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Abstract A new family of 9,9-bisalkylfluorene (F)/thio-

phene (T)/benzothiadiazole (B) p-conjugated copolymers for

organic solar cells is reported. The structure of the reported

copolymers is pseudorandom: in turn each F, T, B monomer

unit is alternated to the other randomly distributed two units.

Voltammetric, UV–visible, and photoluminescence mea-

surements have been carried out to assess the optical and

electronic properties of the synthesized materials. The

occurring of photoinduced charge transfer towards a fullerene

electron acceptor was investigated by photoluminescence

quenching and light-induced electron spin resonance experi-

ments. The copolymer having alternating thiophene monomer

units and randomly distributed fluorene and benzothiadiazole

units exhibits the most promising characteristics; the photo-

physic study shows that such polymer/fullerene blend could

represent a novel and cheaper material to be used as conve-

nient donor–acceptor system for polymer solar cells.

Introduction

That of novel materials for new generation solar energy

technologies is an expanding research area. In this frame,

polymer solar cells represent a hot topic and one of the

most promising developments [1]. The achievement of

efficient polymer solar cells requires a multidisciplinary

research encompassing the synthesis of new p-conjugated

systems, the photophysical characterization of the photo-

active materials, the design, and fabrication of devices

exhibiting nanostructured architectures, their electrical

characterization and the study of the device physics. A

large number of different donor and acceptor materials

(both low molecular weight compounds and polymers)

have been explored over the years [1–4] to find the best

performing photoactive system. To date, the most active

polymer solar cell, reaching a power conversion efficiency

around 8% is based on a thieno[3,4-b]thiophene-benzo[1,2-

b:4,5-b0]dithiophene alternating copolymer [5–7] blended

with a modified fullerene derivative.

It is possible, to some extent, to rationally design the

structure of the donor polymer to tune its chemical, phys-

ical, and electronic properties which, in turn, affect the

devices performance [8, 9]. Phenyl-C61-butyric acid

methyl ester (PCBM) and phenyl-C71-butyric acid methyl

ester are by far the most effective electron acceptors used

in solar cells [1, 3]. For PCBM-based solar cells, it has

been suggested that the energy gap of the donor should be

in the range 1.5–1.8 eV and the LUMO (Lowest Unoccu-

pied Molecular Orbital) level of the donor should be

0.3–0.5 eV above the LUMO level of PCBM [10]; on the

other hand, no rational models have been developed to

estimate, from the polymer structure or the photoactive

blend morphology, the carrier mobility, another key

parameter affecting the cell efficiency [4]. In general,

conjugated copolymers containing electron rich/electron

poor units in an alternate fashion are known to exhibit a

low energy gap [11–18]. A class of promising materials

with these characteristics is represented by the alternating
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fluorene copolymers (APFO) [2, 3, 19–29], which leads to

solar cells having promising power conversion efficiencies.

In particular, poly{9,9-bisalkylfluorene-2,7-diyl-alt-[4,7-

bis(thien-2-yl)-2,1,3-benzothiadiazole]-50,500-diyl} (alkyl =

hexyl, 2-ethylhexyl, octyl, decyl, dodecyl), containing

fluorene–thiophene–benzothiadiazole–thiophene units in a

strictly alternating sequence [20, 21, 27, 29], exhibit energy

gaps around 1.9 eV and open circuit voltages (Voc) around

1 V.

In this study, we describe the synthesis and the

optoelectronic characterization of a novel family of

9,9-bisalkylfluorene (F)/thiophene (T)/benzothiadiazole

(B) pseudo-random copolymers.

Conjugated random copolymers [16, 19, 25, 30, 31] are,

by far, less used than alternating copolymers for solar cells

fabrication. While the disordered structure typical of the

random polymers may hamper the crystallization and

decrease the carrier mobility, the presence of different

monomer units sequences might generate a plurality of

energy gaps and increase the light harvesting ability.

An additional advantage of random copolymers over

alternating copolymers consists in the simplicity of syn-

thesis: while the preparation of alternating copolymers

requires a multistep synthesis to assemble the monomeric

units in the desired sequence, random copolymers can be

easily obtained in a one-pot polymerization from readily

available precursors.

