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ABSTRACT: Two narrow band gap fluorene-based copolymers with donor–acceptor (D–A) structure on the polymer side chain and/or

main chain are synthesized by Pd-catalyzed Stille coupling reactions. The two copolymers have excellent thermal stability. The effects

of D–A structure on the main and side chains on the absorption and electrochemical properties are studied. The copolymer PF-BTh-

DBT with D–A structure both on the main and side chains has broader and stronger absorption and narrower band gap than the

copolymer PF-BTh with only a pendent D–A structure. The power conversion efficiency of the assembled solar cell using PF-BTh-

DBT as donor and PC71BM as acceptor is 1.6% with open-circuit voltage (Voc) 0.84 V under simulated AM 1.5 G solar irradiation

(100 mW/cm2). VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 3276–3281, 2013
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INTRODUCTION

Polymer solar cells (PSCs) have potential applications in general

industrial and consumer electronics because of their simple large-

area preparation by spin-coating, printing, and other methods.1–3

Many different low band gap conjugated polymers have been

designed and developed over the years, enhancing the power con-

version efficiency (PCE) more than 9%.4–6 Although the progress

has been impressive, much work still need to be done before

practical applications of PSCs can be realized. The PCE of PSCs

can be further improved by designing suitable electron donor

and acceptor materials and by further optimizing the assembled

solar cell structure. Given that [6,6]-phenyl-C61-butyric acid

methyl ester (PCBM) is still one of the best electron acceptors,

most recent efforts have focused on the development of low

band gap polymer donors. The most powerful strategy for

designing a low band gap conjugated polymer is by incorporating

electron-rich (donor) and electron-deficient (acceptor) units in

the polymer main chains because their absorption and band gaps

can be readily tuned by controlling the intramolecular charge

transfer from donor to acceptor. Using this strategy, a variety of

promising low-band gap materials have been developed, showing

efficient photovoltaic response.7–15 Another alternative approach

for designing low-band gap polymers is by developing conjugated

polymers with pendant acceptor groups, where the electron

acceptors are located at the end of the polymer side chains. Sev-

eral new conjugated polymers with pendent acceptor units have

been reportedly used in PSCs.16–19

Among various donor materials, narrow band gap fluorene-

based copolymers are important donor materials for solar cells

because of their high thermal and chemical stability and proc-

essability. Many narrow band gap fluorene-based copolymers

with pendent acceptor units or donor–acceptor (D–A) struc-

tures on the main chain have been reported, showing high

PCE.20–26 However, most of the reported narrow band gap

fluorene-based copolymers are based on alkylfluorene. Only a

few reports are available on fluorene-based copolymers with

pendent D–A structures on the C9 site side chain of fluorene

for application in PSCs.27 In our previous work,27 we synthe-

sized a series of random fluorene-based copolymers derived

from alkylfluorene, fluorene unit with pendent D–A structures

on the C9 site, and 4,7-dithienyl-2,1,3-benzothiadiazole (DBT).

We then studied the effect of pendent D–A structure content on

photophysical, electrochemical, and photovoltaic properties.

Compared with the polyfluorene copolymers based on alkyl-

fluorene and DBT, introducing the fluorene unit with pendent

D–A structure can increase the intensity of absorption band and

favor the light harvesting of the PSCs. In this article, we synthe-

sized two polyfluorene copolymers (PF-BTh-DBT and PF-BTh)

with pendent D–A structure unit on the C9 site of fluorene

and/or on the polymer main chain to study further the influ-

ence of the D–A structure on polymer photovoltaic perform-

ance. The effects of D–A structure on the main and side chains

on the absorption and electrochemical properties were studied,

and the results indicate that the copolymer PF-BTh-DBT with

D–A structure both on the main and side chains has broader
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and stronger absorption and narrower band gap than the copol-

