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Abstract

An alternating polyfluorene (APFO) with low band-gap segments named APFO-Green1 has been designed and synthesized for use in

optoelectronic devices. The low band-gap segment consists of an electron acceptor (A), fenced by electron donors (D). This D–A–D configuration

leads to a partial charge transfer in the polymer backbone, and thereby a low band-gap (1.3 eV). Results obtained from characterization of APFO-

Green1 include light absorption and emission at extended wavelengths as well as high hole mobility. Furthermore, blends of the polymer with

different fullerene derivatives exhibit unusually high photovoltaic performance at long wavelengths, making this type of conjugated polymers

promising for plastic solar cell applications.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In 1990, Burroughes et al. showed that by applying a voltage

through a thin film of an undoped conjugated polymer, light-

emission (electro-luminescence) could be induced [1]. This

discovery made it possible to produce polymer light-emitting

diodes (PLEDs) and today, the focus has shifted from doped,

electrically conducting conjugated polymers to undoped,

semiconducting ones. Light-emitting diodes and color displays

with conjugated polymers as active materials are starting to

gain commercial foothold and several other applications such

as lasers [2], transistors [3] and solar cells [4] are being

developed rapidly. Today, the main focus in the field is on

aromatic polymers such as; poly(p-phenylenevinylene) [5],

polyfluorene [6], polyaniline [7], and polythiophene [8]. These

types of polymers are relatively stable and many of their

features can be tuned by the incorporation of different

substituents.

At present, it has become more or less a necessity to make

sure that newly synthesized conjugated polymers are soluble.

The main reason for this requirement lies in the fact that a

soluble material can be deposited by fairly uncomplicated

means, such as spin-casting [9] or standard printing techniques
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(e.g. offset- or ink-jet printing) [10,11]. This could make it

possible to develop cheap, large-area electronic devices on

flexible substrates like paper or plastic foil [12–14].

The field of solar cells based on conjugated polymers is

subject to intensive academic, as well as industrial research and

recently, overall efficiencies in the region of 5% with

reasonable lifetimes under simulated sunlight have been

reported [15,16]. In these devices, the active layers are made

up of composites of a conjugated polymer, poly(3-hexylthio-

phene) and a derivative of the Buckminster fullerene called

PCBM [17]. Despite the fact that poly(3-hexylthio-

phene):PCBM solar cells are the most efficient reported so

far, they only cover wavelengths up to about 650 nm. To

harvest a larger fraction of the solar photon flux and achieve

photovoltaic response reaching into the NIR and IR regions,

polymers with narrow band-gaps that absorb light at longer

wavelengths are needed.

In conjugated polymers, the band-gap determines, which

wavelengths of light are absorbed and emitted by the material.

Among the factors that influence the band-gap of a polymer

are; conjugation length, solid-state ordering, and the presence

of electron-withdrawing or -donating moieties. Therefore, by

modifying one or more of these properties, polymers with

controlled band-gaps and thus, specific optical and electrical

characteristics can be synthesized. The effective conjugation

length, which is dependent upon the torsion angle between the

repeating units along the polymer backbone, can be controlled

by choosing sterically hindered units along the polymer
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backbone or by introducing bulky side-chains to twist the units

out of plane [18]. By different heat- or vapor-treatments, it has

been shown that the solid state order and therefore, the band-

gap in a polymer film can be modified [19,20]. If electron-

donating or -withdrawing side groups are attached to the

polymer backbone, the energy levels of the HOMO and/or the

LUMO can be altered to control the band-gap [21–23].

Besides attaching electron-donating or -accepting sub-

stituents as side groups, band-gap control can be achieved by

incorporating alternating donor (D) and acceptor (A) moieties

in the polymer main-chain. This causes a partial charge-

separation along the polymer backbone, which gives the

polymer a lower band-gap [19]. Several monomers and

polymers in this category have previously been synthesized

and evaluated [19,24–26]. It has recently been shown that

polymers of this kind, in blends with PCBM, can exhibit fairly

efficient photovoltaic behavior up to about 800 nm [26–28] and

extend into even longer wavelengths, but so far only with very

low efficiencies [25]. The best solar cell polymers utilizing the

donor–acceptor approach published to date are the alternating

copolymers of donor–acceptor–donor (D–A–D) segments and

dialkylated fluorene segments reported by Svensson et al.

