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Abstract—This article reviews the developments in the polymerization and functionalization of Cg. Ceo
and its n-doped derivatives exhibit a variety of outstanding electronic, conducting, and magnetic
properties. The combination of the advantages of this molecule with the properties of other materials such
as polymers is very challenging and will probably become of great importance in the future. Results show
that the C¢ molecule, a special functional group, may be introduced into the main chain of an organic
polymer to form a “‘pearl necklace” polymer, in which the [60]fullerene 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 Cg-doped polymers, and it also forms organometallic
macromolecules and lattice-type polymers. In general, fullerene-containing polymeric materials may be
prepared in four ways: (1) the reaction of Ce or a Ce derivative with a preformed polymer or a transition
metal complex such as Pd,(dba);, CHCls; (2) polymerization of a monomer containing [60]fullerene
functional groups; (3) free radical copolymerization of Ce with a monomer; and (4) doping of Ce or Ce
derivatives into polymer matrices. Unfortunately, the structures of some of the fullerene-containing
polymers obtained are uncertain and a matter of speculation, and further detailed investigations using
a variety of characterization techniques are required. The contents of this review are split into nine
sections, as follows: introduction; organometallic polymers; charm bracelet polymers; pearl necklace
polymers; dendritic macromolecules and star-like polymers; lattice-type polymers; covalent attachment of
Ce on to polymer supports; Ce-doped polymers; and outlook and concluding remarks. © 1998 Elsevier

Science Ltd. All rights reserved

INTRODUCTION

In recent years, considerable interest [1-8] has been
shown in the structure, properties and chemical
reactivity of Cq owing to its potential applications in
the fields of physics, chemistry and materials science.
The spherical all-carbon I, molecule [60]fullerene
(Cq) has 12 pentagons, all of which are fully
surrounded by hexagons (a total of 20) in a
“corannulene-type” fashion [8] (Fig. 1). Considerable
bond alternation and localization is found in X-ray
crystal structures. All double bonds are located
exocyclic to the pentagons, giving a radialene
character [6] to the pentagons and a cyclohexa-1,3,5-
triene character to the hexagons. The length of the
short bonds (6-6 bonds) is ~1.38 A, and that of the
long bonds (6-5 bonds) is ~ 1.45 A. Electrochemical
methods [9-14] have demonstrated that Cq readily
accepts electrons to form fulleride anions and is very
difficult to oxidize but is readily reduced in multiple
one-clectron reduction steps, which suggests that
fullerenes prefer to react with electron-rich reagents
(nucleophiles) [8]. Theoretical calculations of the
electronic structure of Cg have predicted an
energetically low-lying, three-fold-degenerate lowest
unoccupied molecular orbital (LUMO), which
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should readily accept up to six electrons in
electrochemical reductions or which, in chemical
conversions, should be occupied by the electrons
transferred by the lone pair of an attacking
nucleophile [8, 15].

Due to the richness of unusual structures and
outstanding electric, conducting, magnetic and
photophysical properties, including UV-visible ab-
sorption, photoluminescence and photoconductivity,
of Cg and its derivatives, intense interest and activity
are focused on covalent fullerene chemistry [16-20].
The chemical reactivity of Cg is that of a strained,
electron-deficient polyalkene with rather localized
double bonds [21]. The possible organic reactions of
Cg are [22-24]: (1) the addition of 1,3-dipoles and
dienes; (2) the addition of nucleophiles; and (3) the
addition of radicals. One-step additions to Cg,
namely the addition of OsQ,, transition-metal
complexes or 1,3-dipoles, take place exclusively at the
6-6 bonds [23]. All these additions are exothermic and
are presumably driven by the relief of strain in the Cy
cage that largely results from the pyramidalization of
its sp>C atoms [21,25]. In the adducts, the
functionalized fullerene C atoms change their
hybridization from a trigonal sp* to a less strained
tetrahedral sp* state. However, owing to the identical
physical environment of each carbon atom on Cg, for
chemical modification of Cg it is not easy to control
the attaching sites on the Cy cage and the number of
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Fig. 1. View of I;-Cs showing the isolation of a pentagon
in a corannulene-type substructure [8].

the modified functional group, which leads to a huge
number of different addition products which are
impossible to isolate. Though there are already many
papers concerning the chemical modification of Cq,
most of the products reported are mixtures. Several
methods are now available for the formation of Cg
monoadducts [26-29]. Regioselective formation of
multiple adducts has allowed the study of changes in
chemical and physical properties that occur when the
conjugated fullerene chromophore is reduced during
an increase in functionalization [8].

The systematic development of covalent fullerene
chemistry provides an unprecedented diversity of
tailor-made three-dimensional building blocks for
technologically interesting materials. Obviously, the
combination of the outstanding characteristics of
[60]fullerene with the desired properties of other
materials such as the polymers poly(N-vinylcarba-
zole), polystyrene, poly(3-alkylthiophene) etc., is very
challenging and will probably become of great
importance in the future. Results show that the Cq
molecule acting as a special functional group can be
introduced into the main chain of an organic polymer

to form a “‘pearl necklace” polymer, 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 a Cg-doped
polymer, and it also forms organometallic macromo-
lecules, and lattice-type polymers. This review
concerns only those several branches of fullerene-
containing macromolecular chemistry in which
chemists and physicists are interested.

ORGANOMETALLIC POLYMERS OF
BUCKMINSTERFULLERENE

An interesting feature of Cg is the high reactivity
of its surface towards metallic species [30-33].
Nagashima and co-workers [34] reported an
application of this particular reactivity of Cg
with transition metal species in the synthesis of the

first fullerene-based  organometallic  polymer,
CeoPd, (n=1-3). The reaction of Cg, with a
palladium  complex, Pd(dba);,CHCl; (dba =

dibenzylideneacetone), results in facile replacement of
the dba ligand by Cq to form CyPd,, [see equation
(1)], which is neutral, amorphous and stable to air.