ymer PF-BTh with only a pendent D–A structure. The bulk het-

erojunction (BHJ) PSCs using PF-BTh-DBT as donor and

PC71BM as acceptor showed a PCE of 1.6% and a high Voc of

0.84 V without annealing and additives.

EXPERIMENTAL

Materials and Measurement

Elemental analysis was performed on a FlashEA1112 elemental

analysis instrument (Elementar Co., Germany). 1H- and 13C-

NMR spectra were recorded on a Varian Inova 400 (Varian Inc.,

Pola Alto, California) in deuterated chloroform solution at

298 K. The thermogravimetry (TG) curve was recorded on a

Netzschsta409P (NETZSCH-Ger€atebau GmbH, Germany) with

a heating rate of 10 �C/min at N2 atmosphere. UV–visible

absorption spectra were recorded on a UV-2550 spectrophotom-

eter (Shimadzu Co., Japan). Electrochemical measurements of

the copolymer films were performed in a 0.1 mol/L tetrabuty-

lammonium perchlorate (TBAP)–acetonitrile (CH3CN) solution

using a glass–carbon electrode at a scan rate of 50 mV/s against

a calomel reference electrode with a CHI610A electrochemical

workstation (Shanghai, China).

2,7-Dibromo-9,9-bis(4-hydroxypheny)fluorene28 (1), 4-(4-

(diphenylamino)-phenyl)-7-(2-(1-bromohexylthiophene)-5-yl)-

2,1,3-benzothiadiazole29 (GX-Br) (2), and 4,7-bis(5-bromo-4-

hexyl-2-thienyl)-2,1,3-benzothiadiazole30 were prepared follow-

ing published procedures.

Fabrication and Characterization of Photovoltaic Cells

The BHJ PSCs were made using assembled solar cell structure

glass/indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene)

(PEDOT) : poly(styrenesulfonic acid) (PSS) (40 nm)/copoly-

mers : PC71BM/LiF (0.6 nm)/Al (100 nm). The ITO-covered

glass substrates were cleaned by detergent and acetone. PEDOT

: PSS was spin-cast onto the cleaned substrate and heated for 10

min at 120�C. The substrates were then moved into a glove box

filled with N2. The active layers were spin-coated from chloro-

form (CF) solutions on top of the PEDOT : PSS-coated ITO

glass substrates. The substrates were transferred into a vacuum

chamber where 0.6 nm LiF and 100 nm Al were thermally

evaporated at a pressure less than 4 3 1024 Pa. The active areas

of all PSCs were 4.5 mm2, as defined by the overlap between

two electrodes measured by optical microscopy. Current den-

sity–voltage (J2V) curves were measured using a Keithley 2400

Source Meter under illumination of AM 1.5 filtered light, with

an intensity of 100 mW/cm2 (solar simulator Model SS-50A,

Photo Emission Tech., Camarillo, California). External quantum

efficiency (EQE) spectra were obtained using a Newport Merlin

lock-in, with the solar cells illuminated with chopped mono-

chromatic light through the ITO side.