Experimental

Materials

2,1,3-Benzothiadiazole-4,7-bis(4,4,5,5-tetramethyl)-1,3,2-

dioxaborolane was purchased from Aldrich and purified by

column chromatography (heptane/ethyl acetate 1:1). Tol-

uene was distilled over lithium aluminium hydride.

9,9-Bis(2-ethylhexyl)fluorene-2,7-diboronic acid, 4,7-

dibromo-2,1,3-benzothiadiazole, 2,7-dibromo-9,9-bis(2-eth-

ylhexyl)fluorene, 2,5-dibromothiophene, tricaprylmethy-

lammonium chloride (Aliquat� 336), palladium tetrakis

(triphenylphosphine), methanol, isopropanol, chloroform,

potassium carbonate, ethylenediaminetetraacetic acid diso-

dium salt (EDTA), were purchased from Aldrich and used

without further purification.

Polymerization procedure

Synthesis of poly{[40-(9,9-bis(2-ethylhexyl)fluoren-2-yl)-

20,10,30-benzothiadiazole-7,70-diyl]-co-[20-(9,9-bis(2-ethyl-

hexyl)fluoren-2-yl)thien-7,50-diyl]} (P1). 1.736 g (3.63 mmol)

of 9,9-bis(2-ethylhexyl)fluorene-2,7-diboronic acid, 533 mg

(1.81 mmol) of 4,7-dibromo-2,1,3-benzothiadiazol and

439 mg (1.81 mmol) of 2,5-dibromothiophene were dis-

solved in a mixture of 40 mL of toluene and 8 mL of

degassed isopropanol under nitrogen atmosphere. Five

drops of Aliquat 336 and 4 mL of a 4 M (16 mmol)

potassium carbonate in degassed water were added, and the

mixture was heated to 70 �C for 15 min. 52 mg

(0.040 mmol) of Pd(PPh3)4 were added and the reaction

was carried out for 40 h under vigorous stirring. The reac-

tion mixture was cooled, poured into 250 mL of methanol,

and the coagulated solid was collected by filtration. The

solid was redissolved in 500 mL of chloroform, 500 mL of

30% aqueous ammonia were added and the mixture was

vigorously stirred for 3 h at reflux temperature. After

cooling at room temperature the organic phase was sepa-

rated, 400 mg of EDTA were added and the mixture was

stirred overnight. Then the suspension was extracted three

times with 500 mL of water. The organic phase was sepa-

rated, concentrated to about 10 mL and added dropwise to

200 mL of methanol. The coagulated polymer was col-

lected on a Gooch filter and dried in a vacuum oven to yield

1.702 g (94%) of a yellow-green powder.

Synthesis of poly{[20-(thien-2-yl)-90,90-bis(2-ethylhexyl)

fluorene)-5,70-diyl]-co-[40-(thien-2-yl)-20,10,30-benzothiadi-

azole-5-70-diyl]} (P2). 627 mg (1.40 mmol) of 9,9-bis(2-

ethylhexyl)fluorene-2,7-diboronic acid, 545 mg (1.40 mmol)

of 2,1,3-benzothiadiazole-4,7-bis(4,4,5,5-tetramethyl)-1,3,2-

dioxaborolane, and 680 mg (2.81 mmol) of 2,5-dibromothi-

ophene were polymerized following the same procedure

described for P1. 472 mg (49%) of a dark brown powder

were obtained.

Synthesis of poly{[20-(2,1,3-benzothiadiazole-4-yl)-90,90-
bis(2-ethylhexyl)fluorene-7,70-diyl]-co-[20-(2,1,3-benzothiadi-

azole-4-yl)thien-7,50-diyl]} (P3). 873 mg (1.59 mmol) of 2,7-

dibromo-9,9-bis(2-ethylhexyl)fluorene, 1.239 g (3.19 mmol)

of 2,1,3-benzothiadiazole-4,7-bis(4,4,5,5-tetramethyl)-1,3,2-

dioxaborolane, and 385 mg (1.59 mmol) of 2,5-dibromothi-

ophene were polymerized following the same procedure

described for P1. 817 mg (70%) of a dark brown powder

were obtained.

