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Abstract

Synthesis and photophysical properties of a new soluble C60-grafted PPV polymer have been described. Fluorescence quenching of the

PPV moiety in C60-grafted PPV polymer was observed, suggesting the energy- and/or electron transfer within the polymer. The fluorescence

decay profiles at around 500 nm of this polymer both in chloroform and benzonitrile display a single exponential decay giving the

fluorescence lifetimes of 1.10–1.27 ns, which are slightly shorter than that of PPV (about 1.50 ns). The nanosecond transient absorption band

of C60-grafted PPV polymer was observed at 740 nm corresponded to the excited triplet state of C60, which decreased in benzonitrile,

indicating the existence of the extra decay path of the singlet excited state of the C60 other than intersystem crossing. Upon heating this

polymer exhibits typical semilunar liquid crystalline texture, being closely associated with its polymeric structure with long solubilizing

alkoxy side chains.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the discovery of the first conducting polymer

‘polyacetylene’ in 1977 [1], conjugated conducting poly-

meric materials have continuously surprised in the scientific

community with their outstanding optoelectronic properties

over the past 25 years, and have been found in many

applications e.g. photovoltaic cells, polymer light-emitting

diodes (PLEDs), biosensors, lasers, transparent antistatic

coatings, conducting photoresists and others [2]. Conju-

gated polymers are particularly versatile because their

physical properties (color, emission efficiency) can be fine-

tuned by manipulation of their chemical structures [3]. As
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one of the most investigated conjugated polymers, poly(1,4-

phenylene vinylene) [PPV], a bright yellow fluorescent

polymer, and its soluble derivatives, e.g. poly[(2,5-

dialkoxy-1,4-phenylene)vinylene]s have received much

attention [4]. The first electroluminescence from PPV,

which exhibits two maximum emission peaks at 520 and

551 nm in the yellow–green region of the visible spectrum,

was observed by Burroughes et al. when they incorporated

PPV into a simple light-emitting diode structure in 1990 [5].

The introduction of the long solubilizing alkoxy side chain

such as 2-methylpentyloxy, 3,7-dimethyloctyloxy, dodecy-

loxy and 2-ethylhexyloxy onto the backbone of PPV

polymer results in the great enhancement of the solubility

in various organic solvents, the red-shift of the emission

maximum, and the improvement of the polymers’s

fluorescence and electroluminescence quantum yields as

well [4]. With the increase of the size of the alkoxy group,

electroluminescence efficiency passes through a maximum

and decrease again with even larger side chains [4a]. The

similar phenomena were also observed in the poly[(2,5-

dialkoxy-1,4-phenylene)vinylene]s-based photovoltaic

cells. The photocurrent is remarkably reduced for films
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with longer alkyl or alkyloxy chain lengths [6]. For the

