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Abstract The recent results of investigations involving the
electrochemical formation of polymers containing fullerenes
and studies of their properties and applications are critically
reviewed. From a structural point of view, these polymers
can be divided into four main categories including (1)
polymers with fullerenes physically incorporated into the
foreign polymeric network without forming covalent bonds,
(2) fullerene homopolymers formed via [2+2] cycloaddition,
(3) “pearl necklace” polymers with fullerenes mutually
linked covalently to form polymer chains, and (4) “charm
bracelet” polymers containing pendant fullerene substitu-
ents. The methods of electrochemical polymerization of
these systems are described and assessed. The structural
features and properties of the electrochemically prepared
polymers and their chemically synthesized analogs are
compared. Polymer films containing fullerenes are electro-
active in the negative potential range due to electroreduction
of the fullerene moieties. Related films made with fullerenes
derivatized with electron-donating moieties as building

blocks are electroactive in both the negative and positive
potential range. These can be regarded as “double cables” as
they exhibit both p- and n-doping properties. Fullerene-
based polymers may find numerous applications. For
instance, they can be used as charge-storage and energy-
converting materials for batteries and photoactive units of
photovoltaic cell devices, respectively. They can be also
used as substrates for electrochemical sensors and bio-
sensors. Films of the C60/Pt and C60/Pd polymers contain-
ing metallic nano-particles of platinum and palladium,
respectively, effectively catalyze the hydrogenation of
olefins and acetylenes. Laser ablation of electrochemically
formed C60/M and C70/M polymer films (M=Pt or Ir)
results in fragmentation of the fullerenes leading to the for-
mation of hetero-fullerenes, such as [C59M]+ and [C69M]+.
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Introduction

The structure and properties of fullerenes and a large
variety of fullerene derivatives provide an unprecedented
diversity of macromolecular systems suitable for forming
technologically promising materials [1–6]. The incorpora-
tion of the pseudo-spherical π-electron cages of fullerenes
into solid-phase materials can significantly modify their
electronic, magnetic, and optical properties.
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Fullerenes can be viewed as prospective components of
macromolecular and supramolecular structures. On one
hand, atoms or small molecules can be trapped inside the
fullerene cages [7–9], while the fullerenes or endo-ful-
lerenes themselves, on the other hand, can be embedded
inside large macrocycle molecules [10, 11], such as cyclo-
dextrins [12–14], calixarenes [15–18], crown ethers [19], or
porphyrins [20–22].

Fullerenes can be readily derivatized with dendrimeric
macrostructures [23, 24] and covalently incorporated into
macromolecular chains attached, for instance, to the
porphyrin cores [25]. The significant advantage of these
dendrimeric structures over parent fullerenes consists in
their higher solubility [24]. Moreover, C60 can form a core
of the star-like co-polymers with the polyacrylonitrile [26]
or polystyrene [27–29] arms. The chemical and physical
properties of these macromolecules can be conveniently
tuned by controlling the number and length of the
polymeric chains attached to the C60 cage.

Fullerenes are attractive as building blocks for polymers.
Figure 1 shows the structural features of the three most
common arrangements of fullerene-containing polymers.
Fullerene homopolymers (Fig. 1a) are formed through
[2+2] cycloaddition. This cycloaddition can be induced by
excitation with photons [30–32], electrons [33], plasma
discharge [34], or application of high hydrostatic pressure
[35, 36]. Fullerene homopolymers can be also found in
ambient-temperature phases of alkali metal fullerides [37–
41]. These homopolymers are relatively unstable and,
therefore, have limited practical importance.

Fullerene moieties can be incorporated into other types
of polymeric networks [4]. The radical “in-chain” fullerene
addition leads to the formation of a “pearl necklace”
structure with fullerene units forming a polymeric chain
(Fig. 1b). The C60-p-xylene co-polymer is expected to be a
side-chain polymer [42]. Free-radical co-polymerization of
styrene or methylmethacrylate and C60 is also possible [43–
45]. However, the structures of the resulting polymeric
materials are poorly defined.

The covalent incorporation of fullerene moieties into the
side chains of the polymers as pendant substituents results
in a “charm bracelet”, sometimes called “cherry tree
branch” structure (Fig. 1c). There are at least two
preparative approaches to formation of these polymers. In
one, the fullerene is reacted with a pre-formed polymer,
while in the other a monomer containing a fullerene as a
pendant moiety is polymerized. Hydroamination is one of
the most commonly used methods for grafting fullerenes
onto functionalized polymeric chains [46–48]. In polymers
prepared that way, a fullerene can be partially cross-linked
due to multiple additions of the amine groups. Hydro-
amination can be enhanced by photoinduction. For
instance, pendant [60]fullerene-poly(propionylethyleni-
mine-co-ethylenimine) can be prepared photochemically
[49]. Another method of “charm bracelet” polymer prepa-
ration involves the [2+3] cycloaddition of an azide
functional group to a fullerene. This method was applied,
for instance, in the preparation of pendant [60]fullerene-
poly(styrylazide) [50]. The Diels–Alder cycloaddition
reaction allows the incorporation of electron-deficient ful-
lerenes into polymeric chains that bear electron-rich organic
bis-dienes or aromatic moieties [51–53].

So far, chemical polymerization is mostly used for the
preparation of fullerene-containing polymers. However, the
rate of chemical polymerization is difficult to control.
Moreover, the structure of the resulting systems is poorly
defined in many cases. Using electrochemical polymeriza-
tion instead can remove some of these disadvantages.
Electropolymerization is a well-established method for the
preparation of electroactive polymeric thin films. It allows
control over not only the rate of polymerization and the
structure of the resulting macromolecular system but also of
the oxidation state of the polymer and the degree of
polymer doping with ions of a supporting electrolyte. In
addition, electropolymerization has the advantage that the
polymer is directly deposited on the surface of a conducting
support material. Therefore, this procedure can be readily
used to construct electronic and optical devices, chemical
sensors, or biosensors directly on electrodes.

The electroactivity of these polymers is affected by the
presence of fullerenes in their network. Fullerenes exhibit
high electron-storage capacity. For instance, both C60 and
C70 are electroreduced in six reversible, one-electron steps
[54]. These fullerenes can be also oxidized at relatively
high positive potentials [55, 56]. After being incorporated
into polymeric structures, the fullerene moieties generally
retain their electrochemical activity.

The present review is focused on the electrochemical
preparation and properties of polymers containing fullerene
moieties. In recent years, extensive electrochemical studies
have been performed on these fullerene-based polymers.
Fullerene moieties have been incorporated into electro-

Fig. 1 Structural features of fullerene polymers a homopolymer,
b “pearl necklace”, c “charm bracelet” or “cherry tree branch”
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chemically prepared network of preformed polymers.
Monomers containing fullerenes as pendant substituents
were also electropolymerized. Electroreduction of C60 in
the presence of lithium cations or electroreduction of C60

epoxide resulted in the deposition of polymer films on the
electrode surfaces. Two-component polymer films, com-
posed of fullerenes and transition metal complexes, have
also been prepared electrochemically. These two-compo-
nent polymers are the largest group of fullerene polymers
synthesized electrochemically. The electropolymerization
processes resulting in two-component polymers are criti-
cally reviewed herein. The prospective applications of
electrochemically formed electroactive fullerene polymers
are also addressed.