Characterization methods

UV–Vis absorption spectra were recorded at room tem-

perature with a Lambda 950 spectrophotometer (Perkin-

Elmer Inc. Waltham, MA, USA). Samples in solution were

prepared by dissolving pristine polymer in CHCl3 solutions

in cell with 10 mm optical path length and optical density

of typically 0.5 at max. absorption in the visible region of

spectrum. Thin films (*100 nm) of pristine polymers and

polymer/PCBM blends were prepared by spin-coating from

chlorobenzene solution on quartz Suprasil substrates. The

optical energy gaps were evaluated by the edge corre-

sponding to the intersection between the negative tangent
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line in the inflection point of lowest energy absorption band

and the tangent line to linear portion of the absorption tail.

Steady-state PL spectra were recorded at room temper-

ature with a Fluorolog 3 spectrofluorometer (Horiba Jobin-

Yvon Inc., Edison, NJ, USA), with right angle geometry for

liquid samples and front-face (22�) for thin films. The same

samples used for absorption was used for PL quenching

measurement; emission spectra were corrected for the

optical density of the sample at the excitation wavelength.

Electrochemical measurements were performed with an

Autolab PGSTAT30 potentiostat/galvanostat (EcoChemie,

The Netherlands) run by a PC with GPES software,

in a one-compartment three-electrode cell in argon-purged

acetonitrile with 0.1 M Bu4NBF4 as supporting electrolyte.

A CHCl3 solution 1 mg/mL of the compound was coated

on the Glassy Carbon working electrode (Amel Electro-

chemistry, Milano, Italy) having a surface of 0.071 cm2.

A Platinum counterelectrode and an aqueous saturated

calomel (SCE) reference electrode were used. The film

formed on the electrode was analysed at a scan rate of

200 mV/s. The data have been referred to the Fc?/Fc redox

couple (ferricenium/ferrocene), according to IUPAC [32].

NMR spectra were obtained with an Avance 400 spec-

trometer (Bruker Corp., Madison, WI, USA). Samples were

dissolved in CDCl3 (reference: 7.26 ppm for 1H and

77.7 ppm for 13C). 1H-NMR spectra were acquired with a

90� pulse width and 4 s as delay time. 13C[1H]-NMR spectra

were acquired with 30� pulse width and 2 s as delay time.

The Light-induced Electron Spin Resonance (LESR)

measurements were performed with a Bruker Elexys 500

spectrometer, equipped with a nitrogen flow cryostat.

Thick film (estimated thickness 20 lm) were casted inside

the sample holder quartz tube, after three freeze–pump–

thaw cycles of the sonicated Cl-benzene solutions of pure

polymer or polymer/PCBM 1:1 w/w mix, in order to

eliminate at best oxygen traces. After a prolonged (2 h)

vacuum treatment the ESR spectra were registered at

120 K in absence (‘‘dark’’ spectrum) and presence of

illumination (‘‘light’’ spectrum). Light is irradiated through

a 66% transmission grid on the resonant cavity from a

1,000 W high pressure Xenon lamp with a water filter

(&2 mW/cm2 in non-focussed conditions), chosen in order

to simulate solar spectrum irradiation. The difference

‘‘light’’–‘‘dark’’ is the LESR, where the presence of the

signals of polaron P?� and PCBM-� shows the occurrence

of the photoexcited charge transfer [33]. Microwave power

scans were performed in order to find the conditions

(0.05 mW microwave power) to avoid polaron signal sat-

uration, generally occurring at relatively low power in both

poly(3-alkylthiophene)s [34], and poly(9,9-dioctylfluorene)

[35] reference derivatives.

Molecular weight determinations were made using a

Waters 150C chromatograph (Waters Corp. Milford, MA,

USA) equipped with a refractive index detector on 1,2,4-

trichlorobenzene solutions at 80 �C. Molecular weight

calibration was performed using monodisperse polystyrene

standards.

Results and discussion

Fluorene/thiophene/benzothiadiazole pseudo-random copoly-

mers were synthesized by Suzuki cross-coupling poly-

merization [36] from dibromides and boronic diacids or

diesters, according to Scheme 1.