Synthesis

2,7-Dibromo-9,9-bis(7-(4-(diphenylamino)phenyl)-2,1,3-ben-

zothiadiazole-4-(2-thiophene-5-hexyloxy))phenyl fluorene (M-

onomer 3)27. In a three-necked flask, anhydrous K2CO3 (0.996

g, 7 mmol) and 18-crown-6 (0.044 g, 0.168 mmol) were added

to a solution of 2,7-dibromo-9,9-bis(4-hydroxypheny)fluorene

(0.356 g, 0.7 mmol) and 4-(4-(diphenylamino)phenyl)-7-(2-(1-

bromohexyl-thiophene)-5-yl)-2,1,3-benzothiadiazole (1.048 g,

1.68 mmol) in acetone (40 mL) under a N2 atmosphere. The

mixture was refluxed for 24 h, and then cooled to room tem-

perature and extracted with dichloromethane. The organic layer

was washed with brine and dried over anhydrous magnesium

sulfate. The solvent was removed under reduced pressure, and

the residue was purified by column chromatography (silica gel,

petroleum ether/chloroform (1 : 1)) and recrystallized from

ethanol to yield a red needle-like solid title product (0.993 g,

89%). M.p.: 127–129�C. Fast atom bombardment mass spec-

trometry (FAB-MS): 1596. 1H-NMR (400 MHz, CDCl3, d): 7.94

(d, 2H), 7.88 (dd, 4H), 7.84 (dd, 2H), 7.68 (dd, 2H), 7.57 (dd,

2H), 7.47 (s, 2H), 7.45 (dd, 2H), 7.32–7.28 (m, 8H), 7.22–7.18

(m, 12H), 7.07 (m, 4H), 7.06 (dd, 4H), 6.88 (d, 2H), 6.78 (dd,

4H), 3.92 (t, 4H), 2.90 (t, 4H), and 1.78–1.26 (m, 16H). 13C-

NMR (100 MHz, CDCl3, d): 158.14, 153.89, 153.68, 152.79,

147.92, 147.41, 147.37, 137.81, 136.91, 136.27, 131.71, 130.81,

130.71, 129.82, 129.34, 129.27, 129.22, 128.97, 127.32, 127.25,

126.03, 125.25, 124.85, 123.28, 122.88, 121.78, 121.52, 114.31,

67.76, 64.33, 31.51, 30.18, 29.14, 28.81, and 25.83. Anal. calcd

for C93H74O2N6S4Br2: C 70.01, H 4.64, N 5.27, S 8.03; found: C

70.15, H 4.82, N 5.14, S 7.96.

9,9-Bis(7-(4-(diphenylamino)phenyl)-2,1,3-benzothiadiazole-4-

(2-thiophene-5-hexyloxy))phenylfluorene-co-4,8-bis(2-ethyl-hex-

yloxy)benzo[1,2-b;4,5-b0]di-thiophene copolymer (PF-BTh).

Synthesis of the copolymer was carried out using palladium-

catalyzed Stille couplings. Under a nitrogen atmosphere,

monomer 3 (0.399 g, 0.25 mmol), 2,6-bis(trimethyltin)-4,8-bis-

(2-ethyl-hexyloxy)benzo[1,2-b;4,5-b0]dithiophene (0.193 g, 0.25

mmol), toluene (5 mL), and Pd(PPh3)4 (28.9 mg) were sequen-

tially added to a 50 mL three-necked flask. The reaction mixture

was warmed to 90�C and stirred for 48 h. A small amount of

bromobenzene and 4-(hexyl-2-thienyl)stannane were added

respectively to end-cap the polymer chain. The reaction mixture

was cooled to room temperature and poured into methanol.

The resulting solid was filtered and extracted with acetone for

24 h to remove oligomers and catalyst residues and obtained a

black-brown solid (yield, 67%). 1H-NMR (400 MHz, CDCl3, d):

7.87–7.89 (m, 2H), 7.83–7.84 (d, 4H), 7.76–7.78 (d, 4H), 7.62(s,

4H), 7.19 (s, 8H), 7.06 (s, 4H), 6.83 (s, 4H), 4.20 (s, 4H), 3.92

(s, 4H), 2.90–2.93 (m, 4H), 1.27–1.86 (m, 34H), 1.05 (s, 6H),

0.93 (s, 6H).

9,9-Bis(7-(4-(diphenylamino)phenyl)-2,1,3-benzothiadiazole-4-

(2-thiophene-5-hexyloxy))phenylfluorene-co-4,8-bis-(2-ethyl-

hexyloxy)benzo[1,2-b;4,5-b0]dithiophene-co-4,7-bis(4-hexyl-

2-thienyl)-2,1,3-benzothiadiazole copolymer (PF-BTh-DBT).