Incorporation of fullerenes into electrochemically
formed polymeric networks

Different polymers can be effectively doped with fullerenes
or fullerene derivatives. Thick polymer films with entrapped
fullerenes are typically prepared by casting solutions of these
polymers onto the electrode surfaces and solvent evaporation
[57–62]. Poly(3-alkylthiophene) [57] and polychlorostyrene
[58] doped with C60 were prepared in this fashion. These
polymer films are electroactive in the negative potential
range due to electroreduction of the C60 sites.

Moreover, C60 can be entrapped in a polymeric matrix of
polypyrrole during its polymerization [59]. For that purpose,
a colloidal suspension of pyrrole and a C60 derivative was
placed on the electrode surface and solvent was evaporated.
The electropolymerization of this modified electrode was
performed in an aqueous solution under potentiostatic
conditions. The polymer prepared in this fashion entraps in

its network fullerenes or fullerene derivatives. The voltam-
metric behavior of a polypyrrole derivative, 1, doped with
the C60 adduct, 2, is shown in Fig. 2. The current measured
at positive potentials is due to electro-oxidation of the
polypyrrole matrix. In the negative potential range, however,
the fullerene sites in 2 are electroreduced.

Another interesting approach to polymer doping with
fullerenes involves permeation of fullerene anions through
a membrane of a suitable polymer [60]. For example, a
solid polyethylene film was sandwiched between a PtxLi
alloy anode and a stainless steel cathode that was coated
with a thin film of C60 (Fig. 3a). During electrolysis, the
fullerene was electroreduced and C60 anions diffused into
the polyethylene matrix (Fig. 3b).

The presence of fullerenes in the polymeric network
results in significant changes of the electronic properties of
the host polymeric material. The electrical conductivity of
the polymer can be accordingly enhanced as a result of the
C60 doping [57, 58]. Photoconductive polymers are
markedly sensitized due to this doping [57]. The photo-

Fig. 2 Cyclic voltammograms for a poly-1/2 film electropolymerized
onto a glassy carbon electrode in 0.1 M LiClO4. Potential scan rate
was (1) 200, (2) 100, (3) 50, and (4) 20 mV/s (adapted from [59] with
permission from Royal Chemical Society)

Fig. 3 Schematic illustration of electrochemical incorporation of C60
n−

anions into a polyethylene network. a Initial conditions; b electro-
reductive generation of C60

n− anions and their diffusion into the
polymer film (adapted from [60])
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conductivity of many polymers prepared by chemical
polymerization can also be enhanced due to the presence
of fullerenes [61–65]. This effect is attributed to the
electron transfer between the fullerene and the polymer.

Homopolymers of C60 and C70

The formation of fullerene homopolymers can be induced
by excitation with photons [30–32], electrons [33], plasma
discharge [34], or by application of high hydrostatic

Fig. 4 Structural formulas of the
(RbC60)n polymeric chains along
the a direction. Solid (broken)
lines show fullerenes and cations
centered at x=0 (x=1/2) in the b–
c plane at the top, and y=0 (y=1/
2) in the a–c plane in the bottom.
The fragment to the right is a
projection of one polymeric
chain perpendicular to the b–c
plane. Small circles stand for
rubidium cations. All distances
are given in nanometers (adapted
from [37])

Scheme 1
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pressure [35, 36]. The chemical formation of homopoly-
mers was also reported for alkali metal fullerides [37–41].
That is, a rather unusual phase transition was observed for
the MC60 (M=K, Rb, or Cs) fullerides at 400 K. X-ray
diffraction studies have shown that the RbC60 orthorombic
structure was formed with an amazingly short separation
(0.91 nm) between the centers of the C60 cages [37]. An
isostructural phase of KC60 was observed at ambient
temperatures as well [40]. It was suggested that the [C60]

−

anions form a polymeric chain in the orthorhombic phase
by virtue of ionically induced [2+2] cycloadditions. The
structural features of the (RbC60)n polymeric phase are
shown in Fig. 4 [37]. In related work, it has been shown
that co-crystallization of C60 and p-bromocalix[4]arene
leads to formation of almost perfectly linear filaments [66]
comprised of linear polymers formed via [2+2] cycloaddi-
tion with no cross-linked products.

Homopolymers of C60 can be also prepared by electro-
polymerization. The electroreduction of solutions of C60 and
lithium salts results in deposition on the electrode surface of a
negatively charged polymeric phase of C60 that is intercalated
with Li+ counter ions, [67]. The suggested mechanism of the
polymer film formation is shown in Scheme 1. In this
mechanism, the ion-pair dimer, C120

−Li+, is initially formed
through C60. Subsequent additions of fullerene radicals to the
fullerene dimer promote the growth of the polymeric phase.

The formation of homopolymers induced by electro-
chemically formed fullerene cations has recently been
reported [68].

Electrochemically synthesized “charm bracelet”
polymers

C60 molecules can be introduced as pendant substituents into
side chains of polymers to form “charm bracelet” polymers.
There are two general synthetic approaches to the formation
of these systems. They involve either (1) reacting fullerene
or a fullerene derivative with a pre-prepared polymer or (2)
polymerizing a monomer containing a fullerene as a pendant
substituent. In case of electropolymerized “charm bracelet”

Fig. 5 a Multi-scan cyclic voltammogram for 5 in 0.1 M (n-Bu4N)
NPF6, in dichloromethane, at a Pt foil working electrode. The
potential scan rate was 100 mV/s. b Cyclic voltammogram for a Pt
foil coated by a poly-5 film in 0.1 M (n-Bu4N)PF6, in dichloro-
methane. The potential scan rate was 100 mV/s (from [70] with
permission from American Chemical Society)
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polymers, the latter approach has been used. The methane-
fullerenes 3 and 4 as well as pyrrolidinofullerene derivative 5
have been used as precursors for this electropolymerization
[69–74]. The synthesis of these precursors is a challenge by
itself. Gram-quantities of the methanefullerene derivatives 3
and 4 can be prepared by using the Bigel–Hirsh method or
by polar cycloaddition [75]. The Prato reaction that involves
1,3-dipolar cycloaddition of azomethineylides to C60 is a
convenient method of pyrrolidinofullerene synthesis [76].

Panel (a) of Fig. 5 shows a multi-scan cyclic voltammo-
gram recorded during electrosynthesis of poly-5. In this
procedure, the monomer 5 is electropolymerized in the
positive potential range where the thiophene moiety under-
goes electro-oxidation, and a film is deposited on the
electrode surface. The voltammetric behavior of poly-5 in a
monomer-free solution is shown in panel (b) of Fig. 5. One

broad anodic peak related to the electro-oxidation of the
polythiophene backbone is seen in the positive potential
range. In the negative range, however, voltammograms
show several cathodic peaks related to multiple electro-
reduction of the fullerene moieties. Thus, both the
polymeric thiophene backbone and pendant fullerene
moieties retain their characteristic redox properties after
electropolymerization. A similar behavior was observed for
the poly-3 [69] and poly-4 [74] “charm bracelet” polymers
prepared electrochemically.

