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Cyclic voltammograms are reported fos(CFs), derivatives for the first time. The compounds studied were
1,9-Gso(CFs)2 and 3 isomers of £(CFs)10, including the structurally characterized derivative 1,3,7,10,14,-
17,23,28,31,40-6(CFs)10 (Cso(CF3)10-3). The compound 1,94 CF), exhibited 3 reversible reductionsi&

(CR)10-3 exhibited 2 reversible reductions; the other 2 isomers €@fGEz)10 each exhibited 1 reversible
reduction. ESR and near-IR spectroelectrochemical experiments were performed to characterize some of the
Ceso(CR3)n~ and Go(CRs)>~ species generated by cyclic voltammetry. The ESR spectrum of {€F3)10-

3~ radical anion consisted of an envelope of 25 lines centergd=a2.0032 (the apparemtvalue is ca. 0.5

G), evidence of coupling between the unpaired electron and a significant number oftfladCife atoms.

The most significant finding is that this radical anion has a half-life in solution &6f about 7 min.

Optical and electrochemical properties are of particular (SE) results that show that some PPFs form radical anions in
interest for fullerene derivatives because of their application in solution at 25°C with half-lives longer than 7 min.

energy storage and photovoltaic deviéeBhe voltammetric Details about the cyclic voltammetry (CV) and electron spin
behavior of fullerenésand fullerene derivativésin various resonance (ESR)\isnear(N)IR SE experiments are in the
solvents has been described. Mosg &1d Go derivatives with Supporting Information. Reduction potentials fogoQCsoF2,17
electrochemically inactive substituents have lower reduction cyF, 181 9-Gyo(CFs), 19 three isomers of §(CFs)10,14 and other
potentials than the parent fullerene, which results from the relevant compound$§1°are listed in Table 1 (&F, and GoFs
reinforcing factors of (i) fullerener-system saturation and (i) were purified to 98-% purity by a ne? two-dimensional high-

substituent electron-donating effects. performance liquid chromatography procedure). Selected CV
Derivatives with reduction potentials higher than the parent cyrves are shown in Figure 1.

fullerene, such asdg(CN),,* some methanofulleren@€;oPh,,6
and GoF,, /1% are less common, but demonstrate that fullerene
m-system saturation can be more than offset by a sufficient
number of strongly electron withdrawing groups. The most
striking example is the &F4¢”~ couple, the potential for which
is 1.38 V more positive than theg@’~ couple’1® However,
most fluorofullerene'$ exhibit irreversible one-electron reduc-
tions, presumably due to facile fluorine atom or fluoride ion
loss from Go 78~ ions in solution’;1%12and this severely limits
their practical use as electron acceptors in a variety of devices.
Poly(perfluoroalkyl)fullerenes (PPFs) may prove more practi-
cal for device applications. They are highly soluble in organic
solvents, and some are stable up to 4801314 The limited
data reported so far indicate that they are resistant to hydroly-
sis1® We report here the first electrochemical data for this

Like Cso, Coo(CF3)2 has three accessible reversible reductions.
The first is positively shifted by 0.11 V relative tos& The
compounds &(CFs)10-1 and Go(CFs)10-2 each exhibited one
reversible reduction, at 0.44 and 0.32 V vg¥, respectively,
and Go(CFs)10-3, the structure of which is knowt,exhibited
two reversible reductions at 0.17 and0.44 V vs G .
Interestingly, the 0.61 V difference between the first and second
Ei/2 values for Go(CFs)10-3 is 50% larger than the differences
for Cgo, Ceo(CFs)2, and even gFss, 0.42(2) V. Nevertheless,
shifts in Ey, values relative to g for successive reductions
are attenuated for PPFs (e.81/2(Cso(CFs)10-3) — E1/2(Cs0) is
0.17 V for the first reduction ane-0.04 V for the second; the
three AE;y; values for Go(CRs)2 vs G are 0.11, 0.10, and
0.01 V).

growing class of compound§jncluding spectroelectrochemical When Go(CF3)10-3 was reduced at a fixed potential of 0.0
or —0.1V vs G”-, the ESR signal for the radical anion shown
T Moscow State University. in Figure 2 was observed. The 25 lines<€ 0.5-0.6 G) are

* Leibniz Institute for Solid State and Materials Research Dresden. presumably due to hyperfine coupling between the unpaired
8 Institute for Nanotechnology. | ith all h 2aTh
I Russian Academy of Sciences. electron with all or a subset of the 30 F atofidhe decay of

