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Anion Radicals of Mono- and Bisfunctionalized
[60] Fullerene Derivatives. Evidence for 13C
Satellites in their EPR Spectra
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Upon photo- and electrochemical in situ reduction of [60]fullerene derivatives, C4o[ C(COOEL),], (n=1, 2),
characteristic single-line EPR spectra are observed which are attributable to the corresponding radical anions.
Monofunctionalized C4,[ C(COOEt),] shows a reduction behavior similar to pristine Cg,, i.e. formation of a
primary radical A which converts with time into B with a peak-to-peak width of pp, ~ 0.1 mT and g, = 2.0000,
Pps =~ 0.05 mT and gz = 2.0006. In contrast, the EPR spectra of the four bis-adducts-{equatorial, #rans-1, trans-2
and trans-3 C4,| C(COOE),],} are dominated by only one narrow line with pp ranging from 0.007 to 0.03 mT
and g values between 2.0002 and 2.0004. Their relative width changes with the regiosteric positioning of the func-
tionalizing addends. Well resolved spectra reveal '3C satellites, originating from 12-20 carbon nuclei. Slightly
higher splittings (a,sc ~ 0.2 mT) for four carbon nuclei suggest higher spin density at the keto group carbons of the
bis(ethoxycarbonyl)methylene substituents. © 1997 John Wiley & Sons, Ltd.
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INTRODUCTION

Photoinduced electron transfer includes a wide range of
processes that are of paramount importance in chem-
istry and biology. Recent studies regarding the gener-
ation of [60]fullerene anions have focused on electron
transfer reactions both in the fullerene’s ground and
excited states.! Their identification and characterization
have been performed mainly by two different tech-
niques, namely UV-visible-near-IR spectroscopy and
EPR spectroscopy.>2° Whereas UV-visible-near-IR
spectroscopy focuses exclusively on assigning a set of
characteristic transition bands to the fullerene’s
anions,'’21: 27:28 EPR spectroscopy accounts for more
structural relevant parameters of the generated radical
anions.®"16-24:29:3% QOriginally, C4, mono-anions were
believed to exhibit a broad EPR line having a peak-to-
peak separation (pp) frequently larger than 3 mT.>~!4
Conversely, upon in situ reduction of [60]fullerene we
monitor a primary species A with pp, = 0.09 mT and
ga = 2.0000. This radical transforms subsequently into
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B with ppg = 0.04 mT and gz = 2.0006.31:32 With pro-
gressing reduction, particularly in less polar solvents
and in the presence of large anions, we see a further
species C, which shows a wide line with ppc > 3 mT and
gc = 1.998.2° This has been rationalized in terms of A
representing the primary radical species (Cg,), B depict-
ing a dimeric associate thereof (Cg,), and C probably
being a cluster with larger aggregation numbers (Cg), -
Our observation is confirmed by more recent experi-
ments on in situ generated Cg,, showing narrow EPR
lines.2%-33-35 An extremely narrow line (pp ~ 0.01 mT)
of the fullerene’s radical anion was reported from the
pulsed EPR experiments.3®

The polyfunctional structure of buckminsterfullerene,
Coeo > containing 30 reactive double bonds located at the
junctions of two hexagons led to the exploration of an
extended number of functionalization method-
ologies.3”~*° Breaking the I, symmetry of pristine Cq,
leads to small, but nevertheless noticeable, changes of
the threefold degenerate molecular orbitals.*!**2 Conse-
quently, a narrowing of the fullerene’s EPR lines is
expected. In contrast, the mono-anions of [60]fullerene
o-quinodimethane adducts, reported recently in our*3-44
and other laboratories,2%*5 did not show the expected
line narrowing. Instead, a slight line broadening
(pp = 0.105 mT) relative to pristine [60]fullerene
(pp = 0.09 mT) was found, which might reflect the unre-
solved interaction with the methylene protons of the
functionalizing addends.?®*® In the present paper, we
describe extremely narrow EPR lines (pp down to 0.007
mT) observed during the in situ reduction of
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Scheme 1. Investigated fullerenes [bold bonds indicate

“C(COOEt), functionalization].

[60]fullerene bis(ethoxycarbonyl)methylene bis-adducts.
These narrow lines facilitate the observation of resolved
13C satellites, which are described and analyzed in
detail.