As a result of the adopted procedure, in the three

copolymers in turn each F, T, B comonomer unit is alter-

nated to the other two units, which are randomly distrib-

uted (Scheme 2).

P1 and P3 were obtained from 9,9-bis(2-ethylhexyl)flu-

orene-2,7-diboronic acid and 2,1,3-benzothiadiazole-4,7-

bis(4,4,5,5-tetramethyl)-1,3,2-dioxaborolane, respectively,

reacted with an equimolar mixture of the complementary

dibromides. The synthesis of P2 from thiophene-2,5-dibo-

ronic acid and a 1:1 mixture of 2,7-dibromo-9,9-bis(2-eth-

ylhexyl)fluorene and 4,7-dibromo-2,1,3-benzothiadiazole

was also attempted, but no polymer was recovered. A

possible explanation for this might be that deboronation

side-reaction prevents the aryl–aryl coupling and the poly-

merization [37, 38]. This problem was already observed

before in the case of polymerization with thiophene-2,5-

diboronic acid as starting monomer [39, 40]. Thus, P2 was

prepared from 2,5-dibromothiophene and an equimolar

mixture of boronic derivatives of the two other comono-

mers, affording a dark brown product in fairly good yield.

According to the literature [20, 41, 42], F–T–B–T

alternating copolymer obtained by Suzuki polymerization

has a relatively low molecular weight (Mw \ 15,000) as

compared to other fluorene copolymers. The reason for that

was attributed to the low solubility arising from the limited

number of alkylated aromatic rings in the backbone: the

high molecular weight portion of the product tends to

remain in the insoluble fraction of the product. Among the

examined polymers, P1 contains the greater number of

alkylated units, thus is the more soluble polymer and hence

the one exhibiting the higher molecular weight

(Mw = 34,600). On the opposite, P3 is the less soluble

polymer, with a marked tendency to aggregate. For this

reason, the study here reported and the measurements have

been carried out for the series P1–P3, but in the following

only P1 and P2 are discussed, because P3 in most cases

have broad and poorly defined spectra.

Special care was paid to the products purification to

remove catalyst residues. A simple reprecipitation step, a

procedure often applied in the literature, leaves into the
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final product high levels of palladium ([1,000 ppm) and

phosphorus (800–9,000 ppm) impurities. The purity of the

polymer is important, as metal residues might act as charge

traps and affect the electrical properties [43, 44]. By

treating the organic solution of the polymer with ammonia

and EDTA solutions [45, 46], as described in the experi-

mental part, it was possible to decrease the palladium

concentration in P1 and P2 by more than one order of

magnitude (i.e., to less than 100 ppm). On the opposite,

phosphorous concentration remains high, at around

800 ppm. In any case, as a side result of the present study it

has been shown that through an appropriate procedure it is

possible to greatly reduce the residual metal content in this

class of materials.

A detailed study of the polymers microstructure and

monomer sequence distribution by NMR and FT-Raman is

currently under way and will be published elsewhere. In

this study, only the monomer composition is reported. The

experimental compositions of P1 and P2 determined by

nuclear magnetic resonance are near to the nominal ratio

expected on the basis of the monomers feed (Table 1:

x * y & 0.5); the discrepancies arise from the partial

overlapping of some peaks. For P1 the experimental F:T:B

monomer ratio is 0.47:0.27:0.25, while for P2 is

0.28:0.51:0.21 (the accuracy is estimated around ±5%).

UV–visible absorption spectra of P1 and P2 solid films

are reported in Fig. 1. In addition, absorptions were mea-

sured also in chloroform solution; blue-shifts (15–25 nm)

were observed in solution compared to the films, suggest-

ing that in the latter cases significant solid intermolecular

interactions exist [47].

P1 ((FT)x-co-(FB)y) contains long electron rich F–T

sequences interrupted by B electron poor units; on average,

there are 4.75 electron rich rings (in the calculations fluo-

rene counts for two rings) for any electron poor group. In

other words, electron poor units are somewhat too sporadic

along the chain to lead to a low bandgap structure [11–13].