[29–31]. The choice of the fluorene unit in these polymers was

motivated by the fact that polyfluorenes have shown good

stability [32–34] and can form liquid crystalline phases [35],

which improve charge mobility.

In this paper, the design, synthetic procedure and properties of

a low band-gap polymer, APFO-Green1 (Scheme 2), is reported

together with a brief summary of different devices made from the

polymer. More detailed descriptions of devices from APFO-

Green1 have been published previously [36–40]. APFO-Green1

was designed with the ambition of preparing a polymer that

exhibit the advantages of previously published alternating D–A–

D polyfluorenes [29–31], while extending the light absorption

and photovoltaic response into even longer wavelengths. By

introducing a stronger acceptor unit compared to those in

Svensson’s polymers [29], while still maintaining planarity

along the polymer backbone, the D–A–D nature of the low band-

gap segment can be further accentuated [24]. In APFO-Green1,

the low band-gap D–A–D segment has been emphasized through

the introduction of a [1,2,5]thiadiazolo[3,4-g]quinoxaline moi-

ety, which is a strong electron acceptor and yields a significant

decrease in band-gap [19,24].

2. Experimental section

2.1. Synthetic procedures

2.1.1. 4,7-Dibromo-5,6-dinitro-benzo[1,2,5]thiadiazole (II)
To a mixture of fuming sulphuric acid (100 ml) and fuming

nitric acid (100 ml) at 0 8C, 4,7-dibromo-benzo[1,2,5]thiadia-

zole (I) (20 g, 68 mmol) was added in small portions. The

reaction mixture was allowed to reach room temperature and

after 72 h of stirring, it was poured into ice-water (500 ml). The

resulting greenish-yellow slurry was filtered and the residue

was washed with water. The filter cake was recrystallized in

ethanol to give 7.63 g (29%) of 4,7-dibromo-5,6-dinitro-
benzo[1,2,5]thiadiazole (II) as pale yellow crystals. Melting

point: 198 8C.

2.1.2. 4,7-Di-thiophen-2-yl-5,6-dinitro-benzo[1,2,5]thiadi-

azole (III)
A solution of 4,7-dibromo-5,6-dinitro-benzo[1,2,5]thiadia-

zole (II) (3.82 g, 9.95 mmol) and 2-(tribytylstannyl)thiophene

(9.28 g, 24.8 mmol) in freshly distilled THF (50 ml) was

degassed and put under a nitrogen atmosphere. The mixture

was heated to reflux and dichlorobis(triphenylphosphine)-

palladium(II) (140 mg, 0.2 mmol) dissolved in freshly dis-

tilled, degassed THF (5 ml) was added via a syringe. After 4 h,

an orange precipitate had formed and the heating was removed.

When the mixture had cooled to room temperature, the

precipitate was filtered off and washed with petroleum ether.

Since, the crude product contained traces of 2-(tribytylstan-

nyl)thiophene, it was dissolved in boiling THF and precipitated

by the addition of petroleum ether. The precipitate was filtered

and washed with petroleum ether to give pure III (3.56 g, 92%)

as an orange powder. 1H NMR (300 MHz, CDCl3): d 7.24

(t, 2H), 7.52 (d, 2H), 7.75 (d, 2H).

2.1.3. 4,7-Di-thiophen-2-yl-benzo[1,2,5]thiadiazole-5,6-di-

amine (IV)

A slurry of 4,7-di-thiophen-2-yl-5,6-dinitro-ben-

zo[1,2,5]thiadiazole (III) (500 mg, 1.28 mmol) and fine iron

powder (850 mg) in acetic acid (25 ml) was stirred 3.5 h at

80 8C. The reaction mixture was cooled to room temperature,

precipitated in 5% aqueous NaOH (100 ml) and extracted three

times with diethyl ether (100 ml). The combined organic layers

were washed twice with brine (300 ml), dried with magnesium

sulphate and the solvent was removed on a rotary evaporator.

This gave 422 mg (100%) of IV as golden brown flakes. 1H

NMR (300 MHz, CDCl3): d 4.40 (s, 4H), 7.26 (t, 2H), 7.37 (d,

2H), 7.57 (d, 2H).