PPV-based solar cells, the most studied dialkoxy-substituted

PPV polymers such as poly(2-methoxy-5-(3 0,7 0-dimethy-

loctyloxy)-1,4-phenylene vinylene) [MDMO–PPV], and

poly(2-methoxy-5-(2 0-ethylhexyloxy)-1,4-phenyleneviny-

lene) [MEH–PPV] have been generally used in the

construction of so-called plastic solar cells [7], which

offer great technological potential as a renewable, alterna-

tive source for electrical energy. More than 2.5% solar

power (or energy) conversion efficiency of a photovoltaic

cell with configuration ‘ITO/PEDOT:PSS/MDMO-

PPV:PCBM/LiF/Al’ (PEDOT:poly(ethylenedioxythio-

phene); PSS:poly(styrene sulfonic acid); PCBM:[6,6]-

phenyl-C61-butyric acid methylester) has been achieved

under AM1.5 illumination from a solar simulator [8]. In

such a device, the active layer is a composite film of a

conjugated donor polymer and a fullerene derivative as an

electron acceptor. After photoexcitation of composite film

an efficient charge separation occurs in a similar way to that

in polar solvent, in which intermolecular electron transfer

takes place via the excited triplet state of C60 [9]. A large

number of research results have demonstrated that a phase-

segregated bicontinuous network is required for efficient

transport of the positive charge carriers through the donor

phase and of electrons via the acceptor phase to the

electrodes [10]. In order to achieve the desired nanoscopic

biocontinuous networks, Ramos et al. report the synthesis of

the first processable p-conjugated hybrid polymer of

poly(p-phenylene vinylene) [PPV] and poly(p-phenylene

ethynylene) [PPE] with pendant methanofullerenes through

a palladium-catalyzed cross-coupling reaction of diiodo-

benzene, carrying a pendant methanofullerene, and oligo(p-

phenylene vinylene), end-capped with two reactive ethyny-

lenes, under inert conditions in 1,2-dichlorobenzene/

triethylamine (7:3/v/v) [10]. This polymer exhibits a

photo-induced electron-transfer reaction and has been

used as the active layer of a photovoltaic cell. The results

indicate that a bicontinuous network of donor and acceptors,

confined to a molecular scale, is an attractive approach to new

materials for photovoltaic applications. In this contribution,

we report the synthesis and photophysical properties of a new

charm-bracelet type [60]fullerene containing PPV derivative

for potential light-harvesting application, as shown in

Scheme 1. Monomer 3, polymers 4 and 5 are synthesized

according to the literature procedures [11].
2. Experimental

2.1. General

All chemicals were purchased from Aldrich and used

without further purification. Organic solvents were purified,

dried and distilled under dry nitrogen. The operations for

synthesis prior to the termination reaction were carried out

under purified argon. UV/vis absorption spectra of polymers
5 and 6 were measured on a JASCO V-530 UV/vis

spectrophotometer in dilute anhydrous chloroform. The

sample for the fluorescence measurement was dissolved in

the dry chloroform, filtered, transferred to a long quartz cell,

and then capped and bubbled with high pure argon (without

O2 and moisture) for at least 15 min before measurement.

Similarly, the fresh argon-saturated solution of the sample

was used to record the nanosecond transient absorption

spectra at different time. The 1H NMR spectra were

performed with a LAMBDA 400 MHz spectrometer in

CDCl3 solvent. Gel permeation chromatography (GPC)

trace of the resultant polymer was recorded on a LC-908

Recycling Preparative HPLC (Japan Analytical Industry

Co., Ltd). THF was used as the eluent, and linear

polystyrene was used as the standard. The texture of

polymer was observed with a polarizing microscope

(Axiolab Zeiss). Fluorescence spectra and lifetimes were

measured by a single-photon counting method using an

argon ion laser, a pumped Ti:sapphire laser (Spectra-

Physics, Tsunami 3960, FWHM 150 fs) with a pulse

selector (Spectra-Physics, 3980), a second harmonic

generator (Spectra-Physics, GWU-23PS), and a streakscope

(Hamamatsu Photonics, C4334-01). Each sample was

excited in deaerated anhydrous toluene with 410 nm laser

light. Nanosecond-transient absorption measurements were

carried out using a laser photolysis apparatus with a second

harmonic generation (SHG, 532 nm) of Nd:YAG laser

(Spectra-Physics, Quanta-Ray GCR-130, 6 ns FWHM) as

an exciting source. For transient absorption spectra in the
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near-IR region (600–1400 nm), monitoring light from a

pulsed Xe-lamp was detected with a Ge-avalanche

photodiode (Hamamatsu Photonics, B2834).

2.2. Synthesis of 2,5-diiodohydroquinone 2

To a solution of 2,5-dimethoxy-1,4-diodobenzene (6.5 g,

16.67 mmol) in dry dichloromethane (50 ml, distilled over

CaH2 at 40 8C, cooled in dry ice/acetone), was added

dropwise BBr3(25 g, Aldrich product) in dry dichloro-

methane (20 ml) over 2 h. After that, the reaction mixture

was continued to stir for 6 h at the same temperature

(K70 8C), followed by the reaction at room temperature

overnight, and then poured into ice water. A white

precipitate was collected by filtration and recrystallized

from THF/hexane. Yield: 97.8%. 1H NMR (CDCl3):

d/ppmZ7.1 (s, 2H, aromatic protons); 9.72 (s, 2H,-OH);

EA: Calcd (%) for C6H4I2O2: C19.91, H1.11, I 70.13; found

C20.07, H1.13, I69.70; FD-MS (m/z): Calcd: 361.83; found:

361.6 [MC].