Related to poly-5, “double cable” materials can be also
prepared by chemical polymerization [77]. The formation
of a fullerene–thiophene co-polymer, which can be used for
fabrication of solar cells, is described by the following
reaction equation:

ð1Þ

The stability of the electrochemical behavior of electro-
active polymers under the potential cycling conditions is very
important, particularly from the point of view of prospective
application of the polymers as rechargeable batteries. In this
regard, the poly-5 film is stable in the positive potential
range. However, this film loses its electroactivity upon
potential scanning in the negative potential range [70]. Both
the morphological changes of the polymer, due to film
loading with large supporting electrolyte counter ions, and
the dissolution of the highly negatively charged material may
be responsible for this behavior.

In the “charm bracelet” polymers containing fullerenes,
the electron-donating backbone and the electron-accepting
fullerene moieties do not interact in the ground state.
However, an electron can be photoinductively transferred
from the polymer backbone to the pendant fullerene moiety,
for instance, in case of a polythiophene-based film [70].

Fullerene-epoxide-based polymers

Organic compounds containing three-member epoxy ring,
6, are used as precursors for a large group of epoxy resins.
Such epoxy resins are synthesized as oligomers with the

epoxide end groups that are capable of further polymeriza-
tion to form an extended polymeric network [78].

Fullerene epoxides have also been synthesized [79–81]
and the structures of mono-, 7, and bis-, 8 adducts were
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determined. The fullerene epoxides, C60O and C70O, can be
used as precursors for electrochemically induced polymer-
ization [82, 83]. Cyclic voltammograms for C60O reduction
are shown in Fig. 6. The electroreduction of C60O is
described by the reactions in Scheme 2 [83]. The process
involves the stepwise, one-electron reduction of C60O
followed by decomposition of the anions to form the
parent C60 and subsequent polymerization. The product
of the second electroreduction, C60O

2−, is the crucial
polymerization precursor. The rate of formation of the
polymer on the electrode surface strongly depends on the
nature of the solvent [83]. This effect may be attributed
to the difference in solubility in different solvents of the
short-chain oligomers formed at the initial stages of this
electropolymerization [83].

Related films can readily be prepared by electroreduction
of C60 or C70 in the presence of small amounts of dioxygen
in a mixed toluene–acetonitrile solution [84, 85]. Figure 7
shows multi-scan cyclic voltammograms for C60 in the
presence of different concentrations of dissolved dioxygen.
The current increase in consecutive cycles is attributed to
the formation of an electroactive deposit on the electrode
surface. The electrode reactions in this system are described
by the sequence of reactions shown in Eqs. 2, 3 and 4.
Electropolymerization is initiated here by the superoxide
radical anion, O��

2 ; which is electrogenerated at the
electrode surface:

ð2Þ

Subsequent nucleophilic addition of O��
2 to C60 may

proceed within the diffuse layer at the electrode according
to the following reaction equation:

ð3Þ

Fig. 7 Multi-scan cyclic voltammograms at the 1.5-mm-diameter Pt
disk electrode for 0.30 mM C60 in 0.1 M (n-Bu4N)ClO4, in an
acetonitrile–toluene (1:4, v:v) mixture, which was (1) 0, (2) 0.025, (3)
0.05, and (4) 0.11 mM in O2. The potential scan rate was 100 mV/s
(from [85] with permission from Royal Chemical Society)

Fig. 6 (1) Cyclic and (2) multi-scan cyclic voltammogram of
0.25 mM C60O in 0.1 M (n-Bu4N)ClO4, in an acetonitrile–toluene
(1:4, v:v) mixture at the 1.5-mm-diameter Au disk electrode. The
potential scan rate was 100 mV/s (adapted from [83])

Scheme 2
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A subsequent reaction of the superoxide adduct with
another molecule of C60

ð4Þ
may result in the formation of C60O

•− and C60O, which are
capable of inducing further polymerization of the fullerene
according to the mechanism presented in Scheme 2. X-ray
photoelectron spectroscopic measurements indicated the
presence of covalently bound carbon and oxygen within
the film [85]. The formation of a tetrahydrofuran-like, four-
membered ring like that found in the C120O dimer, 9, is
particularly plausible here. Such a unit contains fragments
of each reactant, C60, and dioxygen. It has been established
independently that C120O is also formed if C60 is exposed
to air for a prolonged time [86].

Both polymer films, i.e., that formed by electropolymeri-
zation of C60O and that by electropolymerization of C60 in
the presence of dioxygen, exhibit similar surface topography.
That is, they grow to form spheroidal aggregates ranging in
diameter from 0.5 to 5 μm [84]. However, the semi-spheres
grown from the fullerene and dioxygen reveal greater
distribution in the grain size and are smaller than those
grown from C60O [84]. Two different types of topography
were found for the film grown from C60 and O2. One
involves a relatively smooth surface of an amorphous film
grown directly onto the electrode surface while the other
includes polymer semi-spheres embedded within and grow-
ing out of this film. It appears that the semi-spherical
aggregates of the polymer initially grow. These aggregates
subsequently accrete to form a smooth, continuous film
during electroreduction of a solution containing C60 and O2.

Films formed from C60O as well as from C60 and O2

retain some of their electroactivity after transfer to a blank
supporting electrolyte solution (Fig. 8). However, they are
unstable with respect to prolonged potential cycling. The
electrochemical properties of these films depend on the
nature of the supporting electrolyte present during redox
cycling. The size of the counter ion consequently affects
both the charge transfer rate and the conductivity of the
polymer. The conductivity is lowered by the presence of
larger-sized cations in the supporting electrolyte. This
observation implies that the conduction currents are limited
by the rate of transport of the counter cations.

The electrochemical properties of the films formed from
C60 and O2 depend on the film thickness. That is, thick

films lose their electrochemical activity [87]. However, this
activity may be retained in the presence of certain electro-
active species in the growth solution. For instance, Fig. 9
cyclic voltammograms are shown for polymer film forma-
tion in a mixed toluene–acetonitrile solution containing
C60, traces of oxygen, and tetramethylphenylenediamine
(TMPD). The high anodic peak current in the potential
range for the tetramethylphenylenodiamine electro-oxida-
tion is related to the catalytic cycle [87] as described by
Scheme 3. In this cycle, the reduced inactive form of the
polymer, poly-C60O

−, is chemically oxidized by the
TMPD+ cation and, thus, the electrochemical activity of
the film is regained. A similar behavior was observed for
other electroactive species present in the polymer growth
solution, such as ferrocene, [Fe(bipyridyl)3]

2+, or [Ru
(phenanthroline)3]

2+ [87].