2.1.4. 6,7-Diphenyl-4,9-dithien-2-yl-[1,2,5]thiadiazolo[3,4-g]-

quinoxaline (V)

To a slurry of 4,7-di-thiophen-2-yl-benzo[1,2,5]thiadiazole-

5,6-diamine (IV) (2.4 g, 7.3 mmol) in acetic acid (400 ml),

benzil (3.1 g, 14.7 mmol) was added in one portion. The

mixture was stirred at room temperature over night after which

thin-layer chromatography on silica gel with dicloromethane as

eluent showed no traces of diamine (IV). Acetic acid was

removed on a rotary evaporator and the residue was

recrystallized in ethanol to remove excess benzil. This gave

3.25 g (89%) of the desired product (V) as a dark blue–green

powder. 1H NMR (300 MHz, CDCl3): d 7.33 (t, 2H), 7.38–7.46

(m, 6H), 7.70 (d, 2H), 7.81 (dd, 4H), 9.02 (d, 2H).

2.1.5. 6,7-Diphenyl-4,9-bis-(5-bromo-thiophen-2-yl)-

[1,2,5]thiadiazolo[3,4-g]quinoxaline (VI)
A solution of 6,7-diphenyl-4,9-dithien-2-yl-[1,2,5]thiadi-

azolo[3,4-g]quinoxaline (V) (2.25 g, 4.46 mmol) in a (1:1)

mixture of chloroform and acetic acid was prepared by initially

dissolving V in 125 ml refluxing chloroform and after allowing

the solution to cool to room temperature adding 125 ml acetic



E. Perzon et al. / Polymer 47 (2006) 4261–4268 4263
acid. Two equivalents of N-bromosuccinimide (1.59 g,

8.92 mmol) were added and the mixture was stirred in darkness

at room temperature for 2.5 h. At this point, a dark blue–green

precipitate had formed. Thin-layer chromatography on silica

gel with dicloromethane as eluent indicated complete reaction

and 20 ml methanol was added to facilitate further precipi-

tation. The product was collected by filtration and washed with

methanol to yield 2.77 g (94%) of pure VI as a dark blue–green

powder. 1H NMR (300 MHz, CDCl3): d 7.25 (d, 2H), 7.41–

7.50 (m, 6H), 7.74 (dd, 4H), 8.92 (d, 2H).

2.1.6. Polymerization of APFO-Green1

The monomers; 6,7-diphenyl-4,9-bis-(5-bromo-thiophen-2-

yl)-[1,2,5]thiadiazolo-[3,4-g]quinoxaline (VI) (1.19 g,

1.79 mmol) and 2,7-bis(4 0,4 0,5 0,5 0-tetramethyl-1 0,3 0,2 0-dioxa-

borolan-2 0-yl)-9,9-dioctylfluorene (VII) [41] (1.15 g,

1.79 mmol) were dissolved in degassed, refluxing toluene

(50 ml) and put under a nitrogen atmosphere. A suspension of

tetrakis(triphenylphosphine)Pd(0) (400 mg, 35 mmol) in 5 ml

degassed toluene was added through a syringe, followed by the

addition of degassed tetraethylammonium hydroxide (5.0 ml,

20 wt% in water, 7.0 mmol). After 1 h reflux, another portion

of tetrakis(triphenylphosphine)Pd(0) (100 mg, 9 mmol) sus-

pended in 5 ml degassed toluene was added through a syringe.

After three more hours, bromobenzene (280 mg, 1.79 mmol)

was added through a syringe and was allowed to react for 1 h,

whereupon phenylboronic acid (218 mg, 1.79 mmol) was

added. One hour after the addition of phenylboronic acid, the

reaction mixture was allowed to cool to room temperature and

was poured into 200 ml methanol. The precipitated polymer

was collected on a PTFE membrane filter with 0.5 mm pore size

and dissolved in 100 ml boiling chloroform. After being

allowed to cool to room temperature, the polymer solution was

stirred over night with ammonia (100 ml, 25% aqueous

solution) to remove catalyst remnants and other impurities.

