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Introduction

The serendipitous discovery of Cgy and of the general class
of carbon compounds called the fullerenes has provided
the chemist with a plethora of novel and versatile archi-
tectures with which to work, expanding beyond the two-
dimensional chemistry of benzene to an almost infinite
array of possibilities in three dimensions. Since Cg was
detected in 1985, the increasing interest and significance
of the work in the fullerene field led to the award of the
1996 Nobel Prize in Chemistry to the founders, Smalley,
Curl, and Kroto.?

Soon after the appearance of the proposed structure
of Cg, 1,1 theoretical predictions indicated that the lowest
unoccupied molecular orbital (LUMO) of Cg was ener-

getically low lying and triply degenerate, and thus capable
of accepting at least 6 electrons upon reduction.?® In
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addition, X-ray and NMR studies determined that Cg,
along with the family of higher fullerenes, was fully
conjugated, with no possible electron delocalization be-
cause of distinct and different single and double bond
lengths.* Consequently, electroanalytical techniques such
as cyclic voltammetry (CV), Osteryoung square wave
voltammetry (OSWV), and differential pulse voltammetry
(DPV) quickly became the methods of choice to investigate
the rich electronic properties of the fullerenes and their
derivatives in solution. The role of electrochemistry in
the field of fullerenes has not stopped at the analytical
end, however. Synthesis and detection of new materials,
from derivatives to thin films and polymers, have been
achieved with the aid of electrochemical techniques.

This Account will focus on electrochemical studies of
Ceo, Of some of its electrochemically significant derivatives,
and of the higher fullerenes (Cy, C7, C7s, Cgs). In addition,
electrochemical methods for detecting the formation of
fullerene-based films are reviewed.

Electrochemistry of the Pristine Fullerenes Cego
and Co

The systematic electrochemical proof of the triple degen-
eracy of the LUMO of Cg came in several steps with the
detection of Cgp2,> Cg37,6 Ceo?*~,” and Cg®>—.82 The
hexaanion species, Cg®~, eluded detection until 1992,
mainly due to limitations in the potential “window”
available with the solvents used. In 1992, our group
managed to generate and detect stable Cg"~ (n = 1-6)
using CV and DPV.® The voltammetric experiments were
carried out under vacuum, using the mixed solvent system
acetonitrile—toluene (1:5), and at low temperature (—10
°C). The potentials measured (E;/;) were —0.98, —1.37,
—1.87, —2.35,—2.85, and —3.26 V vs Fc/Fc*. The separa-
tion between any two successive reductions under these
conditions was relatively constant at ca. 450 + 50 mV. It
is important to emphasize that the penta- and hexaanions
are stable and exhibit reversible behavior on the voltam-
metric time scale. However, when produced by controlled
potential coulommetry, only the anions up to and includ-
ing the tetraanion are stable.

The electrochemical characterization of C;, followed a
simultaneous, similar historical path. Its LUMO was
predicted to be only doubly degenerate, but the calculated
energy difference between the LUMO and the LUMO + 1
was small enough that six 1l-electron reductions were
anticipated for C7.2 Kadish and co-workers could un-
ambiguously detect up to four electron reductions due to
solvent limitations.” Using the same mixed solvent system
described above, our group was able to generate and
detect C,o"~ (n = 1-6).9 Figure 1 shows the six reversible
reduction waves observed for both Cg and Cvo.

It was also predicted theoretically that oxidation of Cg
would be difficult.23 The gas-phase ionization potential
of Cgo was measured to be ca. 7.6 eV.10 The first chemi-
cally reversible and electrochemically quasireversible
oxidation of Cg and C;o was reported by our group in
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FIGURE 1. Reduction of Cg and Cy in acetonitrile—toluene with
TBAPF; as supporting electrolyte at —10 °C using (a and c) CV at a
100 mV/s scan rate and (b and d) DPV at a 25 mV/s scan rate, 50
mV pulse, 50 ms pulse width, and 300 ms period. Reprinted from ref
9. Copyright 1992 American Chemical Society.