Fig. 8 Multi-scan cyclic voltammograms at the 1.5-mm-diameter Pt
disk electrode coated by a polymer film, which was electropolymer-
ized from 0.30 mM C60, 0.1 mM O2, and 0.1 M (n-Bu4N)ClO4, in an
acetonitrile–toluene (1:4, v:v) mixture under cyclic voltammetry
conditions, then transferred to a blank acetonitrile solution of (1)
0.1 M (Et)4NClO4, (2) 0.1 M (n-Bu4N)ClO4, and (3) 0.1 M (n-Hx4N)
ClO4. The potential scan rate was 100 mV/s (from [85] with
permission from Royal Chemical Society)
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Two-component films formed from fullerenes
and transition metal complexes

A number of transition metal complexes has been found to
add to the outer surface of fullerenes and chemically
modified fullerenes [88]. This property has been exploited
for preparation of polymeric chains comprised of alternat-
ing fullerenes and metal ions or complexes of metal ions.
The proposed structure of this type of polymer, 10, with the
metals coordinated directly to the fullerenes in η2-fashion is
shown below. In addition, cross-linking of the strands
shown here may also occur in a similar way involving
further η2-coordination of more metal centers.

The poly-C60Pd and poly-C60Pt films were first prepared
chemically by reacting C60 with the palladium(0),
Pd2(dba)3, or platinum(0), Pt2(dba)3, complex (dba=diben-
zylideneacetone) [89–92]. The structure and the composi-
tion of these polymeric materials highly depend on the
reaction stoichiometry. A schematic illustration of the
formation of the poly-C60Pdn (n ranges from 1 to 7)
polymer is shown in Fig. 10.

Similar polymeric materials can be prepared by reductive
electropolymerization performed in an acetonitrile–toluene
solution of C60 and a suitable platinum(II) or palladium(II)
complex. Figure 11 shows multi-scan cyclic voltammo-
grams for the poly-C60Pd and poly-C60Pt formation. In the
course of consecutive cycling in the potential range for the
fullerene electroreduction, a new, solid electroactive phase
is deposited onto the electrode surface. This process is
accompanied by an increase in the current in the cyclic

Fig. 9 Multi-scan cyclic voltammograms at the 1.5-mm-diameter Pt
disk electrode for 0.30 mM C60, 0.20 mM O2, and 0.40 mM
tetramethylphenylenediamine in 0.1 M (n-Bu4N)ClO4, in an acetoni-
trile–toluene (1:4, v:v) mixture. The potential scan rate was 100 mV/s
(from [87] with permission from Elsevier)

Fig. 10 Proposed mechanism
for the chemical preparation of
poly-C60Pdn (from [89] with
permission from Royal Chemi-
cal Society)

Scheme 3
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voltammogram [93–95]. In case of the poly-C60Pt film
formation, a negative shift of the electroreduction potential
with the increase in the number of voltammetric scan
indicates that the conductivity of this material is lower as
compared to that of poly-C60Pd. The film formation
mechanism is shown in Scheme 4 [95, 96]. Electro-
reduction of the Pd(II) or Pt(II) complex results in
formation of the zero-valent metal intermediate, M0Ln,
and initiates the growth of the poly-C60M film (path A).
Nanoclusters of metallic palladium or platinum, M(s), may
simultaneously deposit (path B). The relative amounts of
these two major products depends on the ratio of concen-

trations of precursors, i.e., the Pt(II) or Pd(II) complex and
C60, in the growth solution. The structure and electrochem-
ical properties of these films markedly depend on the
amount of the metallic phase that is also produced during
the electroreduction process.

Related poly-C60Rh and poly-C60Ir polymer films were
also prepared with the Rh2(CF3CO2)4 and Ir(CO)2 units,

Fig. 12 Multi-scan cyclic voltammogram at the 1.5-mm-diameter Au
disk electrode for (1) 0.9 mM (CF3CO2)4Rh2, (2) 0.25 mM C60, (3)
0.25 mM C60 and 0.85 mM (CF3CO2)4Rh2, and (4) 0.25 mM C70 and
0.85 mM (CF3CO2)4Rh2 in 0.1 M (n-Bu4N)ClO4, in an acetonitrile–
toluene (1:4, v:v) mixture. The potential scan rate was 100 mV/s
(adapted from [93])

Fig. 11 Cyclic voltammograms at the 1.5-mm-diameter Au disk
electrode for (1) 0.25 mM C60, (2) 2.70 mM Pd(CH3CO2)2, (3)
0.25 mM C60 and 2.70 mM Pd(CH3CO2)2, (4) 1.40 mM [Pt(μ-Cl)Cl
(C2H4)]2, and (5) 0.25 mM C60 and 1.40 mM [Pt(μ-Cl)Cl(C2H4)]2 in
0.1 M (n-Bu4N)ClO4, in an acetonitrile–toluene (1:4, v:v) mixture.
The potential scan rate was 100 mV/s (adapted from [93, 94])

Scheme 4
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respectively, bridging the fullerene cages [93]. These films
are also grown at negative potentials during electroreduc-
tion of C60 in the presence of Ir(CO)2Cl(NH2C6H4CH3) or
Rh2(O2CCF3)4. However, the iridium or rhodium com-
plexes used as film precursors are electrochemically
inactive in the potential range used for film formation. No
metallic nano-particles should consequently form during

the preparation of these films. Cyclic voltammograms
illustrating formation of the poly-C60Rh and poly-C70Rh
films are shown in Fig. 12. The yield of the film formation
was significantly different for C60 and C70. The transition
metal complexes that have been successfully used as
precursors for electropolymerization of C60 to form differ-
ent poly-C60M films are listed in Table 1.

Table 1 Precursors of electropolymerizations leading to the C60/M polymers

Polymer of C60 and transition metal Transition metal complex precursors

C60/Pd [Pd(CH3CO2)2]3 Pd(CH3CO2)2 Pd(PhCN)2Cl2trans-PdCl2(py)2
C60/Pt cis-PtCl2(py)2 trans-PtCl2(py)2 PtI2(py)2 [Pt(μ-Cl)Cl(C2H4)]2
C60/Rh [Rh(CO)2Cl2]2 [Rh(CF3CO2)]2 Rh(1,5-COD)2SO3CF3 RhCl3(py)3
C60/Ir [IrCl(cyclooctane)2]2 Ir(CO)2Cl(p-toluidine)
C60/Au AuCl(AsPh3) (CH3)2SAuCl
C60/Ag Ag(CH3CO2)

Fig. 13 Scanning electron mi-
croscopy images for the film of
(a, b) poly-C60Pd, (c, d) poly-
C60Rh, and (e, f) poly-C60Ir
prepared by electropolymeriza-
tion. Images (a), (c), and (e) are
cross-sectional views of the films
on the electrode with the plati-
num foil electrode at the bottom.
Images (b), (d), and (f) show the
surface topography of the films
(from [93] with permission from
American Chemical Society)
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The structure and electrochemical properties
of poly-C60M films

The dark-colored polymeric films, grown during electro-
reduction of C60 in the presence of selected transition metal
complexes, strongly adhere to the surfaces of electrodes.
Scanning electron microscopic images of the topography of
the poly-C60M (M=Pd, Ir, and Rh) film surfaces are shown
in Fig. 13 [93]. The surfaces of the poly-C60Pd and poly-
C60Ir films are relatively smooth. The surface of the poly-
C60Rh film is more irregular and spongy. The poly-C60Pt
film is much more porous than the poly-C60Pd [94]. There
are semi-spherical outcroppings on the poly-C60Pt film.