The phases were separated and the organic layer was washed

over night once more with ammonia (100 ml, 25% aqueous

solution). After the two ammonia fractions had been combined,

they were extracted with 100 ml boiling chloroform. The

combined organic phases were then washed two times with

100 ml water. After pouring the chloroform solution into

200 ml methanol, the precipitated polymer was collected on a

PTFE filter as described above and suspended in 200 ml diethyl

ether to dissolve low molecular weight oligomers. The ether

slurry was poured through an extraction thimble, which was

Soxhlet extracted with diethyl ether over night, upon which the

extracts were practically colorless. To isolate the chloroform

soluble fraction of the polymer, the ether soaked thimble was

allowed to dry in ambient conditions after which it was Soxhlet

extracted with chloroform. The chloroform solution was

concentrated to approximately 20 ml and was poured into

200 ml of methanol. After the mixture had been gently stirred

over night, the precipitated polymer was collected and washed

with methanol on a PTFE membrane filter, pore size 0.5 mm.

The powder was dried under reduced pressure to afford 475 mg

(30%) of the polymer, APFO-Green1 as a dark green powder.
1H NMR (300 MHz, CDCl3): d 0.60–0.90 (m, 10H), 1.05–1.25
(m, 20H), 2.00–2.20 (m, 4H), 7.45–8.00 (m, 18H), 9.05–9.15

(m, 2H).

2.2. Cyclic voltammetry

Cyclic voltammetry experiments were carried out using

Autolab PGStat 10 (EchoChemie, The Netherlands). A

conventional three-electrode system consisting of a glassy

carbon disk as working electrode, a Ag/AgC quasi reference

electrode and a platinum wire as counter electrode were used.

The polymer films were deposited on working electrodes of

glassy carbon by solvent casting. The electrode was polished

by using 0.3-mm Al2O3 slurry followed by thorough rinsing

with de-ionized water, acetone, and acetonitrile. Any remain-

ing liquid was wiped of with a soft cloth. A 0.1 M solution of

tetrabutylammonium tetrafluoroborate (Bu4NBF4) in aceto-

nitrile was used as a supporting electrolyte. Nitrogen gas was

bubbled through the solution for 20 min to remove dissolved

oxygen and also bubbled over the solution throughout the

experiment. The potential of the quasi reference electrode was

corrected to the Ag/AgCl reference electrode by measuring the

ferocene/ferrocenium redox couple in the supporting electro-

lyte-solvent system, which was found to be 0.433 V vs

Ag/AgCl.

2.3. Photoluminescence measurements

A monochromatic light (lZ450 nm) poduced by a light

beam from a halogen tungsten lamp passed through a

monochromator (MS 257, Oriel Instruments) was used as the

monochromatic excitation light source. An integrating sphere

(Labsphere IAS-040-SL) was utilized for colleting incident and

emitted photons and a spectrometer equipped with a CCD

device (MS 257, Oriel Instruments) was used for collecting

spectra during the measurement.

2.4. Diode fabrication

Polymer solar cells were fabricated using a sandwich

structure of ITO/PEDOT-PSS/APFO-Green1:PCBM (or

BTPF60 or BTPF70)/LiF/Al. ITO refers to indium–tin-oxide

and PEDOT-PSS to poly(ethylene dioxythiophene-polystyr-

enesulfonic acid), Bayer, EL grade. The polymer, APFO-

Green1 blended with PCBM or BTPF (1:2–1:8 by weight) was

dissolved in a chloroform/dichlorobenzene (10:1) mixture.

First, PEDOT-PSS was spin-coated on top of cleaned, pre-

patterned ITO coated glass substrates (sheet resistance of

20 U/square, Merck KGaA) as polymer anode followed by

annealing at 120 8C for 5 min, leaving a 50 nm thick film.

APFO-Green1 and the fullerene were deposited on top of the

PEDOT-PSS by spin-coating, leaving an active layer with a

thickness of 70–120 nm. Finally, the cathode consisting of LiF

(1 nm) and Al (60 nm) were sequentially deposited on top of

the active layer by thermal evaporation in vacuum !10K6

Torr. The active area, defined by the overlap of the anode and

cathode, was 4–6 mm2. Thicknesses were determined using a

Sloan DEKTAK 3030 surface profilmeter.
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3. Results and discussion

3.1. Syntheses

The synthetic route to APFO-Green1 is outlined in Schemes

1 and 2 while the laboratory details are described in Section 2.