2.3. Synthesis of C60-PPV polymer 6

C60 (434 mg, 0.6 mmol, 99.95%, Aldrich product code:

572500), sarcosine (164 mg, 0.61 mmol) and polymer 5

(70 mg, MnZ1!104, PdZ2.1) were refluxed in toluene

(400 ml) under argon atmosphere for 48 h. After several

minutes, the color of the reaction mixture turned to the deep-

green quickly. After reaction for 3 h, the color of the

reaction solution changed from deep green to the brown–

red. After 48 h, the solvent was removed under higher

vacuum. The reaction residue was dissolved in THF, stirred

for 24 h at room temperature, filtered to give transparent

brown–yellow solution. After removal of THF, to the

reaction mixture was added the acidified MeOH/H2O (v/v

90/10) solution (60 ml, PHZ4–6), stirred for additional

30 min at room temperature. The resultant polymer was

extracted from MeOH solution by CH2Cl2, dried to give

43.7 mg of brown solid. MnZ2.47!104, MwZ1.19!105,

PdZ4.82; UV/vis (in THF): l/nmZ253, 260, 326, 425; 1H

NMR (in CDCl3): d/ppmZ1.2–1.8 (m, –CH2–), 2.1 (s, N–

CH3), 3.4 (s, pyrrolidine-H), 3.7–3.8 (m, –OCH2–), 6.8–6.9

(m, –CHaCH–), 7.4–8.5 (m, aromatic protons on the phenyl

ring), 10.3 (s, –CHO).
3. Results and discussion

It is well-known that the C60 molecule may be introduced

into the main chain of an organic polymer to form a ‘pearl

necklace’ polymer, in which the C60 unit is part of the

polymer chain, or into the side chain of a polymer as a

pendant group to form a ‘charm-bracelet’ polymer. In

addition, it may be mixed with other polymers to form C60-

doped polymers, and it also forms organometallic macro-

molecules and lattice type polymers [12]. There are several
excellent reviews on the polymerization of [60]fullerene,

with or without emphasis on materials application in the

past 8 years [12,13]. Fullerene-containing conjugated

polymers can basically be prepared in three ways: (a)

reaction of C60 or a C60 derivative with a preformed

conjugated polymer; (b) electrochemical polymerization of

oligothiophene–fullerene dyads, and (c) copolymerization

of C60, or C60-containing monomer with a monomer [12–

14]. In our experiment, the aldehyde substituted PPV

polymer 5 as a synthetic precursor was used to react with

C60 in the presence of an excess of N-methylglycine in

refluxing anhydrous toluene to afford C60-grafted PPV

polymer 6. The actual amount of C60 incorporated in the

polymer is usually much less than that in feed [15]. All

known methods are only suitable for quantification of

specific types of C60 polymers, such as thermogravimetry

(TG), UV/vis spectroscopy and gel permeation chromatog-

raphy (GPC), or give an estimated value of the C60 content

from the mass ratio of a reacted monomer and C60 [15].

Among these methods, thermogravimetric analysis (TGA)

should comparably be a reliable method for the determi-

nation of the C60 content in the fullerenated polymer [16].

The onset of weight loss of pure C60 in flowing N2 at a

heating rate of 10 8C minK1 is about 600 8C. By assuming

that before 600 8C the other residues remaining in the C60-

containing polymer have the same wt% as that of the parent

polymer as synthetic precursor except undecomposed C60

residues, the wt% of C60 in the copolymer may be roughly

calculated. In this paper, we only roughly calculated the

average numbers of C60 grafted onto the polymer backbone

by comparison of the Mn values of polymers 5 and 6, which

was estimated to be 19. If C60 molecules could be

completely grafted onto the polymer backbone of 5, the

average C60 numbers per polymer chain would reach up to

40. However, this result can not be obtained due to the

strong steric hindrance from C60 molecules random

dispersed onto the polymer backbone. In the case of 6,

such a higher C60 content in the polymer would give rise to

the more rigid structure with respect to 5, and the relatively

lower solubility of the resultant polymer in the polar

solvents, e.g. THF, benzonitrile and others (The pure C60 is

almost insoluble in the polar solvents in the room

temperature). In contrast to 6, polymer 5 exhibits very

high solubility in many common organic solvents.

