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Via Selmi, 2, 40126 Bologna, Italy. E-mail: paolucci@ciam.unibo.it;
Fax: 00 39 051 209-9456
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The electrochemical properties of a fullerene–ferrocene liquid crystal are reported. The electrochemical study

was carried out under strictly aprotic conditions: a total of seven reduction peaks were detected in the negative

potential region, and two oxidation peaks in the positive potential one. Comparison of the data with those

obtained from suitable model compounds (i.e., analogous fullerene- or ferrocene-free materials ) has allowed

the assignment of all reduction and oxidation steps. The CV study evidenced the occurrence of a fast follow-up

chemical reaction coupled to the third (at 25 uC) or fourth (at 260 uC) reduction of either 1 or 3. Such a

reaction, presumably related to the cleavage of one of the cyclopropane bonds, is quantitatively reversed upon

re-oxidation. Conversely, under bulk electrolysis conditions (second reduction), the species undergo the

retro-Bingel reaction, i.e. the irreversible removal of the bis(alkoxycarbonyl)methano adducts to give the

parent C60.

Introduction

The synthesis and study of multifunctional materials represent
a field of intense research activity. In fact, the role played by
two or more compounds may well be performed by one single
multicomponent molecule (each component can be considered
as an active subunit). Electroactive1 or photoactive2 liquid
crystals belong to the latter class of materials and are of high
interest because of the possibility of tuning the mesomor-
phic and physical properties. If specific properties are to be
exploited within liquid-crystalline assemblies, the choice of the
subunits is of prime importance.

Fullerene (C60) is a unique electroactive material; it can
reversibly accept up to six electrons.3 Therefore, incorporation
of C60 into liquid crystals offers the possibility of combining the
efficient acceptor characteristics of C60 with the anisotropy of
liquid crystals.

Three synthetic strategies have been developed in order to
design fullerene-containing liquid crystals: 1) addition of liquid-
crystalline malonates to C60

4 (leading to methanofullerene
derivatives5), 2) 1,3-dipolar cycloaddition of liquid-crystalline
aldehydes and sarcosine to C60

6 (leading to fulleropyrroli-
dines7), and 3) formation of a complex from a liquid-crystalline
cyclotriveratrylene (CTV) and C60.8

Mixed fullerene–ferrocene liquid crystals are interesting
materials from the point of view of electrochemical properties.
Indeed, such compounds associate an electron acceptor subunit
(fullerene) and an electron donor subunit (ferrocene). Combi-
nation of these two subunits within the same molecular
framework could open the doors for the elaboration of new

switchable materials: switching between the ferrocene and
ferrocenium species could be performed either chemically, as
already demonstrated,1 or photochemically (photoinduced
electron transfer in fullerene–ferrocene dyads has been success-
fully carried out9).

Recently, we reported the synthesis, liquid-crystalline behav-
iour, supramolecular organization, and photoinduced electron
transfer of 1.4b,e

We report, herein, the detailed electrochemical behaviour of
1–3. Compounds 24b,e and 34a have been used as model
compounds as they lack either the fullerene (i.e. 2) or ferrocene
(i.e. 3) subunit. Note that 1–3 displayed smectic A phases.

Fig. 1 CV curve of a 0.5 mM 1–0.05 M TBAH–THF solution. Scan
rate: 0.5 V s21; T ~ 25 uC; working electrode: platinum.
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Results and discussion

The electrochemical properties of compounds 1–3 were
investigated under strictly aprotic conditions obtained by
employing vacuum techniques and chemical pre-treatment of
the solvents for the careful exclusion of water from the
electrochemical cell.10 Dichloromethane (DCM) was used for
investigating the region of positive potentials while tetra-
hydrofuran (THF) was used for investigating the region of of
negative potentials. The latter solvent allows a very wide
negative potential window and liquid-state temperature range
to be analysed.10 Furthermore, DCM can react with fullerene
trianions to form methanofullerenes.11 The cyclic voltammetric
(CV) curve of a 0.5 mM solution of 1 in THF, at 25 uC, is rather
complex (Fig. 1). The CV curve is characterised by a large
number of reduction peaks (denoted by Roman numbers)
displaying either reversible or irreversible features and different
heights. In particular, peak VII comprises two multielectronic
peaks occurring at similar potentials, while peak V corresponds
to the exchange of two electrons per molecule.12 The curve also
evidences the occurrence of chemical reactions coupled to some
of the redox processes that are responsible for the presence of
extra anodic peaks in the reverse scan. The complex pattern of
the CV curve of 1 was not unexpected due to the presence
of several electroactive units, namely the methanofullerene
moiety, the ferrocene units and the aromatic ester groups.
Additional complexity arises from the known reactivity of
multiply-reduced bis(alkoxycarbonyl)methanofullerene deriva-
tives.13 Conversely, the CV curve of a 0.5 mM solution of 1 in
DCM shows only two oxidation processes: the first one
corresponds to the reversible exchange of two electrons (with
E ~ 0.96 V), attributed to the two ferrocenyl units, and the
second one corresponds to an irreversible one-electron