A synthetic procedure with the same general outline as the

steps outlined in Scheme 1 has been previously published

[24,42]. However, all steps from the previous method have

been modified to obtain an optimized procedure, which gives

better yields and allows less complicated work-up.

Nitration of 4,7-dibromo-benzo[1,2,5]thiadiazole (I) in a

50/50 (vol/vol) of fuming nitric acid and fuming sulphuric acid

gave 4,7-dibromo-5,6-dinitro-benzo[1,2,5]thiadiazole (II) in

29% yield after recrystallization in ethanol. This step is a

modified procedure based on the nitration described by Uno

et al. [42]. Although a 29% yield might seem low, the

modifications both increased the yield and facilitated the work-

up of the product considerably compared to the original

procedure. Once pure II had been isolated, it was treated with

2-(tribytylstannyl)thiophene in the presence of a catalytic

amount of PdCl2(PPh3)2 to give 4,7-di-thiophen-2-yl-5,6-

dinitro-benzo[1,2,5]thiadiazole (III) in 92% yield. III was

then readily reduced in quantitative (100%) yield to its

corresponding diamine (V) by heating it 4 h at 80 8C in acetic

acid with a large excess of fine iron powder.

The completion of the low band-gap monomer and the

polymerization of APFO-Green1 is outlined in Scheme 2.

Diamine IV was treated with benzil in acetic acid to give the

dark blue low band-gap segment V in 89% yield. To enable a

Suzuki-type copolymerization [29], V was dibrominated with

N-bromosuccinimide in a 1:1 (vol/vol) mixture of acetic acid

and chloroform. This gave the low band-gap monomer VI in

excellent yield (94%). Both these reactions are straightforward,

easily monitored by thin-layer chromatography and give high

yields after simple purifications (Section 2). Employing the

Suzuki copolymerization procedure described by Svensson

et al. [29], diboronic ester VII [41] and the dibrominated low

band-gap segment VI was copolymerized. This gave APFO-

Green1, an alternating copolymer of 9,9-dioctylfluorene

and the low band-gap segment with a deep green color.
N
S

N

BrBr

HNO3 H2SO4 N
S

N

BrBr

O2N NO2

PdCl2(PPh3)2

THF

Sn
S

/
(1:1)

I

II

29%

92%

Scheme 1. Initial synthetic ste
The chloroform soluble fraction of APFO-Green1 was isolated

by Soxhlet extraction in 30% yield, relative to the initial

amount of monomers.
3.2. Batches and molecular weights

The polymerization procedure described in Section 2 (Batch

1) was carried out with equivalent amounts of the two

monomers. However, another polymerization (Batch 2) was

performed in the same manner, except for a 10% excess of the

fluorene monomer, which led to a minimized formation of

chloroform insoluble material. As shown in Table 1, the

introduction of excess fluorene led to a considerable decrease

in molecular weight due to the unbalanced stoichiometry.

Despite very low molecular weights, both batches of APFO-

Green1 proved very useful in devices. In the polymerization

step of Batch 1, an insoluble polymer fraction, was formed.

Hence, the molecular weight averages of Batch 1 reflect the

chloroform soluble polymer fraction useful for device

preparation.
3.3. Absorption

The optical absorption of APFO-Green1, spin-coated on a

glass slide from a chloroform solution is shown in Fig. 1 where

two distinct absorption bands can be observed, the first located

at 300!l!500 nm and the second at 600!l!1000 nm.

Based on previous studies carried out on a similar polymer [43]

and recent quantum chemical modeling [44], the short

wavelength absorption band is attributed to the delocalized

p/p* transition in the polymer chains while the long

wavelength band should originate from a charge transfer

state in the D–A–D-segment. From the onset of absorption

(975 nm), the band-gap of APFO-Green1 can be estimated to

1.3 eV, the lowest number reported so far for polyfluorene

copolymers. This shows that the band gap in alternating

polyfluorene copolymers can be controlled by the D–A–D-

segment and result in a much lower band-gap than for

polyfluorene homopolymers [41]. Also, this confirms that the

introduction of a stronger acceptor in the D–A–D-segment
HAc

N
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N
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N
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Scheme 2. APFO-Green1, final synthetic steps.
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gives the polymer a lower band-gap compared to previous