Furthermore, F–B linkages causes a rotation around the
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Scheme 1 Synthesis of P1, P2, and P3. Reaction conditions: toluene/ROH/water, K2CO3, Aliquat 336, Pd(Ph3)4, 70 �C, 40 h

M1
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M3

n
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M1 M2 M3

P1 F B T

P2 T F B

P3 B T F

T =

B =

F =

N
S

N

S

Scheme 2 Structure of fluorene/thiophene/benzothiadiazole pseudo-

random copolymers

Table 1 Molecular weight, molecular weight distribution, and opti-

cal properties of P1 and P2

Entry Structure MW (Da) MW/Mn Eg(opt) (eV) kmax (nm)

P1 (FT)x-co-(FB)y 34,600 3.0 2.38 459

P2 (TB)x-co-(TF)y 3,200 1.8 1.86 551
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aryl–aryl bond for steric reasons and hence a loss of pla-

narity and conjugation. Accordingly, in spite of its high

molecular weight P1 exhibits an absorption peak at

459 nm, the lowest value in this class of polymers, and an

absorption edge at 522 nm, corresponding to an optical gap

of 2.38 eV.

For comparison, the UV–visible spectra of F–T and F–B

alternating binary copolymers (Scheme 3) in chloroform

solution were also registered. The spectrum of F–B

(Fig. 2a) shows two absorption peaks centered at 319 and

431 nm, which can be attributed to a p–p* and intrachain

charge transfer (iCT) transition, respectively [48]; on the

other hand, F–T exhibits a single absorption at 442 nm due

to p–p* transition. Interestingly, from Fig. 2b it can be

seen that the spectrum of P1 in CHCl3 solution is quite well

approximated by a linear combination of the spectra of F–T

and F–B (A(k)P1 = A(k)F–T ? k * A(k)F–B) (k is a constant

dependent on molar absorptivity of F–T and F–B polymers

and relative abundance of corresponding co-monomers in

P1). Apparently, the iCT band of the F–B portion at

431 nm of P1 is totally hidden by the p–p* band attributed

to the F–T sequences. Still, the fact that the ternary random

copolymer appears to be a combination of the two parent

binary copolymers suggests that the conjugation of the

molecular chain is imperfect, otherwise the resulting de-

localized system would exhibit very different features, with

significant shifts in the peak positions.

F–T–B–T alternating polymers have a characteristic

‘‘camel back’’-shaped absorption [25, 29]. When the (TB)x-

co-(TF)y random copolymer (P2) is compared to F–T–B–T

one can observe the same spectroscopic features. However,

while the red band and the blue band of the alternating

copolymers are equal in intensity [25], in P2 the blue band

is much more intense than the red one (Fig. 1). Moreover,

the blue band (associated to a delocalized excitonic p–p*

transition showing exchange of double and single bonds) of

the random copolymer is broader and slightly red-shifted: it

can be speculated that these features of the conjugation

band might arise from the large variety of structural situ-

ations present in the random structure compared to the

alternating one.

P2 has a lower molecular weight than P1, and the ratio

between electron rich/electron poor rings in the chain is

comparable to P1 (4.98 vs. 4.75). However, the perfect

N
SN

F-B

S

F-T

Scheme 3 Structure of fluorene/thiophene (F–T) and fluorene/

benzothiadiazole (F–B) alternating copolymers

Fig. 1 Absorption spectra of films of random copolymers P1 (solid
curve) and P2 (dash curve) normalized at the band around 400 nm

Fig. 2 a Experimental UV–vis spectrum of F–B (solid curve) and

F–T (dash curve) alternating copolymers in chloroform solution and

b experimental spectrum of P1 (solid curve) compared to linear

combination of F–B and F–T spectra (dash curve)
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alternation between 5- and 6-membered rings along the

chain favors the planarity of the structure. As a conse-

quence, the absorption is shifted to lower energy; in fact,

the red band of P2 (possibly due to a transition to a charge

transfer state where the excited electron are localized on

the benzothiadiazole electron-poor unit and the hole

remains delocalized on fluorene and thiophene units [48])

is situated at 551 nm. The absorption edge is at 665 nm,

corresponding to an optical gap of 1.86 eV.

Figure 3 shows the emission spectrum of P1 excited at

460 nm. The photoluminescence of P1/PCBM blends in

the solid state are also reported for various weight ratios.