1993, after several other reports described the process as
irreversible.® Voltammetric studies showed that the first
1-electron oxidation of Cg in 1,1,2,2-tetrachloroethane
(TCE) indeed occurs at a very positive potential, +1.26 V
vs Fc/Fct, confirming the theoretical prediction. For Cyy,
the same process occurs at a potential 60 mV more
negative than that of Cg, at +1.20 V.11 The difference
between the first oxidation and the first reduction of Cg
(at room temperature), a measure of the HOMO—-LUMO
gap in solution, is then calculated to be 2.32 V. For Cy,
this gap is somewhat smaller at 2.22 V. These results
showed the rich redox chemistry of Cg and Cy, with eight
and nine accessible oxidation states, respectively.

Later studies have demonstrated that the choice of
solvent and supporting electrolyte has a profound effect
on the potentials at which the different anions are
generated.? Furthermore, the solubility of the electro-
generated species is also affected by these parameters,
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FIGURE 2. OSWV in TCE for (a) Crs, (b) C7s, and (c) Cgs recorded at

60 mV/s. Reprinted from ref 15. Copyright 1995 American Chemical
Society.

making it possible to fine-tune the conditions for elec-
trosynthesis of Cg adducts'®4344 (vide infra) and for
electrodeposition of Cg films in various oxidation states
with different cations.'4

Electrochemistry of the Higher Fullerenes
(>Cro)
More recently, reductive and oxidative electrochemistry
of the higher fullerenes Css, C7g, Cg, and Cgq has been
reported.’®>~17 These larger cages possess the added
complication of isomerism.'® Depending on their sym-
metry, the presence of simultaneous isomers in solution
may result in the observation of multiple redox waves.
C+6 has been shown to consist of only two enantiomers
of D, symmetry,18 the electrochemistry of which cannot
be separately identified, (see Figure 2a).1®> C, on the
other hand, has three known isomers of C,,, C,,, and D;
symmetry.*® The C,, and C,, isomers should not be
electrochemically different from each other, but they
should be different from the D; isomer. Theoretical
studies of Cg predicted comparable LUMO and different
HOMO energies for the two isomers, with the lower
abundance D; isomer being easier to oxidize.l® This
would translate electrochemically into both isomers re-
ducing at nearly the same potential, while oxidations
should occur at different potentials. Once again, electro-
chemistry has played an important role in providing
experimental confirmation of these theoretical predictions.
The reductive OSWV and the CV of C;g show, indeed, no
isomeric (separate waves) effects in tetrachloroethane.
Two cathodic waves are observed within the solvent
“potential window”, each corresponding to a 1-electron
reduction to form Cs,s~ and Cz;2~. Using the same
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FIGURE 3. DPV of a saturated solution of Cg in 0.1 M TBAP—
pyridine (scan rate 2 mV/s; pulse amplitude 40 mV). Reprinted from
ref 16b. Copyright 1996 American Chemical Society.

techniques, four oxidation waves are clearly visible (see
Figure 2b).1> These consist of two pairs of consecutive
small and large waves. The current intensity ratio (1:5)
of these “double waves” is in excellent agreement with
the reported isomeric ratio of C,g (Ds/Cy),'8 a fact that
supports the idea that the small and large waves cor-
respond to the D; and C,, isomers, respectively.

The best example of how complicated the issue of
isomerism is for electrochemical studies of the larger
fullerenes is represented by studies of Cgs. Although 24
isomers of Cg, are known to satisfy the “isolated pentagon
rule”,*® only two have been experimentally observed, the
D, and the D,q4 isomers.2® Their separation by HPLC was
not reported until very recently.2°¢ In TCE, it is not
possible to resolve separate reduction or oxidation waves
for these Cg4 isomers (Figure 2c).1> However, Kadish et
al. have been able to observe 10 redox waves in pyridine
(see Figure 3).16b Supported by ESR evidence, the first
six waves are assigned to the first, second, and third
1-electron reductions of each of the two isomers, D,q and
D,, with the D,y isomer being the easiest to reduce. The
last four waves cannot be unequivocally assigned to either
isomer. They are thought to be the result of a chemical
process occurring upon addition of a fourth electron to
both isomers. Kadish has attributed the ability to observe
separate waves for the two isomers to a solvent effect.

