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An area of increasing interest in fullerene chemistry is the
electrochemistry of fullerenes and their derivatives. Electro-
chemical studies in various solvent systems have demonstrated
that Cgo can be reduced at a relatively positive potential to its
radical anion!? and that its degenerate LUMOs can accept up
to six electrons.> Among the fullerene derivatives, higher fluoro-
fullerenes are particularly interesting.4 Higher fluorofullerenes
have been reported by Taylor et al.’ to be unstable in some solvent
systems, and Adcock et al.%2 found them to be relatively strong
oxidizing and fluorinating reagents. In addition, Hettich et al.
found that the electron affinities of highly fluorinated fullerenes
are almost 1.5 eV higher than those of the parent fullerenes and
that doubly charged anions of CgF, (x = 48 and 46) can be
generated in the gas phase by sequential electron capturet® and
studied by mass spectrometry. Those results demonstrated that
the electronic properties of the higher fluorofullerenes are very
different from those of the fullerenes. However, the electro-
chemical behavior of fluorofullerenes has not been determined,
and the precise mechanism* of the chemical redox reactions of
fluorofullerenes remains to be elucidated. We now report the
first cyclic voltammetric’ study of CeoFsg and the characterization
of the products formed in the successive addition of electrons to
CeoF s in solution by various electron donors using electrospray
mass spectrometry (ES-MS).?

Cyclic voltammograms (CVs) of CgF45 in a CH,Cl; solution
areshownin Figure 1. Thereduction of CgF,stoitsanion radical
(wave I in Figure 1a) occurs at Ejj; = -0.43 V with respect to
the 9,10-diphenylanthracene (DPA)/9,10-diphenylanthracene
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Figure 1. Cyclic voltammograms of a 0.5 mM solution of CgoF4s in
CH,Cl,, with (a) the potential scanned at 0.2 V/s and reversed at 0.6
V vs SCE; (b) the potential scanned at 0.05 V/s and reversed at 0.04 V;
and (c) the potential scanned at 0.2 V/s and reversed at —0.24 V. The
supporting electrolyte was tetrabutylammonium hexafluorophosphate
(0.08 M). Arrows indicate the starting potentials and the initial scan
directions. In part a, the oxidation wave of DPA is also shown. The redox
potentials of Fc/Fc* and Cp*Fc/Cp*Fc* are indicated by the dotted
arrows for reference of the ES-MS experiments described in the text.

radical cation (DPA**) reference redox couple used in this
experiment, or 0.79 ¥V with respect tothe SCE. The peak current
ratio, iy /i, of 0.98 and the peak separation, AE;, of 66 mV
(AEpof the DPA /DPA**, a reversible couple, is 80 mV) indicated
that C¢F4s undergoes a reversible!! reduction to form CeoFys*-.
The reduction potential of CgoF4s is 1.38 V more positive than
that of the first reduction wave of Cg,’ indicating that CgoFyg is
much easier to reduce than C49. Moreover, this potential is also
more positive than that of most other neutral organic electron
acceptors known to the authors.

CeoF s should be able to oxidize I- to I in CH,Cl,, since the
reduction potential of CeoF 45 is more positive than the oxidation
potentials of I-/I;~ (0.26 V vs SCE!2 ) and I5~/I, (0.65 V vs
SCE!?), Indeed, Adcock and co-workers# found that fluoro-
fullerenes can liberate I, from Nal in acetone, but it was not
determined if I, was formed via a simple redox reaction producing
CeoF4s*-as theanionic product. Todetermine the anionic product
of this reaction, a flow injection reaction!? was carried out on line
with ES-MS.15 In this experiment, CgoF45 (20 pmol) undergoes
an electron-transfer reaction with I- present in the solution (81
uM tetrabutylammonium iodide), and the anionic products of
the reaction, if stable over the time frame of the experiment (in
this case ~20 s), are detected by ES-MS. The only peak in the
mass spectrum (not shown), which appears at m/z 1632,
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Figure2. Electrospray massspectra obtained in flow injection experiments
using (a) ferrocene (Fc) and (b) decamethylferrocene (Cp*Fc) as the
electron donor species in the carrier solutions. The peaks corresponding
to CeoF4s~ and CeoF 442~ are fragment ions, formed by collision-induced
dissociation of CgpF47~ and CgpF4s2-, respectively, in the atmospheric-
sampling interface of the ES-MS instrument.?2

corresponds to CgoF4s*-, demonstrating that CeoF4s can oxidize
I- in CH,Cl, and confirming our CV observation that CgoFss*-
is the stable anionic product (solution lifetime > 20 s).16