All these poly-C60M films are electroactive in the
negative potential range due to the electroactivity of the
fullerene moieties (Fig. 14). The film electroreduction is
accompanied by ingress of the charge-compensating ions
of the supporting electrolyte into the polymeric matrix.
The rate of this process limits the rate of polymer
electroreduction. Therefore, the rate of this electroreduc-
tion strongly depends upon the morphology of the
polymer film, the nature of the supporting electrolyte,
and the solvent. The cyclic voltammograms in Fig. 15
demonstrate that electroreduction of the poly-C60Pd and
poly-C60Pt film depends markedly on the size of the cation
of the supporting electrolyte [97]. The charge that is

transferred during electro-reduction and electro-oxidation
of the film is higher for smaller cations. The process of
film doping with cations can be described by the following
equation, where TAA+ is tetraalkylammonium cation [97]:

ð5Þ
Furthermore, the voltammetric response of the poly-

C60M films depends on the nature of the solvent [97]. The
films are soluble neither in protic nor aprotic solvents.
However, solvents penetrate the polymeric network and,
therefore, influence the dielectric properties of the poly-
C60M films. The ingress or egress of counter ions of the
supporting electrolyte during electroreduction of the film
can be also accompanied by changes in the polymer
swelling with a solvent. The electrochemical properties of
the poly-C60Pd films are consequently strongly affected by
the solvent nature, as shown in Fig. 16.

Fig. 14 Multi-scan cyclic voltammograms at the 1.5-mm-diameter Au
disk electrode coated by (1) poly-C60Pd, (2) poly-C60Pt, (3) poly-
C60Ir, and (4) poly-C60Rh film in 0.1 M (n-Bu4N)ClO4, in acetonitrile.
The potential scan rate was 100 mV/s (adapted from [93, 94])

Fig. 15 Multi-scan cyclic voltammograms at the 1.5-mm-diameter Au
disk electrode coated by the poly-C60Pd film in (1) 0.1 M (Et)4NClO4,
(2) 0.1 M (n-Bu4N)ClO4, and (3) 0.1 M (n-Hx4N)ClO4, in acetonitrile.
The potential scan rate was 100 mV/s (adapted from [97])
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The conductivity of the poly-C60M films depends on
their oxidation states. Figure 17 shows the dependence of
conductivity of the poly-C60Pd film on potential. The data
were obtained in a typical bipotentiostatic experiment
performed with the use of an interdigitated microelectrode
array that was coated by the film. The film is highly
resistive in the potential range in which the fullerene redox
centers of the polymeric network remain neutral. The
electroreduction of the polymer in the negative potential
range resulted in an increase in conductivity by a few
orders of magnitude [93]. Moreover, this conductivity
significantly depended upon the nature of counter ion
present in the supporting electrolyte.

The composition of both the poly-C60Pd and the poly-
C60Pt film depends upon the concentration of the film
precursor in the growth solution [98, 99]. Both the metallic
phase and the poly-C60M (M=Pd or Pt) film are deposited
simultaneously from solutions containing a high concentra-
tion of either the Pd(II) or the Pt(II) complex. Cubic
crystalline phases of palladium and platinum can be
detected in the poly-C60Pd and poly-C60Pt films, respec-
tively, through transmission electron microscopy. The size
of the palladium and platinum nano-particles ranged from 4

to 8 nm and 1.5 to 4 nm, respectively. Figure 18 shows an
image and selected area diffraction pattern of the metallic
nano-particles in the poly-C60Pd film [99].

The poly-C60Pd and poly-C60Pt films containing higher
amounts of metallic nano-particles are less porous, com-
pact, and more uniform. Such film morphology influences
the rate of transport of the supporting electrolyte ions
within the film during polymer electroreduction. The
voltammetric behavior of films containing metallic nano-
particles is less reversible [98]. The effects of the presence
of palladium nano-particles on the electrochemical proper-
ties of the poly-C60Pd film are shown in Fig. 19.

Fig. 16 Multi-scan cyclic voltammograms at the 1.5-mm-diameter Au
disk electrode coated by the poly-C60Pd film in (1) 0.1 M (n-Bu4N)ClO4

in butyronitrile, (2) 0.1 M (n-Bu4N)ClO4 in N,N -dimethylforma-
mide, (3) 0.1 M (n-Bu4N)ClO4 in propylene carbonate, (4) 0.1
M (n-Bu4N)ClO4 in methanol, and (5) 0.1 M LiClO4 in water. The
potential scan rate was 100 mV/s (adapted from [97])

Fig. 17 a Multi-scan cyclic voltammograms at platinum interdigitated
microelectrode array coated by poly-C60Pd in 0.1 M (n-Bu4N)ClO4, in
acetonitrile. b Dependence of conductivity of the poly-C60Pd film on
potential determined by using the platinum interdigitated microelec-
trode array in (1) 0.1 M (Et4N)ClO4, (2) 0.1 M (n-Bu4N)ClO4, and (3)
0.1 M (n-Hx4N)ClO4, in acetonitrile (Winkler et al., unpublished
results)
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Metallic Pd or Pt nano-particles can effectively partici-
pate in the electron transfer. Therefore, films containing
sufficient quantities of metallic nano-particles are also
conductive in the potential range less negative than that
required for the fullerene electroreduction.

“Double cables”—polymers of transition metals
and fullerene derivatives

Chemically modified fullerenes can also be used as
precursors for the formation of electro-active polymeric

Fig. 18 a High-resolution transmission electron microscopy image
and b selected area diffraction pattern of the poly-C60Pd film
electropolymerized on the gold foil electrode under cyclic voltam-
metry conditions in 0.25 mM C60, 1.25 mM [Pd(CH3CO2)2]3, and
0.1 M (n-Bu4N)ClO4, in an acetonitrile–toluene (1:4, v:v) mixture
(from [99] with permission from Royal Chemical Society)

Fig. 19 Multi-scan cyclic voltammograms at the 1.5-mm-diameter Au
disk electrode coated with poly-C60Pd film in 0.1 M (n-Bu4N)ClO4, in
acetonitrile. The potential scan rate was 100 mV/s. The poly-C60Pd films
were grown under cyclic voltammetry conditions in 0.1 M (n-Bt)4NClO4

and (1) 0.25 mM C60 and 2.25 mM Pd(CH3CO2)2, (2) 0.25 mM C60 and
3.55 mM Pd(CH3CO2)2, (3) 0.25 mM C60 and 6.50 mM Pd(CH3CO2)2,
and (4) 0.25 mM C60 and 9.35 mM Pd(CH3CO2)2, in an acetonitrile–
toluene (1:4, v:v) mixture (adapted from [98])
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networks. For example, the structural formulae of some
fullerene derivatives 11–13 used for the preparation of such
polymers are shown.