The electrochemistry of Cg, has also been studied in
detail, but with a primary interest to compare its redox
properties to those of its fascinating endohedral struc-
tures.’” Since this topic is beyond the scope of this
Account, the reader is referred to a recent review,172 and
to other reports!’=d in the area of electrochemistry of
endohedral metallofullerenes.

Electrochemistry of Cg Derivatives

Driven by visions of interesting new materials such as
three-dimensional electroactive polymers, molecular wires,

[6,6]closed

[5,6]open
FIGURE 4. Fulleroid—methanofullerene isomerization.
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surface coatings, and electrooptic devices, investigators
in the fullerene area have been derivatizing Cg with
adducts that promise to tune the sphere’s electronic
properties. It has thus become of real interest to inves-
tigate how the nature, geometry, structure, and number
of addends influence the electrochemical behavior of this
fullerene.

Electrochemically Induced Isomerization. One at-
tractive aspect of the three-membered ring bridged family
of Cgo derivatives (Figure 4) is that, depending on whether
the bridge head carbon atoms are bonded or not, four
different structures are possible. Of the four, only two are
stable synthetically: the [5,6]open, also called a fulleroid
(the kinetic product),?* and the [6,6]closed, also called a
methanofullerene (the thermodynamic product after ther-
malization).??2 The reason these two are the only observed
isomers is partly due to the preservation of the [5]radialene
structure of Cg.22 Formation of the [6,6]closed metha-
nofullerene results in a partial loss of conjugation of the
Ceo sphere, from the 60x electron to a 58w electron
configuration. In contrast, formation of fulleroids ([5,6]-
open) does not result in loss of conjugation. They are the
only derivatives that retain the 60x electron configuration
of C60.24

The fulleroid to fullerene rearrangement can also be
induced electrochemically, and the effect of the x electron
count on the electron affinity of the two isomers has been
investigated by our group?® as well as by the groups of
WudlI?¢ and Roffia.?” Interestingly, the three studies have
shown that there is essentially no difference in the
reduction potentials of the two isomers until the third,?627
fourth (below 5 C),?7 or fifth2> electron reductions. Also,
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FIGURE 5. CVs for compound 2 in 0.1 M TBAPF; acetonitrile—
toluene (1:5) as a function of variable temperature and variable scan
rate; at 100 mV/s and (a) 25, (b) 15, and (c) 5 °C and at 500 mV/s
and (d) 25, (e) 15, and (f) 5 °C. Reprinted from ref 25b. Copyright
1994 American Chemical Society.

the fulleroid to fullerene rearrangement is clearly observed
during the corresponding third,?%-27 fourth (below 5 C),2”
or fifth electron reduction.?> Figure 5 shows the variable
scan CV sequence that clearly demonstrates the isomer-
ization process presented in Scheme 1 for compound 2

during the fifth electron reduction.?> The fact that the
same results are obtained in all three studies at different
reduction steps may indicate a solvent and/or substituent
effect. It should be emphasized, however, that the reduc-
tion potentials of the two corresponding isomers are
identical or nearly so until at least three electrons have
been added to the Cg moiety.

Derivatization and Electron Affinity. Several cases
have been reported in which derivatization, regardless of
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FIGURE 6. CV of (a) Ce and (b) 3 in 0.1 M TBAP/4:1 toluene—
acetonitrile (scan rate 100 mV/s). Reprinted from ref 32a. Copyright
1995 American Chemical Society.

the nature or the number of addends, decreases the
electron affinity of the Cg sphere, as observed by elec-
trochemical reduction. Typically, cathodically (more nega-
tive) shifted waves, with shifts ranging from 30 to 350 mV
per adduct with respect to those of pure Cgp, have been
observed by CV, OSWV, and/or DPV.28-38 Reduction of
some of these functionalized derivatives has (disappoint-
ingly) resulted in the release of the attached fragment(s)
and recovery of pure Cg. Examples of these are the
dihydrofullerene, CgqoH,,282° a few metal (M) derivatives
(M = Ni, Pd, Pt), where the metal constitutes the bridging
atom,° and the epoxyfullerene, Cg0, (3).31:32 The con-

version of CgH, to Cgo does not occur until after the third
reduction, and it is solvent and temperature dependent.?®
In contrast, the metal derivatives as well as Cg0O decom-
pose to the parent Cs upon addition of the first elec-
tron.31.32 |nterestingly, Cs0O shows an irreversible reduc-
tion potential, which is 50 mV more positive than that of
pure Cg in o-dichlorobenzene.3!