EXPERIMENTAL

The structures of the investigated fullerenes I-VI are
summarized in Scheme 1. Fullerene (I) (gold quality)
was obtained from Hoechst (Germany) and the func-
tionalized fullerene derivatives II-VI were synthesized
according to the literature procedure.*®*” Toluene,
analytical-grade acetonitrile and tetrabutylammonium
perchlorate (TBAP) for electrochemical analysis were
purchased from Fluka. Dimethyl sulfoxide (DMSO) for
gas chromatography (Aldrich) was used. The radical
generation was carried out in situ under an argon atmo-
sphere in the cavity of a Bruker 200D EPR spectro-
meter.31:3243 The recorded spectra were simulated by
an Aspect 2000 computer (Bruker standard program). A
medium-pressure mercury lamp (Applied Photophysics,
UK) served as the irradiation source. Wavelengths
below 300 nm were blocked by a Pyrex filter. For the
cathodic reduction experiments a platinum grid was
used as the working electrode. It was amperostatically
polarized with low currents vs. an Ag/AgCl reference
electrode which was placed closely to the center of
working electrode. This galvanostatic procedure allows
better potential control at the entire platinum grid than
by conventional potentiostatic techniques. In the latter
techniques a considerable potential gradient, particu-
larly at higher currents, is built up along the platinum
grid. The corresponding cyclic voltammograms were
taken with a platinum wire (surface area 2 mm?) vs. a
saturated calomel reference electrode (SCE), equipped
with a ferrocene/ferrocenium (Fc/Fc ™) internal potential
marker using equipment from Heka (Germany).
Near-IR spectra of fullerenes III and VI (0.25 mm, 0.09
M Et;N) were recorded with a Nicolet Magna 750
FT-IR spectrophotometer using argon-purged and irra-
diated solutions.

© 1997 John Wiley & Sons, Ltd.

RESULTS AND DISCUSSION

Photochemical reduction

EPR spectra recorded during the photochemical
reduction of fullerenes I, II and V with triethylamine
(TEA) as an electron donor in TBAP-saturated (0.09 m
TEA and 15 mg ml~! TBAP) toluene solutions are
shown in Fig. 1(a)—-(c). Reduction of pristine
[60]fullerene(I)*!3? and o-quinodimethane adducts in
CH,0H, CH;CN-toluene (1:1, v/v) or DMSO*3++
revealed the formation of a primary radical product A
with pp, = 0.09 mT and g, = 2.0000. With progressing
irradiation, radical A transformed into radical B having
ppe = 004 mT and gg= 2000631324344 In peat
toluene, generation of transient species B, for example
of pristine Cg, (I), was observed in much lower yields
than in polar solvents [Fig. 1(a)]. Addition of 15 mg
ml~! of TBAP to the reaction mixture increased the
stability of the formed radicals A and B.3? Under analo-
gous conditions, the yield of A and B using mono-
functionalized II is much higher than that found for
pristine [60]fullerene (I) [Fig. 1(a) and (b)].

Remarkable differences were found in the time-
resolved reduction of derivatives III-VI and I-II, as
demonstrated in Fig. 1(c) (fullerene III). Upon
reduction, fullerenes I and II formed consecutively tran-
sient species A and B whereas functionalized derivatives
III-VI revealed the immediate formation of a single
radical species with a relatively narrow EPR line
(pp < 0.02 mT) positioned at g values around 2.0002—
2.0004 (Fig. 2 and Table 1). It is evident that the EPR
spectra are dominated by a characteristic central line
with a relative width decreasing in the order
I>I>II>1IV>V>VI (Table 1). Whereas the
spectra of II-VI were generated under similar condi-
tions, e.g. using Et;N as an electron donor, a higher
conversion of pristine Cg, (I) to B required substitution
of Et;N by TiO, . It should be noted that the spectrum,
which is attributed to species B, still indicates a contri-
bution of A in Fig. 2. In addition, some non-
symmetrically positioned signals (marked with an
asterisk) can be seen in Fig. 2 which are apparently not
associated to the central line.

A preparative problem should be mentioned here
which has a significant impact on the EPR spectra of
fullerene derivatives IV and VI. The low synthetic yields
of derivative IV and its similar polarity to VI*’ might
have the consequence that, despite their chromato-
graphic separation, the eluted fraction of IV contains VI
as an admixture. Indeed, the EPR spectrum of IV™",
measured at low microwave power (1 mW; standard
used for all probes), provides evidence for the presence
of VI™ . Derivative VI was found to saturate more
easily than its analogue IV. Thus, in order to suppress a
strong overlapping contribution of VI™", the EPR spec-
trum of IV™" (shown in Fig. 2) was recorded at a higher
microwave power, namely 100 mW.

Electrochemical reduction

The photochemical reduction was complemented by
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Figure 1. EPR spectra observed during the photochemical generation from 0.256 mm fullerenes, 0.09 m Et;N, saturated with TBAP in
toluene solution with progressing irradiation time: (a) I; (b) II; (c) V.

some cyclic voltammetric measurements in toluene—
DMSO (3:1, v/v) using 0.1 M TBAP as supporting elec-
trolyte. The data associated with the first and second
reduction potentials of fullerenes I-VI are given in
Table 2. The cyclic voltammogram of fullerene deriv-
ative VI, as shown in Fig. 3, illustrates a nearly
reversible behavior for both reduction steps. Simulta-
neous electrochemical EPR experiments were performed
at the potential of the first reduction step. The corre-
sponding EPR spectrum (see inset in Fig. 3) closely
resembles that generated in the photochemical studies
(Fig. 2). Owing to a better spectral resolution and more
convenient generation, the photochemical results are
preferentially evaluated in the following sections.