With the similar synthetic method as PF-BTh with 4,7-bis(5-

bromo-4-hexyl-2-thienyl)-2,1,3-benzothiadiazole (0.0785 g,

0.125 mmol) (2) and monomer 3 (0.1995 g, 0.125 mmol),

instead of monomer 3 (0.25 mmol), afford a reddish purple

solid. (Yield, 85%). 1H-NMR (400 MHz, CDCl3, d): 8.06 (s,

2H), 7.84–7.88 (m, 10H), 7.76–7.78 (d, 6H), 7.61 (s, 6H), 7.18

(s, 12H), 7.05 (s, 4H), 6.84 (s, 8H), 4.21 (s, 8H), 3.92 (s, 4H),

2.87 (s, 8H), 1.26–1.76 (m, 34H), 1.07 (s, 12H), 0.93 (s, 12H).

RESULTS AND DISCUSSION

Synthesis and Thermal Properties

Scheme 1 shows the synthetic routes to the monomer and

copolymers. Monomer 3 was synthesized from 2,7-dibromo-9,9-
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bis(4-hydroxypheny)fluorene and 4-(4-(diphenylamino)phenyl)-

7-(2-(1-bromohexylthiophene)-5-yl)-2,1,3-benzothiadiazole

(GX-Br) (2) using Williamson reaction in a high yield of 89%,

in which a thiophene-benzothiadiazole-triphenylamine (Th-BT-

TPA) unit was attached to 2,7-dibromofluorene with alkyl

phenyl spacers. The copolymers can be obtained from 2,6-bis

(trimethyltin)-4,8-bis-(2-ethylhexyloxy)benzo[1,2-b;4,5-

b0]dithiophene, copolymerized with monomer 3 and/or 4,7-

bis(5-bromo-4-hexyl-2-thienyl)-2,1,3-benzothiadiazole by Stille

reaction, respectively. At the end of polymerization, 4-(hexyl-2-

thienyl)stannane and bromobenzene were added to remove the

bromine and tributyl stannane end groups, respectively. The

molecular weights of the copolymers are relatively low because

monomer 3 has a large steric hindrance. The polydispersity

indexes (Mw/Mn) of the copolymers range from 2.0 to 2.6

(Table I), which is consistent with the polycondensation reac-

tion results. The two copolymers have good solubility in

common organic solvents such as chloroform, tetrahydrofuran,

and toluene. The thermal stability of the copolymers was inves-

tigated by thermogravimetric analysis (TGA), and the corre-

sponding results are summarized in Figure 1 and Table I. As

shown in Figure 1, the TGA curves reveal degradation tempera-

tures (Td) of 5% weight loss of 313�C for PF-BTh and 320�C
for PF-BTh-DBT. Therefore, the copolymers have excellent ther-

mal stability.

Scheme 1. Synthetic routes of the monomer and copolymers.

Table I. Molecular Weights, Weight Distribution Coefficient (PDI), and

Thermal Properties of the Copolymers

Copolymers Mn (kg/mol) Mw (kg/mol) PDI
Td (5%
loss) (�C)

PF-BTh 16.4 33.0 2.0 313

PF-BTh-DBT 17.9 46.9 2.6 320
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Photophysical and Electrochemical Properties