C(,() + l1/2sz(db21)3CHC13—>
CqPd, + 3n/2 dba + CHCI; (1)

The proposed mechanism for the formation of CyPd,
is illustrated in Fig. 2. The palladium to C, ratio (n)
can be varied by thermal disproportionation. It is of
interest that CqPd, (n > 3) was formed from a 4:1
mixture of Pd,(dba);.CHCI; to Cg. In this case, an
excess of palladium atoms would be deposited on the
surface of CqPd;. The heterogeneous hydrogenation
of diphenylacetylene occurred with a catalytic
amount of C4Pd;; in cyclohexane, whereas catalytic
activity was not observed with C4Pd, (n < 3). This
result indicates that surface palladium species exist on
C(,()Pd}._s but not on C(,()Pd,, (}’l < 3)

e
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Binding to form a two to three
dimensional polymer C, Pd, (n=2-3)

Thermal recombination ('Cm) ‘

P ——

Three dimensional Cso Pd3

Pd

Ceo Pd;
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Deposit of Pd atoms on the surface of C,, Pd,
to form Cso Pdn (n>3)

Fig. 2. Proposed mechanism for the formation of CePd..



Polymeric modification of Ce 139

R N
N

Ceo + RNH5(1,2) ====»

2aR=

NH

g

Scheme 1. Covalent binding of Cg to an amino polymer.

“CHARM BRACELET” POLYMERS

The Cg molecule may be introduced into the side
chain of a polymer as a pendant group to form
“charm bracelet” polymers in two ways: (1) the
reaction of Cg or a Cg derivative with a preformed
polymer; and (2) polymerization of a monomer
containing [60]fullerene functional groups. These
polymers have several intrinsic advantages over
“pearl necklace” polyfullerenes which are mainly due
to the defined, stereochemical arrangement of the Cy.
The syntheses of charm bracelet polymers and pearl
necklace polymers are being actively pursued.

Shi et al. [35] described the syntheses and
characterization of two charm bracelet-type polymers
containing C4 molecules dangling from the polymer
backbone. The remarkable retention of the electronic
structure of the Cq moieties as witnessed by UV-vis
spectroscopy and cyclic voltammetry is a very
encouraging result, which augurs well for the
observation of unusual fullerene-type properties in

HoN

products fabricated from these polymers. Geckeler
and Hirsch [36] prepared Cg-on-chain polymers
(Scheme 1) by titrating toluene solutions of Cg with
the aminopolymers: 1, poly(ethylene imine); 2,
poly[4-[[(2-aminoethyl)imino]methyl]styrene]; and 3,
poly(propylene imine). The coupling to the polymer
chain proceeded according to the well-known amine
addition to fullerene double bonds [37, 38]. Polymer
2a can be dissolved in toluene and carbon disulfide,
thus being the first soluble fullerene-containing
polymer.

As shown in Scheme 2, fullerenes were found to
add to amine-containing flexible hydrocarbon poly-
mers such as ethylene propylene terpolymer(EPDM-
amine) to obtain novel Cg-functionalized polymers
[39]. These materials are soluble in common solvents.

A new route for the preparation of soluble
fullerenated polymers via the reaction of fullerenes,
particularly Cq, with the carbanion intermediates of
such polymers as polystyrene, poly(p-bromostyrene)
and poly(vinylbenzylchloride) etc, has been demon-
strated [40—43]. Both the stereo-electronic effect and
the steric hindrance of Cg have an important
influence on the structure and physical properties of
these polymers. A typical synthetic method is shown
in Scheme 3. Addition of the bulky Cg molecule to
polystyrene by a novel organometallic reaction
modified the optical properties of the parent
polystyrene considerably. The lattice periodicity of
pure PS film is subject to some perturbation or
distortion in varying degrees due to the covalent
attachment of the bulky Cg moiety to the polymer
backbone. Cq—PS copolymers possess a new energy
band structure with indirect forbidden bands when
compared with the parent PS. Dai et al. [44] have also
demonstrated that fullerene-functionalized polymers
with multiple pendant “buckyballs” dispersed along
their polymer backbones can be obtained through the
lithiation of polydienes followed by addition of Cg to
the lithiated polymer chains. The highly soluble and
fusible materials thus prepared may open up novel
applications for the buckyballs.

Photoconductivity [45, 46] is one of the commer-
cially significant photoresponses of polymeric sys-
tems. It is fundamental to photodetection and
electrostatic imaging, as well as a number of related
processes. Photoconductivity and its component
processes, charge generation and charge transport,
can be controlled by chemical modification of

Scheme 2
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polymers [47]. The considerable interest in the
structural characterization and photophysical prop-
erties, including UV-visible absorption, photo-
luminescence and photoconductivity, of fullerene-
based polymeric photoconductors has increased
rapidly in recent years. However, to date all
researchers have focused their attention on photocon-
ductive investigations of simple blends of fullerenes
and polymers. Although the doping of hole-trans-
porting, donor polymers with electron acceptors
results in extended spectral sensitivity as well as
enhanced photogenerated efficiency, there are, how-
ever, problems associated with this approach. These
problems stem from the tendency for the dopant
molecules to aggregate in the solid state, leading to
difficulty in achieving homogeneous dispersions and
ultimately phase separation at high loadings.
Chemical modification of the polymer matrix can
circumvent these problems.

Chen et al. [48-53] first reported the synthesis of
Cg chemically modified polymeric photoconductors
such as Cg-modified poly(N-vinylcarbazole) (PVK)
and its bromine- and iodine-modified derivatives, and
described the results of an investigation into their
electrochemical behaviors and the effect of Cg
chemical modification on the structure of the organic

NaH/THF, RT

polymers. The soluble fullerenated poly(N-vinylcar-
bazole) was prepared under a purified nitrogen
atmosphere as shown in Scheme 4. The confirmation
of the structure of this material was carried out by a
viariety of techniques such as UV-vis, FTIR, ESR,
XRD, BC NMR, DSC, TGA, SEM, TOFMS,
transient absorption (TA) and cyclic voltammetry.
Addition of the Cq moiety, a powerful electron
acceptor (EA =2.6-2.8¢V), to poly(N-vinylcarba-
zole) by chemical reaction results in a marked
enhancement in photoconductivity relative to pure
PVK and Cg/PVK mixtures (Ce-doped PVK) [49].
The photo-induced discharge rates for pure PVK, Cq
chemically modified PVK (CgPVK copolymer) and
Cq-doped PVK under the same experimental
conditions are found to be in the following order:
Cs—PVK copolymer > Cgq-doped PVK > pure PVK.
A ‘“‘charge-transfer” interaction between the posi-
tively charged carbazole, resulting from charge
transfer towards Cg, and near-neighboring carbazole
moieties of the resultant copolymer may be credited
with bringing about the enhanced photoconductivity
relative to PVK itself via increased photogeneration
of charge carriers. The photoconductive performance
in the copolymer is closely related to the fullerene
level in the polymer. A qualitative comparison of the

—~CHz—CH )

Vigorously stir

i. Titrated with dilute solution

of Cgo in benzene, stir

ii. Methanol (precipitation)
iii. Purification

~CH—Co
2
CgoH
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submicromorphological structures of PVK, Cq,
Cq—PVK, and Cg-doped PVK has been given.