The PL intensity of P1 is sharply reduced (30 times) by

addition of about 10% w/w of PCBM, and almost two order

of magnitude by addition of about 50% w/w of PCBM; a

further increase in PCBM quantities (100% w/w) leads to

no significant changes in PL quenching. This finding

demonstrates that the electron transfer efficiency from the

photoexcited polymer to the fullerene acceptor, and thus

the photoluminescence quenching, increases with the

PCBM concentration, suggesting that P1 might be an

effective polymer donor for solar cells. Similar conclusions

apply to P2 (Fig. 4), which is even more promising than P1

for photovoltaic applications, thanks to its lower energy

gap.

The LESR of films of the pristine polymers and 1:1

blends with PCBM are reported in Fig. 5. Concerning the

pure polymer films a (weak) photoinduced signal is

observed only on P2, at g = 2.002 and is assigned to

photoinduced polarons P?�/P-� on the base of comparison

with g (P?�) = 2.002 in poly(alkylthiophene)s [34] and at

g (P?�) = 2.003 in poly(9,9-dioctylfluorene) [35]. Polaron

formation is presumably due to charge transfer occurring

between adjacent polymer chains or also in an intramo-

lecular process, between electron rich and electron poor

moieties. No polaron signal is observed in polymer P1,

where photoexcitation is more likely relaxed through an

intramolecular radiative decay, as shown by its strong

fluorescence. In blends of both polymers with PCBM

the polaron formation is photoinduced together with an

absorption at g = 1.999 due to the fullerene anion [34].

This indicates the occurrence of some photoinduced charge

transfer from the polymers towards the fullerene molecule.

The higher concentration of photoinduced charges is

observed in P2. The comparison of relative intensities

shows that in the examined materials the photo-excited

spin concentration is much lower than in reference

poly(alkylthiophene):PCBM systems, similarly to what is

reported also for poly(9,9-dioctylfluorene):PCBM blend

[35]. Note, however, that the ESR signal is due to the

equilibrium population of ESR active species over 10 ls

integration due to the detection at 100 kHz modulation, so

that the contribution of very quickly recombining charges

is lost. Therefore, the failure in observing an intense LESR

spectrum of trapped charge species does not mean that the

charge transfer has not occurred, but that the equilibrium

population of charge transfer state is low, either because of

weak generation or as an effect of strong recombination.

From this point of view there is not any contradiction with

fluorescence results on this same system, showing efficient

quenching of emission upon PCBM addition; evidences

from LESR suggest that in these systems there may be

strong charge recombination.

Voltammetric analysis of P1 and P2 is reported in Fig. 6

and Table 2.

Fig. 3 Emission spectrum of pristine film of P1 and PL quenching of

polymer by PCBM in blend polymer:PCBM (1:0.1 w/w) (dash curve),

(1:0.5 w/w) (dot curve), (1:1 w/w) (dash-dot curve). Excitation at

460 nm

Fig. 4 Emission spectrum of pristine film of P2 and PL quenching of

polymer by PCBM in blend polymer:PCBM (1:0.1 w/w) (dash curve),

(1:0.5 w/w) (dot curve), (1:1 w/w) (dash-dot curve). Excitation at

560 nm
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In the cathodic zone, P1 and P2 voltammetric curves

exhibit chemically reversible reduction behavior. The

reduction onsets potential is more negative for P1 than for

P2, a behavior accounting for the fact that the copolymer

(P1) with the higher content of electron rich units (F) has

the lowest electron affinity.

In the anodic zone, the oxidation behavior of P1 and P2

is chemically reversible. The oxidation potentials is more

positive for P1 than for P2 ([0.3 vs. Fc?/Fc), according

with the donor character of this type of conjugated polymer

and consistently with the ionization potentials expected on

the basis of the balance of electron rich/electron poor

groups.

The distance between first oxidation and reduction peak

is not rigid, but is larger for P1 which contains electron rich

groups. This evidence suggests that the incipient radical

cation and anion are differently delocalized on the conju-

gated system. Furthermore, molecular geometry and con-

jugation affect the electrochemical bandgap. In P1 the loss

of planarity, and consequently the loss in conjugation,

could be another reason of difficult oxidation and

reduction.