APFO’s [29,30].
0.75

1

 (
au

)

3.4. Cyclic voltammetry

Cyclic voltammetry is the simplest experimental tool to

estimate the values of the highest occupied molecular orbital

(HOMO), the lowest unoccupied molecular orbital (LUMO)

and band gaps. The most commonly used method is based on

the detailed quantum chemical studies of Bredas [45],

which can be expressed as: IpðHOMOÞZKðEox
onC4:4Þ eV

and EaðLUMOÞZKðEred
on C4:4Þ eV where Eox

on and Ered
on are

the onset potential values in volts for oxidation and reduction

processes against the Ag/AgCl reference electrode. From the

cyclic voltammetry results shown in Fig. 2, the HOMO and

LUMO levels of APFO-Green1 were estimated to K5.3 and

K4.0 eV, respectively. This means that the band-gap from

electrochemistry is determined to 1.3 eV, the same number as

the one derived from onset of optical absorption.
Table 1

Batch data for APFO-Green1

Batch Monomer ratio D–A–D:

fluorene

Yield

(%)

�Mn
a �Mw

a

1 1.0:1.0 30 3600 6200

2 1.0:1.1 27 1900 3400

a Molecular weight averages determined by size exclusion chromatography

calibrated against polystyrene standards and with 1,2,4-trichlorobenzene

(135 8C) as eluent.
3.5. Photo- and electro-luminescence

Films of APFO-Green1 show photoluminescence at

extended wavelengths with the spectrum (Fig. 3) peaking in

the region of 1 mm. The photoluminescence quantum efficiency

was determined to 1.5% in chloroform solution and approxi-

mately 0.5% in film. This photoluminescence peak is among

the longest wavelengths reported from conjugated polymers to

date and makes this class of polymers interesting for near-IR

emitting diode applications. Diodes fabricated from APFO-

Green1 show electro-luminescence spectra peaking in the same

near-IR region as the photoluminescence spectrum [36]. By

incorporation of this emphasized D–A–D segment, which

maintains a planar structure in the polymer backbone, APFO-

Green1 has a low band-gap, which results in these extended

luminescence wavelengths.
0

0.25

0.5

300 400 500 600 700 800 900 1000

Wavelength (nm)

A
bs

or
ba

nc
e

Fig. 1. Absorption spectrum of APFO-Green1, spin-coated from a chloroform

solution.
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Fig. 2. Cyclic voltammogram showing first scan (thin), third scan (thick), and

background scan (dashed) of APFO-Green1 cast on a glassy carbon electrode.
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Fig. 4. Photocurrent spectral response (EQE, external quantum efficiency) of

solar cells based on APFO-Green1:PCBM (dashed) APFO-Green1:BTPF60

(thin) and APFO-Green1:BTPF70 (thick).
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3.6. Solar cell performance

Several attempts to fabricate solar cells based on APFO-

Green1 blended with PCBM [17] resulted in inferior devices

with low photovoltaic performances. The explanation for this

poor behavior is quite logical. By introducing a strong electron

acceptor in the D–A–D-segment of the polymer, the energy

difference, and thereby the driving force for electron transfer,

between the polymer LUMO and the PCBM LUMO has

become too low. This is confirmed when comparing the LUMO

level of APFO-Green1, determined herein to K4.0 eV from

cyclic voltammetry, to that of PCBM, which has been reported

between K3.7 and K3.8 eV [46,47]. To circumvent this

setback, PCBM was substituted for a fullerene with stronger

electron affinity, BTPF60 [39,48] with its LUMO located at

approximately K4.1 eV.

Solar cells with APFO-Green1:BTPF60 blends as active

layer show a distinctive increase in performance compared to

those based on APFO-Green1:PCBM [39]. The onset of

photocurrent generation, shown in Fig. 4, is in the region of

1 mm and an EQE-maximum of 8.4% is located at approxi-

mately 840 nm. Since, BTPF60 exhibits practically no

absorption above 500 nm [39], the photocurrent generation at

long wavelengths must originate from absorption by the

polymer. This is further confirmed by the similarities between

the absorption curve of the polymer (Fig. 1) and the EQE-data

for APFO-Green1:BTPF60 shown in Fig. 4. When irradiating

a device of this type with simulated sunlight (AM1.5,
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Fig. 3. Photoluminescence spectrum of APFO-Green1 excited at 450 nm.
100 mW/cm2), an overall power conversion efficiency (PCE)

of 0.3% was reached.