More recently, in a more extensive investigation, Balch
and Fawcett have determined that 3 undergoes an elec-
tropolymerization process as a result of electroreduction.32
Of the three 1-electron reduction waves observed by CV
(Figure 6), wave one corresponds to formation of Cg0~
with a solvent and sweep-rate-dependent decomposition
to the parent Cg as represented in Scheme 2. Wave two
corresponds to the irreversible formation of the radical
dianion Cs02~. The authors believe that the latter species
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is the polymer initiator. The proposed structure for the
polymer film is (—CgO—CgO—).32

Attempts at increasing the electron affinity of the Cg
sphere via derivatization with electron-withdrawing groups
(EWG) have resulted in the preparation of organo-
fullerenes,3! spiromethanofullerenes,33 iminofullerenes,3*
and fluorinated fullerenes,®> among others.3¢ Of these,
the most electronegative monofunctionalized fullerene
prepared so far appears to be a dicyano derivative, 4,

whose first (quasireversible) reduction potential at —72
°C is 156 mV more positive than that of C¢,.33¢ This same
reduction is, however, irreversible at room temperature.
The enhanced effect of the EWG has been attributed to
an orbital through-space interaction phenomenon called
“periconjugation”.33 Another notable example of in-
creased electronegativity is the iminofullerene 5. At room

temperature, 5 undergoes its first reversible reduction 48
mV more positive than its parent, Cg.3* It is not surpris-
ing, however, that due to the high electronegativity of
fluorine, multifluorinated derivatives of C¢y and Cyq exhibit
the highest electron affinities reported for fullerene de-
rivatives, with reduction potentials ranging from 1.35 to
1.57 V more positive than the corresponding parent
compounds Cgy and Cy,.3%

Efforts to determine changes in the redox properties
of Cgo derivatives as a function of the number of addends
have shown that as the fullerene cage becomes increas-
ingly functionalized, reductions become increasingly more

difficult and irreversible. This has been explained in terms
of a stepwise loss of conjugation, which causes the LUMO
to become increasingly higher in energy.36
Derivatization and Electronic Communication. An-
other type of fullerene derivative has been designed to
combine the fullerene properties with those of other
electroactive compounds, such as ferrocene,3” tetrathia-
fulvalene (TTF),37P and various quinones.33p:38.39 The
immediate aim is to investigate which adducts are best
at establishing electronic “communication” with the
fullerene moiety, but the final target is the design and
preparation of new fullerene-based materials whose redox
properties can be modified and controlled. Electrochem-
istry results reported to date for all these compounds,
particularly the ferrocenes, show features that are not
observed for other Cg derivatives, such as 1l-electron
reductions in sets of two consecutive waves.3” However,
it has not been demonstrated conclusively that there is
electronic coupling between the covalently linked elec-
troactive moieties. Further investigation is still pending.
Another approach to the same theme has been the
study of fullerene dimers, in which two fullerene spheres
are connected via a molecular bridge. Studies with
phenylene and acetylene spacers separating two fullerene
cores have not detected electronic communication be-
tween the two. Only unresolved multielectronic processes
have been observed at potentials that correspond to
individual Cgy components.36240 Remarkably, the dimer
C1200, 6, reported by Balch, appears to be the first

molecule consisting of two covalently linked fullerene
units in which the two moieties appear to be interacting.*
The cathodic CV and DPV in o-dichlorobenzene show two
reversible asymmetric peaks, R; and R,, along with a
resolved set of two reversible peaks, R; and Ry. Decon-
volution of each of the two asymmetric peaks indicates
that each one corresponds to two closely spaced waves,
resulting from the superposition of two processes with
very close reduction potentials (see Figure 7). The fact
that each of the 1-electron processes is resolved to some
degree is a good indicator that the two Cg moieties are
communicating. This conclusion is supported by the
observation of a triplet feature in the ESR of C;5,02%~.41
Electrochemistry as a Synthetic Tool. Electrochemical
studies of the protonation of Cs~ and Cg2~ indicate that
Ceo~ is a very weak base. The dianion, Ce2™, is, however,
a relatively strong base with an estimated pK,, value of
10 in o-dichlorobenzene and 16 in DMSO.42 Furthermore,
the fact that the coulometrically stable mono- to tetraan-
ions of Cg can be progressively generated at modestly
negative potentials allows for their versatile use in organic
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FIGURE 7. Deconvoluted CV of (a) 0.35 mM Cg and (b) 0.19 mM