In addition, Chen et al. also reported the first
electrochemical intercalation of lithium into photo-
conductive fullerenated poly(N-vinylcarbazole). A
mechanism for the electrochemical intercalation
reaction is suggested for the discharge of the first
Li-fullerenated poly(/N-vinylcarbazole) battery on the
basis of experimental data obtained from cyclic
voltammetry. FTIR, XRD, and ESR. The above
battery has a higher open-circuit voltage (ca. 3.2 V)
than that without the fullerene, and its discharge may
be ascribed to the electrochemical intercalation
process of lithium into fullerenated poly(/N-vinylcar-
bazole) [51]. Very recently, Benincori et al. [54]
prepared the first conjugated electroconducting
“charm bracelet” polymer: polythiophene with

covalently bound fullerene moieties. One of the
potential areas of interest in associating a p-type
conjugated polythiophene and an n-type fullerene lies
in the possibility of charge transfer between these two
moieties.

In 1994, Hawker [55] reported a simple and
versatile method for the synthesis of ‘“charm
bracelet” type Cs—polystyrene copolymers. He found
that simple linear polymers containing azide func-
tional groups, such as azidomethyl-substituted
polystyrenes, can be used and would be expected to
react with Cg to give soluble processable polymers.
To investigate the versatility of this method, the
synthesis of a mainly monosubstituted polystyrene
copolymer from azido-substituted polystyrene is
shown in Scheme 5. In addition, pendant ‘“‘charm
bracelet” type Cq—PS polymers are prepared by



142

Yu Chen et al.

O 650°C < : > < :>

.4©7 . + CGO

-78°C

Toluene
——

[CBO]n

Scheme 6

fullerenating polystyrenes in Friedel-Crafts type
reactions [56]. However, puzzlingly, only in the
“fresh” case are these materials soluble in such
organic solvents as chloroform, etc., whereas Olah e?
al. [57] obtained only a highly crosslinked fullere-
nated polystyrene using a similar Friedel-Crafts type
reaction. Therefore, the synthesis and structural
characterization of the soluble fullerenated polymers
seem to require further detailed investigation.

“PEARL NECKLACE” POLYMERS

The Cg molecule may be introduced into the main
chain of organic polymers to form “pearl necklace”
polymers, in which the [60]fullerene unit is a part of
the polymer chain. However, most of these products
will be crosslinked, insoluble and intractable, and one
needs to approach their preparation by either a
precursor polymer route or the incorporation of
solubilizing groups. Loy and Assink [58] have
reported the synthesis of a Cs—p-xylylene copolymer
(Scheme 6). This polymer is a highly crosslinked
insoluble material. The synthesis of insoluble
two-pearl sections of the pearl necklace polymers
m-phenylene- and p-phenylenebis(phenylfulleroids)
has also been described by Suzuki and co-workers
[59] (Scheme 7).

The fullerene-terminated polymers are intriguing
from a chemical point of view, e.g. for the
preparation of well-defined stars based on Cq. Weis
et al. [60] prepared the first soluble well-defined
fullerene-end-capped polystyrenes by reaction of
amino-terminated polystyrene with Cg and sub-
sequent fractionation (Scheme 8). The polymers
formed clear and homogeneous films, i.e. no micro-
or nanophase separation was observed. Micro- or

Scheme 7

nanophase separation for physical blends of Cg with
polystyrene is common.

It is worth noting that stitching the C4 molecules
together might create a linear chain polymer, a “‘pearl
necklace” of buckyballs [61] (Fig. 3). In addition to
being chemically elegant and intrinsically beautiful,
such a material might be expected to exhibit
interesting electronic and nonlinear optical proper-
ties.

DENDRITIC MACROMOLECULES AND STAR-LIKE
POLYMERS

Dendritic macromolecules are themselves a novel
area of increasing interest [62]. A potential advantage
of the application of polymer chemistry to the
functionalization of fullerenes is the encapsulation of
fullerene clusters having conducting capabilities by a
polymeric insulating layer, which also alters the
physical properties and provides novel materials for
investigation of the properties of individual isolated
carbon clusters. Hawker et al. [63] described the
preparation of dendrimer-modified Cq by the
controlled one-step cyclo-addition reaction of a
dendritic azide with Cg (Scheme 9). The dendrimer
chosen was the terminally deuterated fourth-gener-
ation azide, Di1»-[G-4]-N; (M, = 3429 amu), which
was prepared by reaction of the corresponding
bromide with sodium azide in dimethyl sulfoxide. The
physical properties of the dendritic fullerene obtained
show influences from both the parent dendrimer
'dnd C(,(].

Wooley et al. [64] have demonstrated the
functionalization of the surface of buckminster-
fullerene with a controlled number of dendritic
macromolecules (Scheme 10). The dendritic macro-
molecules dramatically improved the solubility of the
fullerenes and should provide a more compact
insulating layer around the clusters than would linear
polymers, while maintaining the globular shape of the
structures.