The HOMO and LUMO levels, calculated from the onsets

of oxidation and reduction potentials according to the semi-

empirical equations EHOMO/LUMO = [-e (Eonset(vs.SCE) -

Eonset(Fc/Fc? vs. SCE))] - 4.8 eV [49] are reported in Table 2

and visually compared with the energy levels of PCBM [50]

in Fig. 7.

For these two polymers the electrochemical gap is

greater than the optical gap calculated from the absorption

edges of UV–vis spectra (Table 1). This difference is

commonly found in the literature [51] and is related to the

formation of charge carriers in voltammetric analysis,

Fig. 5 LESR of pristine

polymer films (a) and

polymer:PCBM 1:1 w/w blend

films (b). T = 120 K,

microwave power = 0.05 mW,

&2 mW/cm2 irradiation from a

high pressure Xenon lamp

Fig. 6 CV of P1 and P2 in ACN ? 0.1 M Bu4NBF4 on glassy

carbon electrode vs. SCE at 0.2 V s-1

Table 2 Electrochemical properties of P1–P2 copolymers (onset

potentials vs. Fc/Fc?), frontier energy levels (EHOMO(EC) and

ELUMO(EC)) and electrochemical gap (Eg(EC))

Entry EOX
onset

(V)

ERED
onset

(V)

EHOMO(EC)

(eV)

ELUMO(EC)

(eV)

Eg(EC)

(eV)

P1 0.81 -1.93 -5.61 -2.87 2.74

P2 0.51 -1.54 -5.31 -3.26 2.05

-2

-3

-4

-5

-6

PCBM
APFO-3

P1 P2

E
ne

rg
y 

(e
V

)

Fig. 7 Energy level diagram of P1 and P2 from voltammetric data.

PCBM values are taken from the literature [50]
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which requires higher energy than optical absorption. As a

further observation, although great caution must be used

when comparing electrochemical data from different

laboratories, one can note that the HOMO level of P2

(-5.31 eV) is about 0.2 eV higher in energy than the

HOMO level of the corresponding F–T–B–T alternating

copolymer (-5.5 [29]/-5.56 [52] eV), whereas the gap is

similar.

All the polymers have HOMO and LUMO levels higher

than the commonly used PCBM acceptor (Fig. 7). P1 is the

polymer with the highest EHOMOdonor–ELUMOacceptor dif-

ference. On this basis [53], P1 is expected to lead to PV

devices with the better Voc. The EHOMOdonor–ELUMOacceptor

difference of P2 is lower, but the smaller energy gap could

compensate the expected lower Voc with a higher Jsc in

affording efficient solar cells.

Conclusions

In summary, three new pseudo-random conjugated

copolymers, where in turn each fluorene, thiophene, ben-

zothiadiazole comonomer unit is alternated to the other two

units—which are randomly distributed—have been pre-

pared by Suzuki polycondensation. The copolymers have

been carefully purified to reduce the amount of residual

catalyst (palladium) below 100 ppm. It was found that high

molecular weights can be achieved for the structure which

contains in high concentration monomer units bearing alkyl

chains, which enhance the polymer solubility. When the

polymer is not soluble enough (i.e., P3), it is not possible to

reach high molecular weights because the material begins

to precipitate from the reaction mixture in the early stages

of polymerization.

UV–visible and voltammetric measurements show that

the energy gaps vary according to the amount of electron

poor-units in the chain: the polymer with alternating fluo-

rene units (P1) exhibits the highest gap; the polymer with

alternating thiophene units (P2) has the lowest gap. Both

polymers are photoluminescent and the PL quenched by

PCBM; under irradiation from a high pressure xenon lamp

in order to simulate solar light spectrum photoexcited

charge transfer is observed (in P2 more than in P1), sug-

gesting that they might act as donor materials for organic

solar cells, in particular P2, matching both morphological

and electronic requirements.

The optical and electronic properties of P2, that can be

easily obtained starting from commercially available

monomers, do not differ significantly from those of the

corresponding perfectly alternating polymer, thus paving

the way to the preparation of materials useful for photo-

voltaic application in a much more simplified manner.
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