Ci20 in 0.1 M TBAP—o-dichlorobenzene (sweep rate 100mM/s).
Reprinted from ref 41. Copyright 1996 American Chemical Society.

electrosynthesis, particularly in the area of fullerene
derivatization. This is an area, however, that has not been
exploited extensively. Only a few Cgo-derived compounds
resulting from electrosynthesis have been reported, mainly
by Kadish#3® and Mangold.#4 Our group has also reported
the electrosynthesis of compounds 7—10.13 The general

7 R=R=H
8 R=R'=CO,H
9 R=H; R = CMe,
10R=H; R'=CN

method involves the use of controlled potential bulk
electrolysis to generate Cg?~ in the absence of oxygen.
The reduction potential depends on the solvent and
supporting electrolyte chosen,*? and it is maintained until
the current drops to a baseline value. At this point, the
desired electrophile is added and allowed to react while
the reaction progress is monitored by measuring the rest
potential of the solution. The reaction is complete when
no change in the rest potential is detected. An alternative
way to monitor the extent of reaction is by observing the
growth of the voltammetric peaks of the products at the
expense of those of the reactants in a “pseudospectro-
scopic” way (see Figure 8). In this respect, electrochem-
istry is truly powerful and useful, since it is used as the
effector of the chemical transformation, as well as the
detector in situ of the reaction progress.

Electrochemistry of Fullerene-Based Thin Films

Because of its unique properties and potential applications
as a ferromagnet, as a superconductor, and in electrooptic
devices and polymers,*> Cg is being incorporated into yet
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FIGURE 8. OSWV of a solution of Cgy in @ 0.1 M solution of TBAPFg
in acetonitrile—toluene (1:2) containing I,CHCMes. Cg and Cg
represent CstHCMes and CgyHp(Cmes),, respectively. Voltammograms
recorded (a) during the first 80 min and (b) during the last 60 min.
Sweep width 25 mV; frequency 15 Hz; potential step 4 mV. Reprinted
with permission from ref 13. Copyright 1996 The Electrochemical
Society.

Scheme 3
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another type of material, thin films. Two excellent and
quite comprehensive reviews appeared recently on the
preparation of thin film fullerene-based materials*647 and
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FIGURE 9. (a) OSWV for a 0.13 mM solution of 11 in CH,Cl, in the
presence of a —S(CH,);NHs" monolayer on the gold surface
(continuous line) and after removal of the monolayer (discontinuous
line). (b) Difference OSWV by subtraction of the two OSWVs in (a).
The circles represent a digital simulation. (c) Successive OSWV
responses of the fully treated electrode (secondary SAM of 11
complexed to the first thiolated SAM) immersed in pure solvent
containing only the supporting electrolyte. (d) Time dependence of
the peak current in (c) (circles), and when the same experiment
was performed with pure Cg under identical conditions (squares).
Reprinted from ref 49. Copyright 1996 American Chemical Society.

their electrochemical behavior.4” Consequently, we will
focus here on the role of electrochemistry as a detector
of self-assembled monolayer (SAM) film formation and
as a diagnostic tool of the properties of the films. The
emphasis will be on work performed in our laboratories.