Chen et al. [65] reported on the preparation and
structural characterization of a novel star-like
Ces(CH3).(PAN), copolymer by the reaction of living
n-butyl-terminated polyacrylonitrile (PAN) with Cg
in a heterogeneous medium, followed by a capping
reaction with methyl iodide (see Scheme 11). Multiple
PAN arms are attached to the Cq core. The chemical
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and physical properties of this polymer depend
largely on the concentrations of the fullerene
covalently bound to the polymer matrix or on the
chain length of the PAN units attached to a Cg
center. The n-butyl-terminated polyacrylonitrile
(PAN) and novel C4(CH;)(PAN), copolymers have
been pyrolyzed [66] under vacuum at between 25 and
475°C. The in situ infrared absorption measurements
demonstrated that the nitrile groups of the polymers
disappear gradually as heating progresses, and
conjugated C=N chains appear. As pyrolysis pro-
ceeds, evidence for aromatic ring formation is found.
Below 200°C, a few of the nitrile groups begin to form
conjugated chains. In consideration of the existence
of the strong steric hindrance effect and dipole and
electric effects in the copolymer, a reasonable
pyrolysis scheme is suggested. In situ paramagnetism
has been investigated using a variable-temperature
ESR technique. The unique temperature dependence
of the ESR spectra is intriguing. These results

indicate the evolution of radical sites during pyrolysis
and the delocalization of carriers, as well as the
formation of conjugated double bonds by pyrolytic
modification. Finally, the morphological structure
and electric properties of the above samples and their
pyrolytic products are also described. Similar
star-like Cg(PMS),5(CH;),; copolymer have also
been prepared by Yu and co-workers [67].

Urethane-connected polyether star polymers utiliz-
ing fullerenol as a molecular core were synthesized
[68] as a soluble material containing six chemically
bonded polymer arms per Cq on average, with
a narrow distribution of the number of arms
per molecule and a polydispersity index of 1.45
(Scheme 12).

In 1995, Chiang et al. [69] reported the remarkable
advantages of incorporation of polyhydroxylated
fullerenes in the synthesis of poly(urethane-ether)
networks, giving high-performance elastomers with
greatly enhanced tensile strength, elongation, and

-G

Fig. 3. Hypothetical fullerene polymers. Solution reactions of Cg and other molecule might produce

something like the upper structure, which shows an adduct R bridging adjacent fullerenes in a

cyclopropane bonding configuration (R bridges a hexagon, with hexagon fusion on each molecule). All
carbon chain obtained by [2 + 2] cycloaddition [61].
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thermal mechanical stability, in comparison with
their linear analogs or conventional polyurethane
elastomers crosslinked by trihydroxylated reagents
(Scheme 13).

The reaction of living polystyrene (PS) carbanion
with Cg gives novel star-like materials with the
formula Cg(PS), [70,71]. These materials were
characterized by gel permeation chromatography

K,CO3

(GPQC), BC NMR, transmission electron microscopy
(TEM) and small-angle neutron scattering (SANS).
They are highly soluble and melt processable and as
such they may be spin-coated, solvent-cast or
melt-extruded to give films and fibers having high
concentrations of the fullerene covalently bound to
the polymer matrix. Cloutet et al. [72] reported the
functionalization of the six branch termini of the hexa

Scheme 10
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arm star-shaped polystyrene polymers with azido,
amino and Cq groups. This is the first example of a
star polymer containing a precise number of Cg
units.

Most recently the reactivity of Cy towards free
radicals has been exploited to obtain Cg-containing
polystyrene using standard free radical polymeriz-
ation conditions [73-76]. For example, Cao and
Webber [74] reported a very simple method for direct
incorporation of Cg or Cy into polystyrene by direct
free radical copolymerization under routine con-
ditions. While a great deal remains to be done to
characterize fullerenes as comonomers in free radical
polymerization, this method is so direct and simple
that it may be of interest to a wide range of lav
researchers working in the area of fullerene
chemistry. Bunker and co-workers [75] have also
prepared star-like Cg—styrene random copolymers
with different C4 contents using bulk and solution
polymerization methods. These copolymers have
significantly different spectroscopic properties from
both polystyrene and Cg. A proposed copolymer
structure is shown in Fig. 4. The role of Cg in the free
radical polymerization of styrene is likely to be that
of retarding the free radical polymerization of styrene
and it results in polymers containing stable free
radicals [73]. However, the polymers obtained by
such free radical polymerization are mainly mixtures
because of multiple additions of radicals to Cq.

LATTICE-TYPE POLYMERS

In 1993, Taylor and Walton [77] proposed a
lattice-type polymer which is a two- or three-dimen-
sional variant of the “pearl necklace” polymers.
Nigam et al. [78] reported a simple synthesis of an
adduct of [60]fullerene and 2-methylaziridine (ap-
prox. composition 1:10, Scheme 14), and the
preparation of lattice-type polymers from it via
aziridine ring-opening polymerization (the aziridine
rings are very susceptible towards nucleophilic
addition, and it is possible to crosslink phenolic
compounds such as novolacs or bisphenols). These
products are three-dimensional polymers containing
[60]fullerene with low coefficients of friction and good
wear properties, which bode well for their potential
use as solid lubricants.

COVALENT ATTACHMENT OF Cs ON TO POLYMER
SUPPORTS

Bergbreiter and Gray [79] reported their work
which takes advantage of Cy reactivity by grafting
electrophilic Cq moieties on to a pregenerated
lithiated polyethylene surface. Polyethylene films
functionalized with diphenylmethyl groups are
deprotonated to form a nucleophilic lithiated surface
which is in turn used to covalently bind Cg to
polyethylene. Both the steric effects of a diphenyl-
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Fig. 4. A proposed structure of the star-like Ce—styrene
random copolymer.

methyl group and the entropic constraints of a
surface should preclude polysubstitution. The reac-
tion process is as follows:

Clear brown solution

Suspension in purple solution

Scheme 14. Reagents and conditions: 2-methylaziridine (30
equiv.), benzene, room temperature, for several days.

reported the preparation of photoconducting films of
polyvinylcarbazole (PVK) doped with fullerenes (a
mixture of Cg and Cy in the ratio of approx. 85:15).
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Fullerenes readily undergo Diels—Alder cycload-
dition with a variety of reactive dienes, including
anthracene and cyclopentadiene [80]. These
adducts are generally thermally unstable, undergo-
ing cycloreversion to their component molecules
upon heating [81, 82]. To determine the applica-
bility of Diels—Alder cycloadditions to the for-
mation of polymer-bound fullerenes, Guhr and
co-workers [83] investigated the synthesis of cy-
clopentadiene-functionalized polymers (Scheme 16).
This addition has been shown to be readily
reversible, allowing recovery of Cg upon heating of
the resin.