Despite the promising results obtained for APFO-

Green1:BTPF60 devices in the long wavelength region, the

poor absorption in the intermediate wavelength region (w500–

700 nm) leads to rather low quantum efficiencies at these

wavelengths. To compensate for this, solar cells with BTPF70

[40], the C70 equivalent of BTPF60, were fabricated.

The electrochemical properties of BTPF70 are similar

(LUMOZK4.2 eV) to those of BTPF60 but, BTPF70 absorbs

light in the intermediate wavelength region (w500–700 nm),

where neither BTPF60, nor APFO-Green1 shows any

significant absorption. Solar cells based on APFO-

Green1:BTPF70 blends exhibit enhanced photovoltaic

responses (Fig. 4) at short and intermediate wavelengths,

while maintaining the high EQE-values in the long wavelength

region. Power conversion efficiencies of 0.7% were achieved

under the illumination of simulated sunlight (AM1.5, 100 mW/

cm2) [40].
3.7. Annealing

It has been shown that heat treatment (annealing) can induce

a liquid crystalline state in polyfluorenes [35] and by annealing

APFO-Green1, an ordered, liquid crystalline like state is

obtained. This is confirmed by studying a polymer sample,

placed between crossed polarizers in a light microscope while

heating. When a powder of the polymer (Batch 1) is heated to

240 8C, the powder slowly softens. Upon further heating

(270 8C), the polymer starts showing optical activity. At

310 8C, the optical activity has disappeared completely but

when the temperature is brought back down below 300 8C, the

optical activity re-appears. This ordering is then preserved

when the sample is allowed to cool to room temperature. For

Batch 2, which has a lower molecular weight, the optical

activity appears at 190 8C and disappears above 240 8C. For

both batches, these temperatures are well below the decompo-

sition temperatures determined by thermogravimetric analysis,

see Table 2. Also, the transition from the liquid crystalline like

state to isotropic melt was detected by differential scanning

calorimetry for both batches and the results are shown in

Table 2. The ordered state has been utilized to achieve



Table 2

Thermal data for APFO-Green1

Batch Td5
a (8C) TLC,opt

b (8C) TIso,opt
c (8C) TIso,DSC

d (8C)

1 400 270 300 296

2 298 190 240 237

a Decomposition temperature (5% weight loss) determined by thermogravi-

metric analysis under N2 atmosphere.
b Temperature at which optical activity appears. Determined by light

microscopy with crossed polarizers.
c Temperature at which optical activity disappears and the polymer melt

becomes isotropic. Determined by light microscopy with crossed polarizers.
d The isotropic transition temperature determined by differential scanning

calorimetry.
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improved transistor properties by enhancing the hole mobility

to 3!10K3 cm2/V s by thermal treatment of thin film

transistors with APFO-Green1 (Batch 2) as active layer [38].

Recent results from transistors with Batch 1 of APFO-Green1

show one order of magnitude higher hole mobilities [37]. This

shows that high hole mobilities can be reached in donor–

acceptor polymers.

4. Conclusion

An alternating polyfluorene copolymer, APFO-Green1,

containing a low band-gap donor–acceptor–donor (D–A–D)

segment has been designed and synthesized for use in

optoelectronic devices. The band-gap of the polymer was

estimated to 1.3 eV. Absorption and photovoltaic response at

extended wavelengths were obtained in composites with

fullerenes. This opens up possibilities of using conjugated

polymers to fabricate efficient NIR photodiodes and multi layer

solar cells covering most of the solar spectrum. Additionally,

APFO-Green1 shows photo- and electro-luminescence spectra

peaking in the region of 1 mm and high hole mobility in thin

film transistors. The absorption and photovoltaic response in

the infrared region combined with high charge mobility makes

this class of conjugated polymers promising for plastic solar

cell applications.
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