In the fullerene derivatized with zinc meso-tetraphe-
nylporphyrin (ZnPo-C60 or ZnPp-C60), 11, and the 2′-
ferrocenylpyrrolidino[3′,4′;1,2]C60fullerene (Fc-C60), 12,
electron-donating, redox-active moieties are linked to the
fullerene cages. Benzo-18-crown-6-fulleropyrolidine
(18C6-C60), 13, can be a host for alkali metal cations.

Figure 20 shows cyclic voltammograms corresponding to
electropolymerization leading to formation of the poly-(ZnP-
C60Pd), poly-(Fc-C60Pd), and poly-(18C6-C60Pd) films [100–
103]. The films were grown under similar conditions to those
described above for the preparation of the poly-C60Pd film.
The yield of formation of these films is significantly lower
than that of the poly-C60Pd film. This is because a bulky
organic moiety attached to the fullerene cage can effectively
screen a large part of the fullerene moiety and make it less
susceptible for reacting with the palladium complex.

Films formed from fullerenes derivatized with electron
donors, like poly-(Fc-C60Pd) and poly-(ZnP-C60Pd), are
electroactive both in the negative and the positive potential
range [100–103]. However, the polymer films based on the
crown ether derivative, 13, are electroactive only at
negative potentials. In Fig. 21, the voltammetric behavior
of these films in an acetonitrile solution containing only the
supporting electrolyte is shown. Broad cathodic peaks in
the negative potential range correspond to the fullerene-
involved electroreduction processes. This film behavior
resembles that of typical π-conducting polymers, such as
polypyrrole [104, 105], polyaniline [106, 107], and poly-
thiophene [108–110]. The film electroreduction rate
depends on the structure of the fullerene derivative. In the
negative potential range, the poly-(ZnP-C60Pd) film reveals
the most reversible behavior. The two reversible cathodic
peaks observed in this range are related to two electro-
reductions of the fullerene moiety, according to the
following reaction equations:

ð6Þ

ð7Þ
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The electrode processes in the positive potential range are
related to electro-oxidation of the ferrocene or zinc porphy-

rin moieties. Two electro-oxidations of poly-(ZnP–C60Pd)
can be described by the following reaction equations:

ð8Þ

ð9Þ
In contrast to the cathodic peaks corresponding to the

electroreduction of the fullerene moieties, the anodic peaks
of electro-oxidation of the ferrocene or zinc porphyrin
moiety are relatively sharp and symmetrical. Moreover, the
changes in the charging current associated with electro-
oxidation of the film are much smaller. This behavior
resembles that observed for redox polymers [111] and
features charge transfer via sequential electron exchange
between neighboring redox centers and, in the present case,
between the ferrocene or zinc porphyrin sites as well.

Application of the fullerene-based, electrochemically
formed polymers

Electrochemically prepared films of polymers built from
fullerenes or their derivatives reveal a number of potential
applications. They may be used as charge-storage materials
for batteries and for photosensitive units in photovoltaic cells.
Films of poly-C60O and “charm bracelet” polymers, such as
[C60]fullerene-poly(N-vinylocarbazole) and [C60]fullerene-

polystyrene, may be useful for lithium secondary batteries
[112]. The poly-C60O film appeared to be best suited as the
negative electrode material among studied polymers. This
polymer can be reversibly doped with lithium cations.
Moreover, it is quite stable in a wide potential range and
highly charge efficient in the charging–discharging cycles.
The capacity of the poly-C60O film is very high with up to
eight electrons stored per fullerene unit [112].

The polymers prepared by simultaneous electroreduction
of fullerenes and transition metal complexes can be
considered as promising electroactive materials for bat-
teries. Favorable features include appreciable stability over
a wide potential range, high conductivity, and high
capacitance. The voltammetric behavior of the poly-C60Pd
film in different potential ranges is shown in Fig. 22.
Similar results were obtained for the poly-C60Pt film [94].
Both of these films retain their redox activity in the course
of prolonged potential cycling in a relatively wide potential
range. The decomposition of the film at potentials more
negative than ca. −2.10 V vs the ferrocene/ferrocenium
couple is due to strong mutual repulsions between the
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multi-negatively charged C60 sites and to mechanical strain
imposed by the counter ions that entered the polymer
during its electroreduction. Therefore, the potential range in
which the film is stable depends mainly on the size of
cation of the supporting electrolyte. The composition of the
growth solution also affects the film stability through its
effect on the film structure [98].

For polymers electrodeposited from solutions containing
fullerenes and complexes of transition metals, the capaci-
tance properties make them also very promising as
materials for applications in electrochemical technology.
For instance, in the case of the poly-C60Pd and poly-C60Pt
films, two types of capacitors are conceivable:

(1) A pseudocapacitor, which is formed in the growth
solution with a relatively low concentration ratio of the
palladium or platinum complex to C60.

(2) A double-layer capacitor, which is prepared by electro-
polymerization from a growth solution containing a
large excess of the palladium or platinum complex. The
resulting film contains a large amount of the palladium
or platinum nano-particles, respectively.

The values of the specific capacitance, i.e., the charge
stored per mass unit, determined from the cyclic voltammo-
grams for poly-C60Pd are compiled in Table 2. In general,

the specific pseudocapacitance depends on the size of the
cation of the supporting electrolyte. The capacitance of a
polymer containing a large amount of metallic palladium
nanocrystals is almost independent of the solution compo-
sition used for its preparation. The high values of the
specific pseudocapacitance of poly-C60Pd make this poly-
mer a very attractive candidate as an active material for
charge-storage devices. The specific capacitance of films
containing metallic palladium is in the range of the specific
capacitance of typical double-layer capacitors [113].

The presence of fullerene moieties in a conjugated
polymer network may significantly increase its photocon-
ductivity. This effect is attributed to the electron transfer
between electron-donating moieties forming the polymer
network and the electron-accepting fullerene sites. This
photoinduced charge separation is followed by transport of
the positive charge carriers to the surface of the electrode
substrate through the conduction band of the conjugated
polymer on one hand and transport of electrons by self-
exchange between neighboring fullerene sites on the other.
This effect was observed both for systems with fullerene
entrapped in a polymer matrix [57, 61–65] and for a “charm
bracelet” polymer of polythiophene containing a fullerene

Fig. 21 Multi-scan cyclic voltammograms for the 1.5-mm-diameter
Au disk electrode coated by a film of (1) poly-(Fc-C60Pd), (2) poly-
(ZnPo-C60Pd), and (3) poly-(18C6-C60Pd) in a 0.1 M (n-Bu4N)ClO4

acetonitrile solution. The potential scan rate was 100 mV/s (adapted
from [100, 103])

Fig. 20 Multi-scan cyclic voltammograms at the 1.5-mm-diameter Au
disk electrode for 2.70 mM Pd(CH3CO2)2 and (1) 0.25 mM Fc-C60,
(2) 0.30 mM ZnPo-C60, and (3) 0.25 mM 18C6-C60 in 0.1 M (n-
Bu4N)ClO4, in an acetonitrile–toluene (1:4, v:v) mixture. The potential
scan rate was 100 mV/s (adapted from [100, 103])
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as a pendant substituent [69]. The Langmuir–Blodgett bi-
layer films, structured of a porphyrin–fullerene or phyto-
chlorin–fullerene donor–acceptor dyad layer and a layer of
a poly(3-hexylthiophene) conducting polymer, were also
used for study interlayer vectorial photoinduced electron

transfer [114, 115]. The yield of charge separation in these
systems is close to unity and its lifetime is as long as a
second. These photoconductive systems are promising for
constructing photovoltaic devices applicable in plastic solar
cells or photodetectors [116, 117].