Co-DOPED POLYMERS

Fullerenes are known to be good electron acceptors
(EA = 2.6-2.8 ¢V). They have thus been considered
to be hosts for dopants which are, in most cases,
donors. Hence various donor dopants were doped
into fullerenes and their derivatives. Wang [84]

It is said that the performance of this material is
comparable with some of the best photoconductors
available commercially, such as thiapyrylium dye
aggregates [85].

The wavelength dependence of photoconductivity
is essentially determined by the absorption spectrum
of the fullerenes, with the active range extending from
about 280 to 680 nm. Figure 5 gives a qualitative
comparison of the photoinduced discharge curves for
PVK and fullerene-doped PVK. In 1993, Wang and
co-workers also reported that fullerenes can be doped
into polysilane to greatly enhance its charge-gener-
ation efficiency [86]. Polysilanes are usually not
recognized as good electron donors, yet this study
indicates the existence of efficient excited-state
electron transfer between fullerenes and polysilanes.
Xu et al. [87] also reported the photoconductivity of
fullerene-doped zinc phthalocyanine. However, a
partial incompatibility of fullerenes and polymer
matrices lead to difficulties in achieving homogeneous
dispersions and ultimately phase separation at high
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loadings. For this reason, the photophysical perform-
ance of Cq-doped polymers would be unstable, and
meanwhile the active range of the absorption
spectrum of these materials cannot meet practical
needs. Chemical modification of the polymer matrix
can circumvent these problems [47].

Evidence for the photoinduced electron transfer
from the excited state of poly[2-methoxy,5-(2’-ethyl-
hexyloxy)-p-phenylene vinylene] (MEH-PPV) on to
Cy has been reported [88, 89]. Photoinduced absorp-
tion (PIA) studies demonstrate a different excitation
spectrum for the composite compared to that for the
separate components, and the photoinduced electron
resonance signal exhibits the spin-labeled signatures
of both the conducting polymer cation and the Cg
anion. It is interesting that the carrier collection
efficiency (1) and energy conversion (1.) of polymer
photovoltaic cells were improved by blending the
semiconducting polymer with Cg, or its functionalized
derivatives [90]. The schematic diagram of the
photoinduced charge transfer process in MEH-PPV—
Cg donor/acceptor blends is shown in Fig. 6. Lee et
al. [91] have investigated the effect of photoinduced
electron transfer on the photoconductivity (PC) of
conducting polymer—-Cg films by comparing the
photoconductivity (carrier generation and carrier

0.6

o
o 04

x PVK

°

&0

s

S 02 \
>

Fulterene/PVK

Time (s)

Fig. 5. Qualitative comparison of the photoinduced

discharge curves for pure PVK and fullerene-doped PVK

under the same experimental conditions. A tungsten lamp
(50 mW cm~2) is used as the light source.

transport) of the conducting polymer sensitized with
Cg with that of the conducting polymer (MEH-PPV
or P30T [poly(3-octylthiophene)]) alone (see Figs 7
and 8). Both the magnitude and the lifetime of the
transient PC increase substantially on increasing the
concentration of Cg. As a result, this sensitization of
conducting polymers by Cs, is effective because the
electron transfer rate is ultrafast (<10 sec™).

Morita et al. [92] prepared a poly(3-alkylthio-
phene)/Cy junction device. The photovoltaic effect in
this device was observed. The current—voltage
characteristics were found to depend on the
wavelength of the illuminating light. Wei ez al. [93]
presented their preliminary results on doping
emeraldine bases (EB) prepared from polyanilines
(i.e. polyaniline and polytoluidine) with fullerenes,
including Cq (purity > 99%) and a mixture of Ce
and Cy (75:25 molar ratio), in N-methylpyrrolidin-2-
one (NMP)-toluene (50:50 by volume) solution at
ambient temperature. The conductivities of the EB of
polyaniline as free-standing, solution-cast films were
found to increase significantly to ca. 10~*Scm~'at a
fullerene content of ca. 1 mol%. It should be noted
that further increases in fullerene content may not
necessarily improve the conductivity to the values
obtained from the conventional doping process. This
could be attributed to the relatively large sizes of the
fullerene molecules, which, as dopants, might result
in distortion of the conjugation and coplanarity of
the polymer backbones and in an increase in the
interchain distance. Thus, both intra- and interchain
charge transfer processes would be hindered, leading
to a lower conductivity.

OUTLOOK AND CONCLUDING REMARKS

As a new form of carbon, Cg has generated
considerable recent interest in the fields of physics,
chemistry, life science [5, 94], materials science, etc.
Polymeric fullerene derivatives are highly intriguing
in view of the peculiar electro-optical, magnetic and
chemical properties of materials containing Cg
homogeneously dispersed in polymer matrices [95].
Covalent attachment of Cg to specific polymers may
allow combination of the outstanding characteristics
of fullerene with those of the polymeric matrix.
Polymer-bound Cg should be easily processable into



Polymeric modification of Ce 149

[6,6]-PCBM

R1=CH2CH(C2H5)C4H9)
R,=CH,

M EH—PPV—C60 blends

ITO— ]
-
-
- Light
Metal electrode -— illumination
(Al or Ca) -
-

~— Glass or plastic
— substrate

Fig. 6. Schematic diagram of the photoinduced charge
transfer process in MEH-PPV-Cs D-A blends. The
structures of the two soluble Cq derivatives used (denoted
as [6,6]PCBM and [5,6]PCBM) are included. When cast as
a film, the D and A species phase-separate into a
bicontinuous network (bulk heterojunction material), as
shown schematically. The structure of the photovoltaic cell
fabricated with this bulk heterojunction material is sketched
at the bottom [90].

thin films by spin-coating or casting. Furthermore,
polymer—fullerenes should also represent interesting
model systems to study individual, isolated carbon
clusters with respect to charge transport [96] and
magnetic properties [97].