oxidation, with Ep ~ 1.68 V (at 0.5 V s21), located on the
fullerene unit.14

In order to localize and characterize the redox sites of 1,
compounds 2 and 3 were studied. Materials 2 and 3 are suitable
models of 1 since they contain, within similar molecular
frameworks, the electroactive moieties of 1.

The CV curve of 2, obtained under the conditions of Fig. 1, is
shown in Fig. 2. As expected, the curve is simplified with
respect to that of 1 and shows only two reduction processes and
with very different heights. The first peak is fully reversible and
corresponds to the exchange of two electrons at close
potentials (E ~ 22.38 V, close to the corresponding value
for peak V in Fig. 1, see Table 1), while the second one is only
partly reversible (Ep ~ 22.74 V) and corresponds to the
exchange of four electrons.12 The reversibility of the first peak
decreases when the forward scan also includes the second peak.
Finally, in line with the oxidative behavior of 1, a reversible

Fig. 2 CV curve of a 0.5 mM 2–0.05 M TBAH–THF solution. Scan
rate: 0.5 V s21; T ~ 25 uC; working electrode: platinum.

Table 1 E (Ep for irreversible peaks)/V vs. SCE for compounds 1–3. Scan rate: 0.5 V s21; T ~ 25 uC

Compound Oxidationsa Reductionsb

1 1.68c 0.96d 20.41 20.98 21.55c 21.75 22.04 22.33d 22.40 22.67c,e

2 0.95d 22.38d 22.74c,e

3 1.66c 20.41 20.96 21.53c 21.70 22.00 22.28 22.55c,e

a0.5 mM in DCM–0.05 M TBAH. bSolvent: THF. cIrreversible peak. dFerrocenyl-centered bielectronic peak. eMultielectronic peak involving
the aromatic ester groups. In italics: reduction processes involving the product yielding from the third irreversible reduction of the fullerene
moiety (see text).
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anodic peak is observed in DCM corresponding to a two-
electron oxidation process with an apparent E ~ 0.95 V. The
observed electrochemical processes were attributed to the
reduction (22.38 V) and oxidation (0.95 V) of the two
equivalent ferrocenyl moieties, while the four-electron peak
(22.74 V), occurring at rather negative potentials, may be
attributed to the chemically-irreversible reduction of the four
aromatic ester groups. The fact that two of these groups are
conjugated with the ferrocenyl moieties may explain why the
reduction of the latter becomes less reversible when the
cathodic scan also includes the last irreversible reduction
peak (Fig. 2).

The CV curve of 3 in THF (Fig. 3) shows a complex pattern,
similar to that observed for 1. The multielectronic peak
occurring at very negative potentials (Ep ~ 22.55 V) is,
analogously to the preceding species, attributed to the aromatic
ester groups. The two-electron reversible reduction peak (peak
V) of Fig. 1 is missing in this case, confirming the attribution of
that peak to the reduction, in 1, of the ferrocenyl units. The
remaining peaks in Fig. 3 are therefore attributed to the
fullerene moiety. As anticipated above, the presence of
irreversible cathodic peaks (the third one, for instance) and
of the extra anodic peak (at ca. 21.1 V) in the reverse scan
prove the occurrence of a follow-up chemical reaction coupled
to the fullerene-centered reductions. Further details relative to
such an EC (electrochemical–chemical) mechanism (involving
either 3 or 1) were obtained by performing CV experiments as a
function of scan rate, temperature and reversal potential. The
CV curves of 3, obtained under the conditions of Fig. 3, and
including a decreasing number of reduction peaks in the scan
are shown in Figs. 4a and 4b. Their analysis evidences that (i)
the extra anodic peak at 21.15 V is due to a novel species
formed following the third (irreversible) reduction of the
fullerene derivative; (ii) the follow-up chemical reaction
responsible for the behavior described in (i) is fully reversed
upon performing the oxidation scan [a second cathodic scan
carried out without the renewal of the diffusion layer (Fig. 4a)
shows in fact the same CV pattern as observed in the first scan];
(iii) the first two reductions are reversible under the conditions
of Fig. 4 and at scan rates as slow as 0.05 V s21. Conversely, a
cathodic counterpart of the anodic peak at 21.15 V was
detected by reversing the anodic scan at 21.0 V, the two peaks
comprising a reversible redox couple with E ~ 21.18 V. By
increasing the scan rate (up to 200 V s21), the third peak height
increased sensitively at the expense of the fourth one, although
the suppression of the latter peak and the reversibility of the
third one was not reached. Such a behavior implies that the
fourth peak (E ~ 21.70 V) has to be attributed to the product
that is formed from the chemical reaction coupled to the third
reduction of 3, rather than to the pristine fullerene derivative. A
more reversible behavior relative to the first three reductions
was obtained by lowering the temperature, as shown in Figs. 5a
and 5b. The curve in Fig. 5b exhibits a reversible pattern where