The UV–vis absorption spectra of copolymers in dilute chloro-

form solution (concentration 1025 mol/L) and in thin film are

depicted in Figure 2. The absorption spectrum of the monomer

3 is also depicted in Figure 2 to compare the absorption spectra

of the copolymers. The absorption spectrum of the fluorene

monomer with D–A chromophores on the C9 site in dilute solu-

tion shows two absorption peaks at 322 and 468 nm, which can

be assigned to the p–p* absorption of the molecule and the

intramolecular charge transfer from the electron-donating unit

(triphenylamine) to the electron-accepting unit (benzothiadia-

zole). The copolymer PF-BTh displays a similar absorption spec-

trum in the solution as that of monomer 3 [Figure 2(a)]. Except

for the two absorption peaks at 317 and 449 nm, the copolymer

PF-BTh-DBT has a weak absorption band at 500 nm to 650 nm,

which can be attributed to the intramolecular charge transfer

from the electron-donating units (fluorene and 4,8-bis-(2-ethyl-

hexyloxy)benzo[1,2-b;4,5-b0]dithiophene) to the electron-

accepting units (DBT) on the polymer main chain. The molar

absorption coefficient of PF-BTh for the visible absorption band

at the peak of 463 nm calculated from Beer’s law equation is 2.77

3 104 mol/(L cm), and the molar absorption coefficient of PF-

BTh-DBT is 6.16 3 104 mol/(L cm) at the peak of 449 nm. The

absorption peaks of the copolymers in the film are consistent

with that in CHCl3 solution, and the absorption band of copoly-

mer PF-BTh-DBT at 550 nm to 700 nm is stronger than that in

CHCl3 solution, demonstrating that a strong interaction among

the copolymers in the film. The absorption edge of the PF-BTh

and PF-BTh-DBT films are at 561 and 709 nm, respectively,

corresponding to the energy gap of 2.21 and 1.75 eV, respectively.

The absorption spectrum of the copolymer with D–A structure

both on the polymer main and side chains is broader and stron-

ger than that of the copolymer with only a pendent D–A struc-

ture, demonstrating that the introduction of D–A chromophores

in the polymer side and main chains can further tune the

absorption and band gap of the polymer.

Cyclic voltammetry was used to investigate the electrochemical

redox behaviors of the copolymers and to determine their high-

est occupied molecular orbital (HOMO) and lowest unoccupied

molecular orbital (LUMO) energy levels. The results of the elec-

trochemical measurements and calculated energy levels of the

copolymers are listed in Table II. The oxidation potentials

Figure 2. UV–vis absorption spectra in CHCl3 of 1025 mol/L (a) and in

film (b). [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 1. TG curves of copolymers at scan rate of 20 �C/min under nitro-

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

available at wileyonlinelibrary.com.]

Table II. Optical and Electrochemical Properties of the Copolymers

Copolymers � (3104mol/L cm) kfilm (nm)
Optical band
gapa (eV) Vox (V) EHOMO (eV) ELUMO

b (eV)

PF-BTh 2.77 320, 470 2.21 1.05 25.45 23.24

PF-BTh-DBT 6.16 320, 445 1.80 0.95 25.35 23.55

a Estimated from the onset wavelength of optical absorption in the film.
b Calculated from the HOMO level and optical band gap.
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derived from the onsets of electrochemical p-doping, namely,

the HOMO levels, were calculated according to an empirical

formula (EHOMO 5 2e(Eox14.4) (eV)).31 The LUMO levels

were estimated from the optical band gap and the HOMO lev-

els. The oxidation onset of PF-BTh was exhibited at 1.05 V, and

that of PF-BTh-DBT was at 0.95 V. The n-doping processes

were unrecorded after many trials. The copolymers exhibit rela-

tively low HOMO energy levels (25.45 eV for PF-BTh and

25.35 eV for PF-BTh-DBT), which are beneficial for obtaining

high Voc. The LUMO levels are located at 23.24 eV for PF-BTh

and 23.29 eV for PF-BTh-DBT, which is consistent with the

LUMO energy level of an ideal donor for the acceptor of PCBM

([6,6]-phenyl-C71-butynic acid methyl ester, ELUMO 5 24.3

eV). The HOMO energy levels of the copolymers are deter-

mined by the conjugated main chains and the pendant acceptor

units have less effects on the HOMO energy levels of the

copolymers.32–37 The HOMO energy level of PF-BTh-DBT is

higher than that of PF-BTh because PF-BTh-DBT has lower oxi-

dation onset due to the electron acceptor benzothiadiazole unit

in the main chain, which is consistent with the results reported

in the literature.32–37 The LUMO energy level of PF-BTh-DBT is

lower than that of PF-BTh which may be the effects of D–A

units both on the main chain and side chains.