Unfortunately the ability to fabricate devices based
on Cy has been limited due to its poor processability
and multi-addition of the organic groups. Monofunc-
tionalized Cg has nine different 6-6 bonds that can
react in a second addition [25]. Therefore, controlling
the regiochemistry of the second addition in order to
direct the attack to one desired position poses a
considerable challenge [8]. Similar problems arise in
the polymeric modification of fullerenes. Some
crosslinking has been observed from the reaction of
more than one polymer chain with a given fullerene
molecule, resulting in crosslinked, intractable and
insoluble materials. Though there are already many
papers concerning the polymer modification of Cq,
only a few recent papers have reported the
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Fig. 7. Spectral response of the steady-state PC of
MEH-PPV and MEH-PPV-Cq, films with several concen-
trations of Cg at room temperature. The data were
normalized to a constant incident photon flux of ~7.5 x 10*
photons cm~2 sec™! (mechanically chopped at 35 Hz).

preparation of soluble fullerenated polymers. The use
of prefunctionalized fulleroids and monofunctional
polymers leads to soluble processable polymers, but
either increases the complexity of the synthesis or
limits the choice of polymers that can be attached to
the Cq nucleus [55]. For this reason, the key to the
development of polymer-modified fullerene is to form
selectively soluble fullerenated polymers with inter-
esting specific properties in high yield under very mild
conditions. On the other hand, we also found that the
structures of some reported fullerene-containing
polymeric materials are unclear or only a matter of
speculation. Further detailed characterization is thus
required in the future. It is reasonable to predict that
the polymerization and polymer modification of
fullerenes will become important and will be put to
use in the fields of materials and life sciences. The
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Fig. 8. Spectral response of the steady-state PC of a pristine

P30T film (@) and a 5 wt% P30T—Cg film (O) at room

temperature. The data were taken under the same
experimental conditions as in Fig. 7.
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preparation and application of the water-soluble
fullerenated inhibitor for the human immunodefi-
ciency virus (HIV), and the fullerene—nucleotide
conjugate as a G-selective DNA-cleaving agent (Nu,
nucleotide), as well as novel fullerene-supported
transition-metal catalysts for olefin polymerization,
are among major ongoing areas of effort.

Acknowledgements—We thank the National Natural
Science Foundation of China, the Young Teachers
Foundation of Fudan University and the State Education
Commission Foundation of China for financial support of
this work. We would particularly like to express our thanks
to Master Yi-Ming Hou for her generous help.

REFERENCES

1. Kroto, H. W., Heath, J. R., O’Brien, S. C., Curl, R. F.
and Smalley, R. E., Nature, 1985, 318, 162.

2. Kritschmer, W., Lamb, L. D., Fostiropoulos, K. and
Huffman, D. R., Nature, 1990, 347, 354.

3. McLafferty, F. W. (ed), Acc. Chem. Res., 1992, 25, 97.

4. Chupa, J. A., Xu, S., Fischetti, R. F., Smith III, A. B.
and Blasie, J. K., J. Am. Chem. Soc., 1993, 115, 4384.

5. Schinazi, R. F., Sijbesma, R., Srdanov, G., Hill, C. L.
and Wudl, F., Antimicrob. Agents Chemother., 1993, 37,
1707.

6. Zhu, L., Wang, S., Lu,J. and Li, Y., Phys. Rev. A, 1994,

49(4), 3096.

7. Chen, J., Cai, R. F., Huang, Z. E., Wu, H. M., Jiang,
S. K. and Shao, Q. F., J. Chem. Soc. Chem. Commun.,
1995, 1553.

. Diederich, F. and Thilgen, C., Science, 1996, 271, 317.
9. Haufler, R. E., Conceicao, J., Chibante, L. P. F., Chai,

Y., Byrne, N. E., Flanagan, S., Haley, M. M., O’Brien,
S. C., Pan, C., Xiao, Z., Billups, W. E., Ciufolini, M.
A., Hange, R. H., Margrave, J. L., Wilson, L. J., Cur,
R. F. and Smalley, R. E., J. Phys. Chem., 1990, 94,
8634.

10. Jehoulet, C. and Bard, A. J., J. Am. Chem. Soc., 1991,
113, 5456.

11. Dubois, D. and Kadish, K. M., J. Am. Chem. Soc.,
1991, 113, 4364.

12. Jehoulet, C., Obeng, Y. S., Kim, Y. T., Zhou, F. and
Bard, A. J., J. Am. Chem. Soc., 1992, 114, 4237.

13. Dubois, D. and Kadish, K. M., J. Am. Chem. Soc.,
1991, 113, 7773.

14. Ohsawa, Y. and Saji, T., J. Chem. Soc.
Commun., 1992, 781.

15. Haddon, R. C., Brus, L. E. and Raghavachari, K.,
Chem. Phys. Lett., 1986, 125, 459.

16. Maggini, M., Karlsson, A., Scorrano, G., Sandona, G.,
Farnia, G. and Prato, M. M., J. Chem. Soc. Chem.
Commun., 1994, 589; Meidine, M. F., Avent, A. G.,
Darwish, A. D., Kroto, H. W., Ohashi, O., Taylor, R.
and Walton, D. R. M., J. Chem. Soc. Perkin Trans.,
1994, 2, 1189.

17. Banks, M. R., Cadogan, J. I. G., Gosney, 1., Hodgson,
P. K. G., Langridge-Smith, P. R. R., Millar, J. R. A.
and Taylor, A. T., J. Chem. Soc. Chem. Commun.,
1995, 885; Schick, G., Kampe, K.-D. and Hirsch, A., J.
Chem. Soc. Chem. Commun., 1995, 2023; Warrener, R.
N., Elsey, G. M. and Houghton, M. A., J. Chem. Soc.
Chem. Commun., 1995, 1417.

18. Usatov, A. V., Blumenfeld, A. L., Vorontsov, E. V.,
Vinograoova, L. E. and Novikov, Y. N., Mendeleev
Commun., 1993, 229.

19. Wooley, K. L., Hawker, C. J., Frechet, J. M. J., Wudl,
F., Srdanov, G., Shi, S., Li, C. and Kao, M., J. Am.
Chem. Soc., 1993, 115, 9836.

oo

Chem.

20.

21.
22.

23.

24.

25.

26.

27.
28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

49.