A CV scan toward a more negative potential at a scan rate of
0.05 V/s produced the second reduction wave of CsoFss (wave
I in Figure 1b), with a peak potential, E, of 0.44 V vs SCE.
No anodic wave was observed at scan rates up to 1 V/s when the
potential scan was reversed right after wave II, indicating that
CeoF 452~ undergoes a following chemical reaction. However, the
product formed from the chemical reaction of CgoF432- appears
to be reduced at a potential very close to that of the second wave
(Epcof wave IIlis 0.37 V) and reoxidized during the scanreversal
even at a relatively slow scan rate of 0.05 V/s. The AE,, of wave
III was measured to be 67 mV, suggesting that wave III is
reversible and that this product is stable in solution at this scan
rate. To verify this reaction scheme, a second flow injection
experiment was performed using ferrocene (Fc) as the electron
donor, since the redox potential of Fc/Fc* (0.31 V11) is beyond
wave III. Shown in Figure 2a is the ES mass spectrum obtained
following an injection of 50 pmol of CgoFys into a flowing stream
of CH,Cl,/164 uM Fc. The base peak in this spectrum appears
at m/z 1613, which corresponds in mass to C¢oF47~. On the basis
of this observation, it seems that, following the second reduction,
CeoF 452 loses F- to form CgoF47-, which can then be reduced to
C60F472" (wave III)18

CqF 477 can be further reduced to CgoF4r?-, yielding an
irreversible CV wave at an Ej of -0.12 V vs SCE (Figure 1c?9).
Inanattempt to identify the product formed during the reduction
of C¢oF472-, a third flow injection experiment was conducted using
decamethylferrocene (Cp*Fc) as the reducing agent. The redox
potential of Cp*Fc/Cp*Fc* is -0.11 V vs SCE,? which is very
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close to the peak potential of wave IV. Therefore, it should be
possible to reduce CgoF 5 to generate CgoF47*- with Cp*Fc. The
ES massspectrumin Figure 2b was obtained following an injection
of 60 pmol of CeoFys into a stream of CH,Cl,/400 uM Cp*Fe.
The base peak in this spectrum, which appears at m/z 797,
corresponds to CgoF4s2-, suggesting that CgF47*~ undergoes a
rapid loss of F-insolution to form CgoFys2~. Compared to CgoF47,
CeoF 462 was found to be more stable in solution. CgoF462- was
the base peakin a mass spectrum recorded by continuously infusing
a mixture of Cp*Fc and CgF4s ([Cp*Fc]:{CsoF4s] = 4:1), but
the mass spectrum recorded by continuously infusing a mixture
of Fcand CgoF 45 contained a number of lower mass species which
increased in abundance with time in the mass spectrum, indicating
the occurrence of further chemical reactions. Further reduction
of C¢oF 462~ yiclded a broad irreversible wave at ca. —-0.65 V vs
SCE. The peak height of this wave is about 4 times as great as
that of wave I, ‘and no anodic wave was associated with this
reduction wave, suggesting that CgoF4s2~ probably undergoes a
complicated multiple electron-transfer/fluoride-loss reaction.

On the basis of the CV behavior and the ES mass spectra
discussed above, we propose the following EECEEC mechanism!!
for the first four reduction reactions of CeoFas:

CaFas + ¢ = CyoF ™

.o - 2~
CeoFas ™+ = CyoFyg

E
E
CoFus” > F +CeFy;  C
CoFi+e 2 CF,,” E

E

CeoFyr + ¢ & CoFyy”
C60F473_ - C60F462_ +F C

CeoF 462, as the final product in the above scheme, is the first
organic dianion formed by multiple electron-transfer reactions
in solution observed in the gas phase by ES-MS.
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