Photovoltaic Properties

BHJ solar cells with a typical configuration of ITO/PEDOT :

PSS/copolymers : PC71BM (1 : 3)/LiF/Al were fabricated and

tested under simulated AM1.5G illumination (100 mW/cm2).

Figure 3 shows the current density (J)–voltage (V) curves and

EQE spectra of copolymers/PC71BM BHJ solar cells without

annealing and other solvent additives. The corresponding values

are summarized in Table III. As shown in Figure 3(a) and Table

III, the assembled solar cells fabricated with PF-BTh/PC71BM

exhibit a PCE of 1.4% with short circuit current density (Jsc) 5

3.84 mA/cm2, fill factor (FF) 5 0.37, and open circuit voltage

(Voc) 5 0.98 V. Those fabricated with PF-BTh-DBT/ PC71BM

exhibit a PCE of 1.6% with Jsc 5 4.8 mA/cm2, FF 5 0.39, and

Voc 5 0.84 V, respectively. To show the photo response of

assembled solar cells at different wavelengths, corresponding

EQEs of the solar cells were measured under illumination of

monochromatic light. For all of the blends, broad photo

responses were observed from 300 nm to 700 nm. The maxi-

mum EQEs of the solar cells based on PF-BTh-DBT/PC71BM is

32.9% at 485 nm. PF-BTh-DBT with D–A structure both on the

main and side chains has higher Jsc and EQE in accordance to

its broader and stronger absorption. The Voc of the PSCs is cor-

related with the difference of the LUMO of the electron

acceptor and the HOMO of the electron donor; theoretically,

lower polymer HOMOs produce higher Voc values.38 The Voc of

PF-BTh-DBT is slightly lower than that of PF-BTh, which is

consistent with its higher HOMO level. The assembled solar cell

based on the copolymer PF-BTh-DBT has relatively low Jsc

which is consistent with the weak absorption of the copolymer

PF-BTh-DBT in the 500–700 nm and has low FF due to the rel-

atively low molecular weight of the copolymer, which leads to

the relatively low PCE. The absorption spectrum of the resulting

copolymers with D–A structure both on the polymer side and

main chains could be easily modulated by adjusting the donors

and acceptors on the main chain and the side chains. The opti-

mization of the assembled solar cell structure and the structural

design of the copolymers are in progress.

CONCLUSIONS

Two novel narrow band gap polyfluorene copolymers with D–A

structure on the polymer side and/or main chains were synthe-

sized through Pd-catalyzed Stille coupling reactions. The copol-

ymer PF-BTh-DBT with D–A structure both on the polymer

side and main chains has broader and stronger absorption and

narrower band gap and better assembled solar cell performance

than copolymer PF-BTh with D–A structure only on the poly-

mer side chain. The PCE achieved in the assembled solar cell

Table III. Assembled Solar Cell Performances of the Copolymers

Copolymers Jsc (mA/cm2) Voc (V) FF PCE (%)

PF-BTh 3.84 0.98 0.37 1.40

PF-BTh-DBT 4.80 0.84 0.39 1.60

Figure 3. (a) J–V characteristics; (b) EQE spectra of assembled solar cells

with a structure of ITO/PEDOT : PSS/copolymer : PC71BM (1 : 3)/LiF/Al

under the illumination of an AM 1.5 G solar simulator (100 mW/cm2).

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

wileyonlinelibrary.com.]
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configuration ITO/PEDT/PF-BTh-DBT : PC71BM (1 : 3)/LiF/Al

was 1.6%, with an open-circuit voltage of 0.84 V without

annealing and additives. Further optimization of the molecule

promises highly efficient harvesting because of the intramolecu-

lar charge transfer in the main and side chains.
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