50.

SI.

52.

Yu Chen et al.

Chen, J., Shao, Q. F., Huang, Z. E., Cai, R. F. and
Chen, S. M., Chem. Phys. Lett., 1995, 235, 570.
Haddon, R. C., Science, 1993, 261, 1545.

Hirsch, A., Soi, A. and Karfunkel, H. R., Angew. Chem.
Int. Ed. Engl., 1992, 31(6), 766.

Hirsch, A., Grosser, T., Skiebe, A. and Soi, A., Chem.
Ber., 1993, 126, 1061.

Olah, G. A., Bucsi, 1., Aniszfeld, R. and Prakash, G. K.
S., Carbon, 1992, 30(8), 1203.

Hirsch, A., The Chemistry of the Fullerenes. Thieme,
Stuttgart, 1994.

Fagan, P. J., Calabrese, J. C. and Malone, B., Acc.
Chem. Res., 1992, 25, 134.

Toniolo, C., J. Med. Chem., 1994, 37, 4558.
Averdung, J. and Mattay, J., Tetrahedron Lett., 1994,
35(36), 6661.

Chen, Y., Yu, B. C,, Cai, R. F,, Huang, Z. E., Yu,
H.-K., Wu, H. M. and Xu, J. F., Synth. Commun., 1996,
26(20), 3699.

Fagan, P. J., Calabrese, J. C. and Malone, B., Science,
1991, 252, 548.

Balch, A. L., Catalano, V. J. and Lee, J. W., Inorg.
Chem., 1991, 30, 3980.

Rasinkangas, M. and Pakkanen, T. T., J. Am. Chem.
Soc., 1993, 115, 4901.

Zhang, S., Brown, T. L., Du, Y. and Shapley, J. R., J.
Am. Chem. Soc., 1993, 115, 6705.

Nagashima, H., Nakaoka, A., Saito, Y., Kato, M.,
Kawanishi, T. and Itoh, K., J. Chem. Soc. Chem.
Commun., 1992, 377.

Shi, S., Khemani, K. C., Chan Li, Q. and Wudl, F., J.
Am. Chem. Soc., 1992, 114, 10656.

Geckeler, K. E. and Hirsch, A., J. Am. Chem. Soc.,
1993, 115, 3850.

Wudl, F., Acc. Chem. Res., 1992, 25, 157.
Kuwashima, S. Y., Kubota, M., Kushida, K., Ishida,
T., Ohashi, M. and Nogami, T., Tetrahedron Lett.,
1994, 35(25), 4371.

Patil, A. O., Schriver, G. W., Carstensen, B. and
Lundberg, R. D., Polym. Bull., 1993, 30, 187.

(a) Chen, Y., Cai, R. F., Huang, Z. E. and Kong, S. Q.,
Polym. Bull., 1995, 35, 705; (b) Chen, Y., Huang, Z. E.,
Cain. R. F., Ma, W. W. and Wu, Z. C., Chin. Chem.
Lett., 1997, 8, 447.

Chen, Y., Huang, Z. E., Cai, R. F., Yu, B. C., Ma, W.
W., Chen, S. M., Shao, Q. F., Yan, X. M. and Huang,
Y. F., Eur. Polym. J., 1997, 33, 291.

Chen, Y., Huang, Z. E., Cai, R. F., Kong, S. Q., Chen,
S. M., Shao, Q. F., Yan, X. M., Zhao, F. L. and Fu,
D. Z., J. Polym. Sci. A Polym. Chem., 1996, 34, 3297.

. Chen, Y., Ph. D. Thesis, Fudan University, Shanghai,

China, 1996.

. Dai, L. M., Mau, A. W. H., Griesser, H. J., Spurling,

T. H. and White, J. W., J. Phys. Chem., 1995, 99, 17302.

. Weigl, J. W., Angew. Chem. Int. Ed. Eng., 1977, 16, 374.
. Damodar, M. P., J. Chem. Phys., 1970, 52(5), 2285.
. Harry, W. G., Polymer, 1984, 25, 3.

. (a) Chen, Y., Huang, Z. E. and Cai, R. F., J. Polym.

Sci. B Polym. Phys., 1996, 34(4), 631; (b) Chen, Y.,
Huang, Z. E., Cai, R. F., Yu, B. C,, Ito, O., Zhang, J.,
Ma, W. W., Zhang, C. F., Zhao, L., Li, Y. F., Zhu, L.,
Fuzitsuka, M. and Watanaber, A., J. Polym. Sci. B
Polym. Phys., 1997, 35, 1185.

Chen, Y., Cai, R. F., Huang Z. E., Bai, X., Yu, B. C.,
Jin, W., Pan, D. C. and Wang, S. T., Polym. Bull., 1996,
36, 203.

Chen, Y., Cai, R. F., Huang, Z. E., Chen, S. M.
and Yan, X. M., Solid State Commun., 1996, 97(3),
239.

Huang, Z. E., Chen, Y., Cai, R. F., Rui, C. G.
and Zhang, F. P., J. Appl. Polym. Sci., 1996, 60(4),
573.

Huang, Z. E., Chen, Y., Cai, R. F., Ma, W. W_, Hou,



53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Polymeric modification of Ce

X. F., Shao, Q. F., Zhao, F. L., Fu, D. Z., Jin, W.,
Wang, S. T. and Pan, D. C., J. Phys. Chem. Solids,
1997, 58, 107.

Chen, Y., Huang, Z. E., Cai, R. F., Yan, X. M., Chen,
S. M., Jin, W., Pan, D. C. and Wang, S. T., J. Appl.
Polym. Sci., 1996, 61, 2185.

Benincori, T., Brenna, E., Sannicolo, F., Trimarco, L.,
Zotti, G. and Sozzani, P., Angew. Chem. Int. Engl.,
1996, 35(6), 648.

Hawker, C. J., Macromolecules, 1994, 27, 4836.

Liu, B., Bunker, C. E. and Sun, Y.-P., Chem. Commun.,
1996, 1241.

Olah, G. A., Bucsi, 1., Lambert, C., Aniszfeld, R.,
Trivedi, N. J., Sensharma, D. K. and Prakash, G. K. S.,
J. Am. Chem. Soc., 1991, 113, 9387.

