

films were studied using tapping-mode AFM. AFM tap-

ping-mode height images were taken for each film and are

shown in Fig. 7. Surface roughness values measured from

the height images were 2.038 nm for P1COOR0, 2.497 nm

for P2COOR00, and 0.497 nm for P3COOR00. Further

investigations are needed to understand the effect of ran-

dom structure of the polymers on crystallization and carrier

mobility to shed light on low value of short circuit current.

The low fill factor indicates the further device performance

improvements by optimization of the film morphology by

thermal annealing, solvent/vapor annealing, or the addition

of solvent additives.

Conclusions

In summary, new random copolymers based on three dif-

ferent donor moieties have been synthesized by Stille poly-

condensation method. The structures have been confirmed

by 1H NMR spectroscopy and molecular weights have been

determined by GPC. The polymers have intense and broad

absorption between 300 and 700 nm with optical band gap of

1.88–1.93 eV. The presence of alkyl 3-thiophene carboxyl-

ate units decreases the value of HOMO energy levels of the

random copolymers. Thus, the HOMO and LUMO energy

levels can be tuned by the feeding molar ratios of the two

donor monomers—4,4-diethylhexyl-cyclopenta[2,1-b:3,4-

b0]dithiophene and alkyl thiophene 3-carboxylate. Solar cell

fabricated using one of the synthesized polymers (P1-

COOR0) have shown a Voc of 0.63 V.
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