SAMs are monomolecular films formed from the chemi-
cal adsorption of molecules onto specific surfaces. A
typical approach used involves the modification of a gold
electrode using a thiolated molecule. The strong Au—S
interaction immobilizes the molecules on the Au surface,
and electrochemical analysis can be performed if the
compound is electroactive. Prior to our work, Mirkin and
co-workers reported two elegant methods of preparing
SAMs of Cg, both of which involved a covalent linkage
between the fullerene and thiolated moieties.#® Others
have reported similar approaches.46

The work performed in our laboratories involves a
simple two-step process. Instead of modifying the elec-
trode with a thiol-derivatized fullerene, molecular recog-
nition principles are used. Scheme 3 shows a graphic
illustration of the concepts used. Step one involves the
modification of a gold electrode with a thiolated SAM
terminated in ammonium groups. In step two, a second-
ary SAM is formed as the crown ether arm of 11 forms a
complex with the ammonium groups of the first mono-
layer. OSWV has been used in this case because of its
greater sensitivity compared to CV. The advantage of
using electrochemistry as the analytical tool is based on
several facts: (1) A quantitative analysis of surface cover-

= top view of

= top view of 4 N

FIGURE 10. Schematic representation of the phen/phen—fullerene
mixed monolayer self-assembled on Au. The model for the molecular
packing is idealized, but it is based on an STM image.®® The
phenanthrolyl group of the phen—fullerene molecule intercalates
and forms z-stacks with other phenanthroline molecules in a 1:2
ratio. The diameter of the Cgy moiety corresponds roughly to three
phen molecules along a chain.

age can be obtained. Following current measurement of
the electrode modified as shown in Scheme 3, step 2, the
gold surface is completely desorbed, cleaned, and im-
mersed in a solution of 11. Since the current measured
in this case is that of free 11 in solution, subtraction of
this current from that of the complexed form results in a
quantitative measure of surface confinement (see Figure
9a,b). (2) Desorption of compound 11 from the am-
monium-terminated SAM can be easily analyzed by im-
mersing the fully treated surface (after step two) in the
pure solvent. This process leads to decomplexation but
leaves the first layer intact. Following the current as a
function of time leads to the description of the desorption
process (see Figure 9c,d).*°

The molecular recognition process described above
provides reversible control of film formation because (1)
the film can be desorbed easily and perhaps induced via
pH changes or cation addition because there are no

VOL. 31, NO. 9, 1998 / ACCOUNTS OF CHEMICAL RESEARCH 599



Electrochemistry of Fullerenes and Their Derivatives Echegoyen and Echegoyen

covalent bonds involved, (2) the film properties can be
easily analyzed by voltammetric methods, (3) multilayer
films can be envisioned by bis-functionalizing Cg with
different “complementary” arms, and (4) bearing the
appropriate functionality, polymerization could yield a
more stable, removable, easier to manipulate material,
analogous to an LB film.

More recently, we reported the formation of well-
ordered SAMs based on the strong adsorption of phenan-
throline (phen) nitrogens on gold surfaces. A novel 1,10-
phenanthroline—fullerene derivative was incorporated
into these monolayers (see Figure 10). The result was a
very stable monolayer that owes its stability to three
factors: the phenanthroline—Au interactions, the 7—x
interactions between phenanthrolines, and the fullerene—
fullerene interactions.®° Electrochemical studies of these
monolayers are currently underway.

Concluding Remarks

The versatility of electrochemical techniques has not only
permitted the experimental demonstration of the pre-
dicted electronic structures for many members of the
fullerene family, but also allowed investigators to reach
into the realm of discovery and creation. It is evident that
although the electronic properties of the fullerenes have
been established, the many intricacies that constitute the
delicate nature of these properties are only beginning to
surface as new derivatives are prepared and studied.

The generality of the decomposition of fullerene de-
rivatives (in some cases back to Cg) upon electrochemical
reduction is an area under intense exploration at the
present time by the authors in collaboration with the
research group of Professor F. Diederich. Most studies
have investigated the voltammetric behavior of the deriva-
tives, not their coulometric or ESR behavior. It appears,
on the basis of our own experience and on a few reported
results, that fullerene derivative anions are, generally, very
unstable. Current research is exploring this fundamentally
important area. Indirectly related to this is the fact that
isomeric product analysis has not been done in detail for
electrosynthesis. Ongoing research seems to indicate that
some regioisomers that are not accessible kinetically or
thermodynamically by chemical synthesis may be elec-
trosynthesized.

The design of technologically important fullerene-based
materials is only limited by the imagination and the laws
of physics. Undoubtedly, electrochemistry will continue
to play a leading role in this venture.
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