Loy, D. A. and Assink, R. A., J. Am. Chem. Soc., 1992,
114, 3977.

Suzuki, T., Li, Q., Khemani, K. C. and Wudl, F., J.
Am. Chem. Soc., 1992, 114, 7300.

Weis, C., Friedrich, C., Miilhaup, R. and Frey, H.,
Macromolecules, 1995, 28, 403.

Fischer, J. E., Science, 1994, 264, 1548.

Hawker, C. J., Wooley, K. L. and Frechet, J. M. J., J.
Am. Chem. Soc., 1993, 115, 4375, Newkome, G. R.,
Nayak, A., Behera, R., Moorefield, C. N. and Baker, G.
R., J. Org. Chem., 1992, 57, 358.

Hawker, C. J., Wooley, K. L. and Frechet, J. M. J., J.
Chem. Soc. Chem. Commun., 1994, 925.

Wooley, K. L., Hawker, C. J. and Frechet, J. M. J., J.
Am. Chem. Soc., 1993, 115, 9836.

Chen, Y., Huang, W. S., Huang, Z. E., Cai, R. F.,
Chen, S. M. and Yan, X. M., Eur. Polym. J.,
1997, 33, 823.

Chen, Y., Huang, Z. E., Cai, R. F., Yu, B. C,
Huang, Y. F., Su, Y. J. and Wu, Z. C., Eur. Polym. J.
in press.

Yu, B. C,, Chen, Y., Cai, R. F., Huang, Z. E. and Xiao,
Y. W., Euro. Polym. J., 1997, 33, 1049.

Chiang, L. Y., Wang, L. Y., Tseng, S. M., Wu, J. S. and
Hsieh, K. H., J. Chem. Soc. Chem. Commun., 1994,
2675.

Chiang, L. Y., Wang, L. Y.
Macromolecules, 1995, 28, 7574.
Samulski, E. T., DeSimone, J. M., Hunt Jr, M. O.,
Menceloglu, Y. Z., Jarnagin, R. C., York, G. A.,
Labat, K. B. and Wang, H., Chem. Mater., 1992, 4,
1153.

Wignall, G. D., Aftholter, K. A., Bunick, G. J., Hunt
Jr, M. O., Menceloglu, Y. Z., DeSimone, J. M. and
Samulski, E. T., Macromolecules, 1995, 28, 6000.
Cloutet, E., Gnanou, Y., Fillaut, J.-L. and Astruc, D.,
Chem. Commun., 1996, 1565.

Stewart, D. and Imrie, C. T., Chem. Commun., 1996,
1383.

and Kuo, C. S.,

74

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.
85.

86.

87.

88.

89.

90.

91.

92.

93.

151

. Cao, T. and Webber, S. E., Macromolecules, 1995, 28,

3741.

Bunker, C. E., Lawson, G. E. and Sun, Y. P,

Macromolecules, 1995, 28(10), 3744.

Camp, A. G., Lary, A. and Ford, W. T., Macromol-

ecules, 1995, 28, 7959.

Taylor, R. and Walton, D. R. M., Nature, 1993, 363,

685.

Nigam, A., Shekharam, T., Bharadwaj, T., Giovanola,

J., Narang, S. and Malhotra, R., J. Chem. Soc. Chem.

Commun., 1995, 1547.

Bergbreiter, D. E. and Gray, H. N., J. Chem. Soc.

Chem. Commun., 1993, 645.

Wudl, F., Hirsch, A., Khemani, K. C., Suzuki, T.,

Allemand, P. M., Koch, A., Eckert, H., Srdanov, G.

and Webb, H. M., ACS Symp. Ser. 481(Fullerenes),

1992, 161.

Rubin, Y., Khan, S., Freedberg, D. and Yeretzian, C.,

J. Am. Chem. Soc., 1993, 115, 344.

Anacleto, J. F., Quilliam, M. A., Boyd, R. K.,

Pleasance, S., Sim, P. G., Howard, J. B., Makarovsky,

Y., Lafleur, A. and Yadav, T., Rapid Commun. Mass

Spectrom., 1993, 7, 229.

Guhr, K. 1., Greaves, M. D. and Rotello, V.M., J. Am.

Chem. Soc., 1994, 116, 5997.

Wang, Y., Nature, 1992, 356, 585.

Borsenberger, P. M., Chowory, A., Hoesterey, D. C.

and Mey, W., J. Appl. Phys., 1978, 49, 5555.

Wang, Y., West, R. and Yuan, C. H., J. Am. Chem.

Soc., 1993, 115, 3844.

Xu, Z., Chen, W., Long, Y., Xu, Y., Li, W. and Wang,

M., J. Mater. Sci. Lett., 1995, 14, 1030.

Sariciftei, N. S., Smilowitz, L., Heeger, A. J. and Wudl,

F., Science, 1992, 258, 1474.

Smilowitz, L., Sariciftci, N. S., Wu, R., Gettinger, C.,

Heeger, A. J. and Wudl, F., Phys. Rev. B, 1993, 47,

13835.

Yu, G., Gao, J., Hummelen, J. C., Wudl, F. and Heeger,

A. J., Science, 1995, 270, 1789.

Lee, C. H., Yu, G., Moses, D., Pakbaz, K., Zhang, C.,

Sariciftei, N. S., Heeger, A. J. and Wudl, F., Phys. Rev.

B, 1993, 48, 15425.

Morita, S., Zakhidov, A. A. and Yoshino, K., Jpn. J.

Appl. Phys., 1993, 32, 1L873.

Wei, Y., Tian, J., MacDiarmid, A. G., Masters, J. G.,

Smith, A. L. and Li, D., J. Chem. Soc. Chem. Commun.,

1993, 603.

. Boutorine, A. S., Angew. Chem. Int. Ed. Engl., 1994, 33,
2462.

. Hirsch, A., Adv. Mater., 1993, 5, 859.

. Haddon, R. C., Acc. Chem. Res., 1992, 25, 127.

. Allemand, P. M., Khemani, K. C., Koch, A., Wudl, F.,
Holczer, K., Donovan, S., Gruner, G. and Thompson,
J. D., Science, 1991, 253, 301.