The 1H NMR results measured in deuterated chloroform

confirm the covalent grafting of C60 onto the polymer

backbone. The chemical shifts at 6.8–6.9 ppm is ascribed to

the vinyl protons; the proton signal of pyrrolidine attached

onto the C60 cage appears at 3.4 ppm; the proton signals

from the unreacted aldehyde group is located at d/ppmZ
10.3 with a down-field shift of 0.5 ppm when compared to

the chemical shift (9.8 ppm) of aldehyde groups of polymer

5. This down-field shift is probably due to the strong

electron-withdrawing effect from the C60 moieties. The

assignment for other proton signals has been given in

Section 2.



Fig. 1. (a) UV/vis absorption spectra of 5 and 6 in dilute anhydrous

chloroform and (b) Magnified spectrum of 6 in the longer wavelength

region.

Fig. 2. (a) Photoluminescence spectra of 5 and 6 (0.3 mg/ml for each

sample) in anhydrous chloroform (lexZ400 nm); and (b) Fluorescence

decay profile of 6 at around 500 nm.

Fig. 3. Excitation spectrum of 6 in anhydrous chloroform (monitor

wavelength: 504 nm).
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Fig. 1 shows the UV/vis absorption spectra of polymers 5

and 6 in anhydrous chloroform, from which it can be clearly

seen that covalently attachment of C60 as the end group onto

the PPV polymer side chains results in a little bit blue-shift

of the absorption peak at 428 nm with respect to 5, and

appearance of new absorption peaks at 326 and 700 nm,

which correspond to the [6,6] closed monosubstituted

fullerene derivatives. Another weak absorption band at

430 nm typically assigned to the monoaddition of

[60]fullerene was hidden in the UV/vis absorption spectrum

of PPV.

Excitation of 6 in dry deoxygenated chloroform at

400 nm reveals that, as shown in Fig. 2, the photolumines-

cence spectrum of 6 shows a maximum emission peak

centered at about 504 nm, which is quite similar to that

displayed by 5 under the same experimental conditions,

implying that the fluorescence of 6 results from the

contribution of the PPV moiety. Furthermore, considerably

quenching of the fluorescence intensity of 6 was found in

comparison with the emission of 5, suggesting the energy-

and/or electron transfer between the excited singlet states of

the PPV moiety and the C60 moiety in polymer 6. This

finding is also indicative of the covalent linkage of the C60

moieties to the polymer backbone in 6.

The fluorescence decay profile at around 500 nm of 6 in

the anhydrous chloroform (Fig. 2(b)), displays a single

exponential decay giving the fluorescence lifetime of

1.10 ns, slightly shorter than that of PPV (about 1.5 ns)

because of the covalent attachment of C60 as electron
acceptor onto the polymer side chains. If a more polar

benzonitrile was used as the solvent of 6, a much shorter

fluorescence lifetime would be expected for the charge-

separation process; however, the measured fluorescence

lifetime is found to be 1.27 ns. This suggests that the charge-

separation is not always prominent process even in the

strong polar solvent. From these lifetimes, the rate (kq) and

quantum yield (Fq) of the quenching of PPV by C60 were

calculated using Eqs. (1) and (2):

kq Z ð1=tfÞsampleKð1=t0Þref (1)

Fq Z
½ð1=tfÞsampleKð1=t0Þref�

ð1=tÞsample

(2)

The kq and Fq were evaluated to be in the order of (1.3–

2.4)!108 sK1 and 0.17–0.26, respectively. The longer side

chains linked between the C60 moieties and the PPV

backbone render the efficient energy- and/or electron

transfer difficult to occur.

The excitation-wavelength dependence of the steady-

state fluorescence spectrum of 6 at 504 nm was observed in
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CHCl3 solution (Fig. 3). The maximum peak appeared at

475 nm in the excitation spectrum, which is located at the

red edge of the absorption band of 6 in the longer

wavelength region. From these observations the lowest

excited state of the PPV moiety was evaluated to be

2.50 eV. Although the fluorescence intensity of the C60

moiety of 6 at 700 nm was very weak compared to that of

PPV at 500 nm, the measurement for the fluorescence

lifetime of 6 is still possible. It should be noted, however,

that the fluorescence time profile at 700 nm may be strongly

influenced by the tail of the strong fluorescence from the

PPV moiety. As a result, the lifetime measured at 700 nm

(1.18 ns) is comparatively close to that obtained at 500 nm

(1.27 ns) in the same solvent.