The C60 and C70 fullerenes can be used as electron
mediators, because they exhibit six reversible, one-electron
electroreduction steps. However, poor solubilities of ful-
lerenes and their derivatives in aqueous solutions prevent
their application as diffusional electron mediators or
electrocatalysts. Nevertheless, C60 and its derivatives can
be used as heterogeneous bioelectrocatalysts [118]. For
instance, a carboxylic derivative of C60 immobilized on a
monolayer film of cystamine [119] and C60 immobilized by
adsorption onto a porous carbon electrode [120] have been
used as amperometric glucose biosensors. Furthermore,
fullerenes incorporated into a film of a cationic surfactant
catalyzes electroreduction of hemoglobin [121]. In addition,
C60 embedded in a supported bilayer lipid membrane acts
as an electron mediator and, therefore, can be used as an
electrochemical biosensor [122]. However, these membrane
systems exhibit relatively poor mechanical stability and low
density of the fullerene electroactive sites. These disadvan-
tages can be circumvented if polymeric fullerene materials
are applied instead. A polypyrrole film with incorporated
fullerene derivative 2 and glutathione reductase, poly-1/2/
GR, was accordingly used as a biosensor for amperometric
detection of glutathione [59]. The analytical performance of

Fig. 22 Multi-scan cyclic voltammograms for the 1.5-mm-diameter
Au disk electrode coated with the poly-C60Pd film in a 0.1 M (n-
Bu4N)ClO4 acetonitrile solution, for the potential range (1) 0 to
−1.2 V, (2) 0 to −1.5 V, (3) 0 to −1.9 V, and (4) 0 to −2.1 V. The
potential scan rate was 100 mV/s (adapted from [97])

Table 2 Specific capacitance of the poly-C60Pd films in acetonitrile
solutions of different tetra(n-alkyl)ammonium perchlorates

Supporting electrolyte Specific capacitance (F/g)

(n-Hx)4NClO4 160a 49b

(n-Bu)4NClO4 195a 53b

(Et)4NClO4 255a 57b

(Me)4NClO4 310a

aPolymer film electrochemically synthesized in 0.1 M tetra(n-butyl)
ammonium perchlorate, 0.27 mM C60, and 3.6 mM Pd(CH3CO2)2,
in an acetonitrile–toluene (1:4, v:v) mixture. The specific capacitance
was determined from voltammograms recorded in the potential
range −0.80 to −1.50 V vs ferrocene/ferrocenium

bPolymer film, rich in Pd nano-particles, electrochemically
synthesized in 0.10 M tetra(n-butyl)ammonium perchlorate,
0.27 mM C60, and 8.9 mM Pd(CH3CO2)2, in an acetonitrile–toluene
(1:4, v:v) mixture. The specific capacitance was determined
from voltammograms recorded in the potential range 0 to −0.70 V
vs ferrocene/ferrocenium

Fig. 23 Calibration curve for glutathione determination at an electrode
coated by the poly-1/2/GR film. Inset shows current–time curve
recorded after successive additions of 50-μM samples of glutathione
in 0.1 M N-(2-hydroxyethyl)piperazine-N’-(ethane-2-sulfonicacid)
(from [59] with permission from Royal Chemical Society)
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this sensor in the glutathione determination is shown in
Fig. 23. The current measured is related to the following
catalytic cycle (Scheme 5): where GSSG and GSH stand for
oxidized and reduced glutathione, respectively. The re-
sponse to glutathione of this poly-1/2/GR biosensor is fast
and reproducible. Moreover, its linear concentration range
is wider than those of similar devices based on diffusional
redox mediators.

A poly-C60Pd-film-coated electrode was used to catalyze
cytochrome c electroreduction [123]. The adsorption of
cytochrome c on the surface of a relatively porous poly-
meric film is responsible for the observed bioelectrocata-
lytic effect. A schematic representation of the cytochrome c
reduction at an electrode coated with the poly-C60Pd film is
shown in Fig. 24.

The poly-C60Pd film can also be used for detection of
carbon monoxide or imidazole (Winkler and Balch, unpub-
lished data). As seen in Fig. 25, the voltammetric response of
an electrode coated with the poly-C60Pd film becomes more
reversible in the presence of CO, and the cathodic peak
potential of the film electroreduction shifts toward less
negative values. These changes in the electrochemical
response of the film are presumably related to the coordina-
tion of carbon monoxide to the palladium sites within the
polymer. The film formed from palladium and benzo-18-
crown-6-fulleropyrolidine, 13, synthesized recently under
electrochemical conditions (Winkler et al., unpublished

data), and related polymers of fulleropyrrolidine bearing
other covalently attached crown ethers can be used for
constructing electrochemical sensors for alkali metal cations.

Chemically synthesized poly-C60Pd was used as a
catalyst for hydrogenation of olefins and acetylenes [124,
125]. Similar catalytic properties can be envisioned for the
electrochemically synthesized poly-C60Pd and poly-C60Pt
films containing a large amount of palladium and platinum
nano-particles, respectively. The catalytic activities of these
materials depend on their composition. It appeared that only
the polymer containing metallic palladium nano-particles
could effectively catalyze the hydrogenation of olefins and
acetylenes at room temperature under a hydrogen atmo-
sphere. An increase of the content of the metallic phase in
the polymer results in an increase in the hydrogenation rate
[124]. The results obtained for catalytic hydrogenation of
diphenylacetylene with the use of poly-C60Pd catalyst with
different content of Pd nano-particles are summarized in
Table 3. Examples of hydrogenations catalyzed by metallic
palladium nano-particles incorporated into the poly-C60Pd
film are shown in Table 4.

The poly-C60Pd and poly-C60Pt films have also been
used as very effective absorbents of gases containing a
benzene ring [126]. The absorptive properties of these films
with respect to vapors of toluene and other organic solvents
containing this ring depend on the film composition.
Among the poly-C60Pdn materials, the poly-C60Pd2 film
exhibits the highest absorptivity. This favorable perfor-
mance is presumably related to interactions between π-
orbitals of toluene and palladium atoms.