Near-IR measurements

The near-IR spectrum of the fullerene mono-anion of
derivative V generated under analogous experimental

© 1997 John Wiley & Sons, Ltd.

conditions, as stated in the EPR section (Fig. 2), is
shown in Fig. 4. A characteristic transition band was
recorded with 4,,, at 1055 nm slightly blue shifted rela-
tively to the previously reported value (4,,, = 1065
nm*®). This shift probably reflects the different dielectric
constant of the solvent. Similarly, using derivative VI,
the fullerene’s characteristic radical anion band was
observed at A,,, = 1030 nm. The near-IR data confirm
the formation of the corresponding mono-anions and
also substantiate the compatibility of our previous pulse
radiolysis studies*® with the current photochemical and
electrochemical applications.

13C satellites in EPR spectra

Earlier we reported on the attempt to generate
[60]fullerene’s radical anion (Cg,) of a sample that was
13C enriched (7%).26-3! The !3C enrichment resulted in
a considerable line broadening relative to pristine Cg,
(ppa = 0.09 mT), preventing the detection of resolved

MAGNETIC RESONANCE IN CHEMISTRY, VOL. 35, 795-801 (1997)
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Figure 2. EPR spectra of the photochemically generated [60]fullerene mono-anions (I-VI) ~". The spectrum of |=" was obtained in the 0.05
mM [60]fullerene, irradiated for 40 s in toluene-methanol (1:1) TiO, suspension ([TiO, =1 g I="). The spectra of (11-VI)~" were measured
using 0.25 mwm fullerene and 0.09 M Et;N in toluene-DMSO (3:1) solutions after irradiation periods of 3 min forlI=" and 10 s for (I1I-VI) ~".
The hyperfine structure marked with an asterisk originates from other species.
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Figure 3. Cyclic voltammogram obtained in 0.25 mm VI, 0.1 m
TBAP in toluene-DMSO (3:1) solution with Fc/Fc* reference.
* The inset represents the corresponding EPR spectrum observed
at the potential of the first reduction peak.
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Figure 4. Near-IR spectrum of fullerene mono-anion radical V~*
obtained under analogous experimental conditions to those for the
EPR investigations in Fig. 2 with an irradiation time of 60 s.
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Table 1. The g values, peak-to-peak widths (pp) and splitting constants of *3C satellites
(aisc) extracted by simulation from EPR spectra of anion radicals (I-VI)™" *

Central lines
Radical g pp (mT)
1= 2.0000 (A) 0.09
2.0006 (B)  0.04

n- 2.0000 (A) 0.1
2.0006 (B)  0.027

Satellites
a1a¢ (mT) (number of carbon nuclei)

66% A
34% B

15% A
B (as central line 50C)
aisc: 0.09 (14C)

799

aisc: 0.1934, 0.165, 0.1612, 0.1328 (all 1C);

0.1208, 0.1006, 0.082 (all 2C); 0.0644 (6C)

@1sc: 0.19, 0.0854, 0.0684 (all 4C); 0.024 68 (2C)

25% X, 12% VI~

a.sc: 0.2188, 0.1796, 0.1738, 0.1690, 0.1484,

0.1348, 0.1328, 0.1182 (all 1C);
0.0830 (6C); 0.0624 (2C)

- 2.0004 0.019

20% X
V= 2.0002 0.017
A\ 2.0004 0.01

30% X
A\ 2.0004 0.006

a.sc: 0.2652, 0.2290, 0.1778, 0.1240, 0.1142 (all 1C);

0.1072 (3C); 0.0840 (4C); 0.0728 (4C);
0.0556 (3C); 0.0420 (1C); 0.0386 (4C);
0.0366 (4C); 0.0240 (1C)

20% X, 15% IV~

®The intensity of central lines correspond to 50 carbons (40 for VI~"). Intensities of X or IV™"
and VI~ are given in % of the total spectral intensity.

13C satellites. In the present investigation, very narrow
EPR spectra (pp < 0.02 mT) of bisfunctionalized com-
pounds III-VI indicate the presence of well resolved
13C satellites. These 3C satellites are analyzed by the
following simulation.