only small traces of the chemical species responsible for the
anodic peak at 21.15 V (compare with Fig. 4b) are observed.
Comparison of the CV curves in Figs. 4 and 5 suggests that the
reactivity observed at the level of the trianion at high
temperature is transferred, at low temperature, to the level of
the fourth reduction. Interestingly, in Fig. 5a, an extra anodic
peak is observed in the reverse scan (at ca. 21.75 V) that
coincides with the anodic partner of the fourth reduction peak

Fig. 3 CV curve of a 0.5 mM 3–0.05 M TBAH–THF solution. Scan
rate: 0.5 V s21; T ~ 25 uC. Working electrode: platinum.

Fig. 4 CV curves of a 0.5 mM 3–0.05 M TBAH–THF solution as a
function of reversal potential. Conditions as in Fig. 3.

Fig. 5 CV curves of a 0.5 mM 3–0.05 M TBAH–THF solution as a
function of reversal potential. Scan rate: 0.5 V s21; T ~ 260 uC.
Working electrode: platinum.
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observed in the curve at high temperature (Fig. 4a), substan-
tiating the hypothesis that the latter peak should not be
attributed to the pristine fullerene derivative. Finally, analo-
gously to what is observed at high temperature, the chemical
reaction coupled to the fourth reduction is fully reversed upon
re-oxidation, as shown in the second and subsequent scans,
where the CV pattern consistently remains the same as in the
first scan.

The elucidation of the electrode kinetic mechanism evi-
denced by the CV experiments is outside the scope of the
present paper and will be the subject of future work.15 On the
other hand, the stability of 1 under reductive conditions is
important in view of its application as a photoactive molecular
device. In fact, it has been recently proposed that the intra-
molecular electron transfer between the ferrocene and full-
erene units represents the major deactivation pathway of the
electronically-excited 1.4e The charge-separated state, compris-
ing the ferrocenyl radical cation and the fullerene-centered
radical anion, lives a few hundreds of nanoseconds,4e thus
preventing any chemical degradation of the reduced fullerene
moiety. However, as strategies are developed for prolonging
such charge-separated state lifetimes,16 thus making the stored
chemical energy available for useful applications, the stability
of the reduced 1 over longer time scales, such as those typical of
electrochemical experiments (i.e. milliseconds to minutes),
becomes a relevant issue. Important results, in this respect,
obtained by the above CV investigations, are (i) that the
reaction responsible for the irreversible behavior of 1 and 3 is
only triggered by the injection of at least three (at 25 uC) or four
(at 260 uC) electrons; (ii) that the reaction coupled to the
multiple reduction of the fullerene derivatives is reversed, in
either 1 or 3, upon their re-oxidation, using relatively low scan
rates. This implies that the transient chemical species generated
by the reduction of 1 and 3, presumably to be identified by
the corresponding fullerene derivatives in which one of the
cyclopropane bonds has been cleaved,13a,b,17 are stable in the
relatively long time scale of CV. Such was not the case when
controlled potential electrolysis was carried out in benzonitrile
after the second reduction of either 1 or 3. A 0.2 mM 1–0.05 M
TBAH–benzonitrile solution was electrolyzed at 20.7 V. This
potential corresponds to the first reduction of the species. As
the electrolysis proceeded, consuming on the whole one
electron per molecule, the typical absorption features in the
visible and NIR regions of the monoanion of the fullerene
derivatives18 appeared and developed in the spectra: the NIR
absorption maximum occurred at 1033 nm (Fig. 6). The
electrolyzed solution kept under inert atmosphere (Ar) was
stable for several hours. The potential was then set at 21.2 V