Laser ablation of the electrochemically synthesized poly-
C60M and poly-C70M films [M=Pt or Ir(CO)2] results in
fullerene fragmentation and formation of the heterofullerenes,
such as C59M

+ and C58M
− [127–129]. The structures of these

novel heterofullerenes with metal sites incorporated into the
carbon cage networks have been explored by computational
procedures using density functional theory. Figure 26 shows

Scheme 5

Fig. 24 Proposed mechanism of
cytochrome c immobilization
and electroreduction at a poly-
C60Pd-film-coated electrode
(from [123] with permission
from Elsevier) FeIII
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the computed structures of these heterofullerenes with the
metal atoms substituted for one or two carbon atoms within
the fullerene cage. These results demonstrate the prospective
application of the poly-C60M and poly-C70M polymers for
preparation of novel heterofullerenes.

The fullerene-based polymer films were also used for the
preparation of bilayer systems at electrodes [130]. Junctions
between conducting polymers may serve for charge
trapping [131, 132]. A bilayer film, composed of an inner
polypyrrole layer and outer poly-C60Pd layer, is accordingly
electroactive over an unusually broad potential range
(Fig. 27). As this bilayer film is composed of the p-doped
(polypyrrole) and n-doped (poly-C60Pd) polymer, it can be
used as electroactive material for constructing polymeric
batteries. The electrochemical responses of the bilayer films

composed of the poly-C60Pd and poly-Fc-C60Pd layers
depend upon the sequence of polymeric layers deposited
and the conductivity of the inner layer. Doping the inner
poly-C60Pd layer with the metallic palladium nano-particles
increases the conductivity of this layer and affects the
electrode processes within the bilayer. The voltammetric
responses of bilayers composed of the poly-C60Pd and poly-
Fc-C60Pd layer are shown in Fig. 28.

Conclusions

The unique electronic properties of fullerenes, including
their good electron-accepting ability, make them an impor-
tant class of compounds available for the synthesis of
different macromolecular systems. Among them, fullerene-
based polymers are particularly important. Much of the
work in the area of the fullerene-containing polymers is
relevant to their potential applications in optical and
electrical technology.

So far, chemical synthesis is the most commonly used
method for the preparation of fullerene-containing poly-
mers. But electrochemistry has also been extensively used
for the synthesis of these materials because it overcomes
some possible disadvantages of chemical synthesis. That is,
under electrochemical conditions, the rate of polymeriza-
tion, the structure and the oxidation state of the polymer
formed as well as extent of its swelling with a solvent can
be easily controlled. The methods of electrochemical

Table 3 Catalytic hydrogenation of diphenylacetylene (adapted from
[125])

Catalyst Presence of metallic
Pd nanoparticles

Reaction half-life
time (min)

C60Pd1.44 No No reaction
C60Pd2.46 No No reaction
C60Pd2.58 No No reaction
C60Pd2.71 No No reaction
C60Pd2.78 Yes 330
C60Pd3.37 Yes 45
C60Pd4.23 Yes 20
C60Pd6.99 Yes 13

Fig. 25 Cyclic voltammograms
for a poly-C60Pd film in 0.1 M
(n-Bu4N)ClO4, in acetonitrile
a before and b after exposure
to carbon monoxide. The
potential scan rate was
100 mV/s (Winkler and Balch,
unpublished results)
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preparation and properties of fullerene-based polymers have
been critically reviewed in the present article.

The simplest method of preparation of fullerene poly-
meric systems consists in entrapment of fullerenes or their
derivatives in the polymeric network. However, the
structure of these systems is poorly defined. The low
stability of these films with respect to repeated potential
cycling is another disadvantage of these materials.

The C60 or C70 homopolymers can be prepared by
electroreduction of fullerenes in the presence of small alkali
metal cations or during fullerene electro-oxidation. In this
case, the polymers are formed via ionically induced [2+2]
cycloaddition.

Electroreduction of fullerene epoxides also results in the
formation of polymeric films on the electrode surface. In the

Table 4 Hydrogenation of
olefins and acetylenes over
C60Pdn (adapted from [125])

Fig. 26 Mass spectra (positive ion mode) obtained by laser ablation of
poly-C60Ir film electrodeposited on gold foil from C60 and Ir(CO)2Cl(p-
toluidyne) and two orthogonal views of the calculated structures of
C59M, the C2v isomer of C58M (6:6 C–C bond substitution), and the Cs

isomer of C58M (6:5 substitution) (adapted from [128] with permission
from Royal Chemical Society and [129] with permission from
American Chemical Society)

Fig. 27 Multi-scan cyclic voltammogram of an electrode/polypyrrole/
poly-C60Pd bilayer film in 0.1 M (n-Bu4N)ClO4, in acetonitrile. The
potential scan rate was 100 mV/s (from [130] with permission from
Royal Chemical Society)
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polymeric chain, C60 moieties are presumably bound through
tetrahydrofuran-like four-membered rings. Moreover, similar
films can be prepared by electroreduction of fullerenes in the
presence of dioxygen. The structure and electrochemical
properties of both types of films are similar. These films can
be stable in a relatively wide potential window and their
charge-storage capacity is appreciably high.

An important class of polymeric materials is electro-
synthesized from monomers containing fullerenes as pen-
dant substituents. In the films formed that way on the
electrode surface, the fullerene moieties are covalently
bound, for instance, to a polythiophene backbone. These
systems feature two mechanisms of charge transport.
Electrons can be either transferred through chains in the
conjugated polymer or via doping between neighboring
fullerene moieties. Therefore, these systems are called
“double cables”.

Particular attention has been focused on the formation
and properties of polymers comprised of both C60 and
transition metal complexes. These polymers can be pre-
pared by electroreduction in solutions containing a variety
of metal complexes and fullerenes or chemically modified
fullerenes bearing covalent attachments. The surface topol-

ogy, electrochemical properties, and stability of these
systems have been thoroughly studied. The poly-C60M
systems show electrochemically reversible behavior at
negative potentials due to electroreduction of the fullerene
moieties. Similar materials can be electrosynthesized from
fullerene derivatives. Fullerenes covalently derivatized with
the electron-donating moieties, such as ferrocene or metal
porphyrins, are electroactive both in the negative and
positive potential ranges. These polymers also belong to
the “double cable” materials. The structure and properties
of the poly-C60Pd and poly-C60Pt films can be altered by
the incorporation of palladium or platinum metallic nano-
particles. The metallic phase can participate in heteroge-
neous charge transfer.

The prospective applications of electrochemically pre-
pared films of polymers built of fullerenes or their
derivatives are numerous. These polymers can be used as
charge-storage materials in electronic technology. The
presence of fullerenes within the polymeric network
significantly increases photoconductivity of the polymer.
Such systems can be used in solar cells or photodetectors.
Fullerene moieties immobilized at the electrode surface in
polymer films can mediate electron transfer. Therefore,
electrodes coated with the fullerene-based polymers can be
used as electrochemical sensors. Films of poly-C60Pd and
poly-C60Pt containing metallic nano-particles of palladium
and platinum, respectively, catalyze the hydrogenation of
alkenes and alkynes. Moreover, these polymers can be used
as absorbents for gases that contain a phenyl ring in their
structures. Laser ablation of electrochemically formed poly-
C60M and poly-C70M polymer films (M=Pt or Ir) results in
fragmentation of the fullerenes, leading to formation of
hetero-fullerenes, such as [C59M]+ and [C69M]+.
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