The time evolution of EPR spectra that are associ-
ated with the generation of A and B of [60]fullerene
were treated according to a previous simulation
study.3! Radical species A and B could be fitted well
with Lorentzian lines characterized by the parameters
ga = 2.0000, gg = 2.0006, pp, = 0.09 mT and ppg = 0.04
mT. This fitting is also valid for the spectra of A and B
presented here. The central lines were well described
with a Lorentzian curve for I-V. Only the EPR spec-
trum of radical VI™" required application of a
Gaussian—Lorentzian (1:1) lineshape. The peak-to-peak

Table 2. Half-wave potentials (V) of the first (E} /2) and second
(E3,2) reduction peaks (vs. SCE reference electrode
and ferrocene/ferricenium internal potential marker)
of the fullerenes I-VI obtained upon cyclic voltam-
metry in 0.1 M TBAP in toluene-DMSO solutions
with a scan rate of 500 mV s~*

E}, vs. E}; vs. E} > (probe) E3, vs.
Fullerene SCE Fc/Fc* Fc/Fc* —E12(Ce0)® SCE

1 —0.26 0.51 -0.77 — -0.72

] —-0.31 0.54 -0.85 —-0.08 -0.77

1] —0.39 0.54 —0.93 —0.16 -0.84
v —-0.38 0.54 -0.92 -0.15 -0.82
\" -0.37 0.54 -0.91 -0.14 —-0.83
\"/| -0.34 0.54 —-0.88 -0.11 -0.78

2E}> (probe) —E}, (Ceo) is the potential shift referred to the
unsubstituted [60]fullerene.

© 1997 John Wiley & Sons, Ltd.

widths which were applied in the current simulation are
listed in Table 1. In order to complete the simulation of
the EPR spectra in Fig. 2, especially to the central line,
we accounted for the carbon satellites with splitting
constants (a:3c) and the numbers of 13C nuclei, as speci-
fied in Table 1. The lineshape parameters were identical
with those of the central line. Additionally, a wide line
component X with pp = 1 mT positioned at the center
of the main line was used. The relative intensities of the
central and the satellite lines are expressed in number of
carbons considered in the simulation (typically about
50C to the central line and around 16C for satellites).
The contributions of X, IV™" and VI~ are expressed
relative to the integral intensity of the entire spectrum.

The spectral changes involving the formation of B
(ID), as depicted in Fig. 2, could be fitted also by adding
a satellite that corresponds to a group of 14 equivalent
13C nuclei with a;sc = 0.09 mT. Numerous individual
lines (Fig. 2) which were poorly resolved complicated
the simulation procedure of IIl. An approximate fitting
revealed, however, eight groups of satellites with a total
of 16 carbons. Their splitting constants are summarized
in Table 1.

In contrast, reasonably resolved spectra were
obtained for fullerene derivatives IV-VI. The simulated
spectra are shown for comparison in Fig. 5, and the
data which were extracted there from are given in Table
1. The radical species of IV revealed 14 carbon nuclei
contributing to the satellites. Owing to the high sym-
metry of IV (D,,), these 14 carbons originate from only
four groups with 4C, 4C, 4C and 2C. This corresponds
well to a relatively high degree of carbon equivalency as
evolves from 1*C NMR experiments.*” It is remarkable
that the first group has a relatively high splitting con-
stant (aisc = 0.19 mT). Since the keto groups of the

MAGNETIC RESONANCE IN CHEMISTRY, VOL. 35, 795-801 (1997)
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experimental

simulated

Figure 5. Experimental and simulated EPR spectra of [60]fullerene mono-anions IV~", V=" and VI~ photochemically generated as stated

in Fig. 2.

bis(ethoxycarbonyl)methylene addends have much
stronger acceptor properties compared with the carbons
atoms of the conjugated systems,*® the four highest
splittings probably originate from carbon nuclei of the
keto groups.

The radical species that are associated with the
reduction of the less symmetric V (C,) and VI (C,)
showed considerably more satellites than IV. For
example, 10 groups and 13 groups of satellites were
noticed for V™" and VI™', respectively. The integral
number of carbons contributing to these satellites are,
however, similar to those computed for (II-IV)~,
namely 16C for V™ and over 20C for VI™" [A larger
number of carbon nuclei in !3C satellites and a corre-
sponding smaller contribution of the central line of
VI~ if compared with (II-V)™" results from a consider-
ably better resolution of the spectrum of VI™" with
pp = 0.007 mT.] At least four satellite carbons in the
spectra of both V™" and VI~ " show relatively large split-
ting constants. In analogy with IV, this can be rational-

ized in terms of originating from the carbon atoms
located at the keto function of the bis(ethoxy-
carbonyl)methylene addends. In line with the pre-
parative difficulties mentioned above, the spectrum of
IV~ evidently contains an admixture of VI™" (Fig. 5)
and, analogously, simulation reveals the presence of
IV~ in the spectrum of VI™".

Generally, the number of carbons seen by resolved
satellites is limited to about 16 nuclei. This suggests that
exclusively the carbons in the immediate neighborhood
of the keto groups interact noticeably with the unpaired
electron.
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