that corresponds to the second fullerene-centered reduction of
1. Instead of the conversion of the monoanion spectrum to that
typical of doubly-reduced fullerene derivatives,18 a shoulder at
1078 nm appeared and developed into an intense band during
the electrolysis, at the expense of the absorption maximum at
1033 nm (Fig. 6). After consuming an additional charge well
above one electron per molecule, a novel band at 952 nm
developed, while that at 1078 nm decreased. The bands at 1078
and 952 nm were identified as due to the pristine C60 mono- and
dianion respectively, as reported, under identical conditions, in
the literature.18 The complex spectral evolution observed
during the electrolysis of 1 and the formation of pristine C60,
are in line with the reported behavior for this class of fuller-
ene derivatives: the species undergoes the so-called retro-
Bingel reaction, that consists of the irreversible removal, under
bulk electrolysis conditions, of bis(alkoxycarbonyl)methano
adducts to give the parent C60.13

Conclusion

Both fullerene- and ferrocene-centered oxidation and reduction
processes were observed in 1. For both 1 and 3, in the CV
experiments carried out at 25 uC, the third reduction process,
centered on the fullerene moiety, triggers a fast follow-up reac-
tion that is, however, fully reversed upon reoxidation of the
species. Furthermore, at very negative potentials, multi-electron
and irreversible reduction processes are observed that are
attributed to the aromatic moieties within the liquid-crystalline
structure. The irreversible removal of bis(alkoxycarbonyl)-
methano adducts to give the parent C60 (retro-Bingel reaction)
was obtained under bulk electrolysis conditions.

Experimental

Materials. The synthesis and liquid-crystalline properties
of 1–3 have been described elsewhere.4a,b,e All materials were
reagent grade chemicals. Tetrabutylammonium hexafluoro-
phosphate (TBAH, puriss from FLUKA) was used as support-
ing electrolyte as received. CH2Cl2 (DCM, puriss. from Fluka)
was transferred, under argon, from the original air-tight
container into a Schlenk flask containing activated 4 Å mole-
cular sieves and kept under vacuum prior to use. Tetra-
hydrofuran (THF, LiChrosolv, Merck) was treated according
to a procedure described elsewhere.10 Benzonitrile (puriss. from
Fluka) was used as received. For the cyclic voltammetry
experiments, the solvent was distilled into the electrochemical
cell, prior to use, using a trap-to-trap procedure.

Electrochemical instrumentation and measurements. The
cyclic voltammetry experiments were carried out according
to procedures described elsewhere.10 Potentials were measured
with respect to the ferrocene standard and are always referred
to the saturated calomel electrode (SCE). E values correspond
to (Epc 1 Epa)/2 from CV. For irreversible peaks, the peak
potential, Ep, is given, measured at 0.5 V s21. Ferrocene was
also used as an internal standard for checking the electro-
chemical reversibility of a redox couple.

Voltammograms were recorded with an AMEL Model
552 potentiostat controlled by either an AMEL Model 568
function generator or an ELCHEMA Model FG-206F. Data
acquisition was performed by a Nicolet Model 3091 digital
oscilloscope interfaced to a PC. Temperature control was
accomplished within 0.1 uC with a Lauda 2000 thermostat.
Potential-controlled bulk electrolysis was carried out in a three-
compartment electrochemical cell with both the SCE reference
electrode and the platinum spiral counter electrode separated
from the working electrode compartment by sintered glass frits.
The working electrode was a large area platinum gauze. The
electrolysis charge was measured by an AMEL Model 731

Fig. 6 NIR spectral changes during electrolysis of a 0.2 mM 1–0.05 M
TBAH–benzonitrile solution; T ~ 25 uC; working electrode: platinum
gauze. The full lines correspond either to the starting solution (bottom)
or to the electrolysed solution after 1 electron per molecule (obtained at
20.7 V). The dash-dot line corresponds to an electrolysis charge above
2 electron per molecule (at 21.2 V) and the dashed lines to intermediate
charges (see text).
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digital integrator. Absorption spectra were taken using a
VARIAN Cary 5E UV-VIS-NIR spectrophotometer.
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