D Colorado State University. the open-circuit ESR signal forggCFs)10-3~ shows that the
10.1021/jp0550006 CCC: $30.25 © 2005 American Chemical Society
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TABLE 1: Cyclic Voltammetric Data 2 for Poly(trifluoromethyl)[60]fullerenes and Fluoro[60]fullerenes
scan rate electrolyte E1j2 0r Epc AE, Eij2 Or Epc AEp E10r Epe AE,
compd Vst (conc, M) V vs Cgo”~ mv V vs Ceo”~ mvV V vs Ceo”~ 11\ ref
Cso 0.02 TBA'PR~ (0.1) 0.00 nr —0.44 nr nr 9
Cso 0.02 TBA'BF, (0.1) 0.00 69 —0.40 64 —0.84 64 this work
Coo(CF2)2 0.02 TBA'BF,~ (0.1) 0.11 64 -0.30 59 -0.83 99 this work
Coo(CFa)10-1° 0.02 TBABF,~ (0.1) 0.44 80 this work
Coo(CF3)10-2° 0.02 TBA'BF, (0.1) 0.32 92 this work
Coo(CFa)10-3° 0.01 TBA'BF, (0.1) 0.17 110 —0.44 110 this work
CeoF2 0.02 TBA'BF, (0.1) 0.04 Ey) this work
CooFs 0.02 TBABF,~ (0.1) 0.08 Epo) this work
CooF1s 5.00 TBA"PRs~ (0.05) 0.26 Ey) 10
CooFae® 0.02 TBAJFPF({ (Ol) 0.80 EPC) 9
CeoFaed 1.00 TBA"PRK~ (0.05) 0.71 92 0.18H,) 10
CooFas 0.20 TBA"PRs~ (0.08) 1.38 66 1.03H,) 7
CeoFas 1.00 TBA"PR~ (0.05) 1.37 170 0.93 150 10

a Anhydrous dichloromethane; all potentials relative to thg”’C couple; Fe(Cp)™, Fe(Cp*x*°, or 9,10-Ph-anthracen® internal standard;
TBA* = N(n-Bu);*; nr = not reported? Different C, isomers.c Mixture of >80% G isomer and<20% T isomerd C; isomer.
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Figure 1. Cyclic voltammograms (scan rate 0.02 V/s except as noted,
0.1 M TBABF./CH,Cl, solutions). Left: Go, Cso(CFs)2, Coo(CF3)10-1,
and Qo(CFg)lo-g (001 V/S) nght Gon, C60F4, and Q;o(CFg)lo-Z
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Figure 2. ESR spectrumg = 2.0032;a ~ 0.5 G) and the decay in
ESR signal intensity for §(CFs)10-3. For the decay experiment, the
radical was generated by stepping the potential to 0.00 Vey% Gor
10 s att = 0, then opening the circuit. The ESR spectrum shown is the
average of 400 scans recorded at a potentiat@fl V vs G~ for

1h.

half-life of this radical anion in CBECl, at 25°C is more than
7 min. A half-life of 5 min was recorded for gCFs)10-2".
This can be compared to the half-life of thedJEs~ radical
anion, ca. 0.25 s in PhCR, which is more than 3 orders of
magnitude shorterThe fact that PPF radical anions can have
lifetimes of minutesis a significant finding as far as the
incorporation of such acceptors into photovoltaic devices with
long operational lifetimes is concerned. It is now apparent that
PPFs, which can be better acceptors thgnb® up to 0.44 V
with only 10 perfluoroalkyl groups, are far superior to fluoro-
fullerenes for device applications as well as for fundamental
photophysical experiments involving one-electron reductions.
Vis—NIR spectra (not shown) were recorded during cyclic
voltammograms of g(CFs), and Go(CFs)10-3. The Go(CFs)2~

ESR signal ag = 2.0016, while the g(CFs)2>~ dianion has
bands at 880 and 1336 nm and no ESR signal. Td€0Es)10-
3~ radical anion has bands at 565 and 828 nm.

The compounds &> and GoF4 exhibited CVs with irrevers-
ible reductions characteristic of more highly substituted fluoro-
fullerenes. At a scan rate of 0.02 V/s, the cathodic peak in each
case is accompanied by an additional cathodically shifted peak
which appeared to be reversible in most experiments. Similar
patterns were observed at all scan rates proké&d\(/s) except
that the intensities of the cathodically shifted peaks varied with
scan rate. NIR spectra forg, and GgF4 recorded at potentials
more negative tha0 V vs G”~ exhibited a band characteristic
of the Gy~ radical anion at 1080 ni#. An absorption at 940
nm, characteristic of thedg~ dianion?® was observed at more
negative potentials. The data indicate that bofFeand GoF4
undergo an ECE sequence of reactions involving the cleavage
of one or more CG-F bonds, behavior that is entirely analogous
to electrochemical defluorinations observed for the more highly
fluorinated fullerenes such ass¢E1s, CsoFss, and otherg:10.12

We are continuing to study the spectroelectrochemical
behavior of other & 7d CFs), derivatives, especially those with
2 < n < 10. We are using calculations at the density functional
theory (DFT) level to understand the shift in the first reduction
potential from 0.44 to 0.32 to 0.17 V vsg§~ for the three
isomers of Go(CFs)10 and the hyperfine coupling between the
unpaired electron in the gCFs)10-3~ radical anion and the
CF; fluorine atoms.
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