Excited singlet and triplet properties of the PPV and C60

and its organic and polymeric derivatives have been widely

investigated by using pico- and nanosecond laser flash

photolysis techniques [17,18]. One of the important

photophysical properties of pristine C60 is almost quanti-

tative triplet generation, giving rise to effective photo-

chemical bimolecular reactions [9,17,18]. Upon the

excitation of 532 nm laser light, which excites the C60

moieties predominately, the nanosecond transient absorp-

tion spectra of polymer 6 in Ar-saturated chloroform were

observed, as shown in Fig. 4. On addition of O2, the rapid

decay of the transient absorption band at 740 nm implies

that this band can be assigned to the triplet state of C60

ð3C�
60Þ. Although the transient absorption band attributed to

C$K
60 can not be clearly observed in chloroform solution, the

weak absorption in the longer wavelength region comprised

between 1000 and 1300 nm may be attributed to the
Fig. 4. (a) Nanosecond transient absorption spectrum of 6 (5 mM, in repeat

unit) in Ar-saturated anhydrous chloroform; and (b) Decay time profiles at

740 nm in Ar-saturated and O2-saturated anhydrous chloroform,

respectively.
formation of the radical ion pair, PPV$C–C$K
60 , with long

lifetime.

With increasing of the polarity of the solvent, for

example, using benzonitrile instead of chloroform, the

absorbance of the excited triplet of C60 decreases, as shown

in Fig. 5. Although this decrease might be in part due to the

relatively low solubility of 6 in benzonitrile, the prominent

decrease in the absorbance at 740 nm is likely indicative of

the increase in the generation of C$K
60 , since strong polar

solvent is favorable for the dissociation of the radical ion

pair in the excited and ground states.

These photophysical observations can be summarized in

the energy-diagram as shown in Fig. 6, in which the excited

states were evaluated from the 0–0 transitions. The

oxidation (Eox) and reduction potentials (ERed) of PPV

and C60 are 0.80, K0.60 V vs. SCE, respectively. From

these data the energy level of charge-separated state can be

evaluated to be 1.4 eV. By the photo-excitation of the PPV

moiety, the charge-separation is thermodynamically poss-

ible in addition to the energy transfer to C60 moiety. The

charge-separation via the excited singlet state of the C60

moiety is also thermodynamically possible, although this

process is competitive with the intersystem crossing,

yielding the triplet excited state of the C60 moiety as

observed in the transient absorption spectra.

Fig. 7 depicts the polarized optical images of 6. In

comparison with optical image took at the room tempera-

ture, upon heating this polymer exhibits typical semilunar

liquid crystalline texture, being closely associated with its

polymeric structure with long solubilizing alkoxy side

chains, which keep the conjugated polymer backbones apart

from each other. Similarly, the aldehyde-substituted PPV

polymer as the synthetic precursor also displays apparent

birefringent phenomena after heating at 150 8C for several

minutes.

In summary, we synthesized a new soluble C60-grafted

PPV polymer. 1H NMR results from polymer 6 confirmed

the covalent attachment of C60 onto the polymer backbone.

The covalent attachment of C60 as the end group onto the

polymer side chain results in appearance of new absorption

peaks at 326 and 700 nm corresponded to the monoaddition

of C60. The fluorescence decay profiles at around 500 nm of

polymer 6 both in chloroform and benzonitrile suggest that
Fig. 5. Nanosecond transient absorption spectrum of 6 (1 mM, in repeat

unit) in Ar-saturated anhydrous benzonitrile.



Fig. 6. Energy diagram.
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the energy- and/or electron transfer between the excited

singlet states of the PPV moiety and the C60 moiety take

place in polymer 6. The transient absorption spectra show
Fig. 7. Polarized optical images of 6 (a) at room temperature and (b) after

heating at 150 8C for several minutes.
that the excited triplet state of C60 is located at 740 nm with

the broad absorption in near-IR region, giving indirect

information for the generation of the radical ion-pair. Upon

heating polymer 6 exhibits typical semilunar liquid crystal-

line texture, being closely associated with its polymeric

structure with long solubilizing alkoxy side chains. The

further studies on the optoelectronic and photonic properties

of this polymer are being planned.
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