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An electrochemical and EPR study is reported on two isomeyjc€ivatives containing a covalently linked

free radical TEMPO: a fulleroid and a methanofullerene. In line with othgi#h@sed nitroxide derivatives,

the latter one gives a stable biradical anion upon one-electron reduction, and a metastable excited quartet
state by visible light photoexcitation. Both species have characteristic EPR spectra. For the fulleroid derivative,
the first reduction step is not chemically reversible and no excited state EPR signal is observed after LASER
excitation. Electrochemical and spectroelectrochemical techniques indicate that fulleroid to methanofullerene
conversion takes place by photoexcitation and, more interesting, upon injection of a single electron, contrary
to the cases of other fulleroids so far reported.

Introduction CHART 1

The addition of chemical functions to fullerenes currently
represents one of the most promising strategies toward new
derivatives with specific properties potentially useful for
biological applicationsor as new materiafsln this connection,
the covalent linking of spectroscopically active probes to the
fullerenes is highly desirable for studying the peculiar charac-
teristics of important species such as fullerene anions or triplet
excited states, connected with relevant fullerene features, such
as superconductivityferromagnetisni,optical limiting proper-
ties or singlet oxygen sensitizatidhil o this end, the synthesis
and EPR study of a series of fulleropyrrolidines containing the 1 2

2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) moiety has been g4 in the electroinduced isomerization process which, very

recently reported. Thesecgnitroxide derivatives could be interestingly, could be performed upon injection of a single
excited by UV or visible light to a metastable quartet excited gjgctron?

state or reduced to the corresponding biradical anion by alkali
metal treatment.The nitroxide unpaired electron acts as a useful Experimental Section

probe to investigate either the kinetics and mechanism of excited Materials. Fulleroid (L) was prepared by thermal decomposi-

quartet stgte formatipn and decay'or the distribution of the addedﬁon of the sodium salt of TEMPON tosylhydrazone (TEMPON
glectroq in the anion, along with the extent of. exghange = 2,2,6,6-tetramethyl-4-piperidone-1-oxyl) in the presence of
|nteract|o_n between the unpaired _electron on the nitroxide and Ceo, following the procedure reported by Ishida and co-worRers.
that localized on the fullerene moiety. Methanofullerene2) was obtained by irradiation of a 0.3 mM

In this paper, we report the unusual case of fulledSi¢Chart degasseq-xylene solution of fulleroid ), with an Ar laser (1
1), bearing the TEMPO group, which shows no paramagnetic W) at 488 nm for 8 h.
species after both photoexcitation or alkali metal reduction.  Anion Preparation. The radical anions of derivativdsand
However, after photochemical, or electrochemical, conversion 2 were prepared by standard vacuum (ca:*¥@bar) techniques
of 1 to the corresponding methanofullerene isorigstrong in a 10 mm o.d. Pyrex tube containing a few hundred
transient EPR spectra of the excited quartet could be recordedmicrograms of the compound. The tube was equipped with two
upon laser irradiation, and EPR of a stable biradical monoanion sidearms, one being a usual EPR tube. In the second arm a
could be observed after reduction with sodium metal. A sodium mirror was formed by evaporating the pure metal before
combination of electrochemical and spectroelectrochemical tetrahydrofuran was introduced through the vacuum line. After

techniques has been used to elucidate the role of the nitroxide? few freeze-pump-thaw cycles, the apparatus was sealed. The
solution was carefully brought into contact with the metal mirror

. and the EPR spectrum was recorded after each contact.
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* Dipartimento di Chimica Fisica, Universiti Padova. EPR Samples Preparation Samples for EPR measurements
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1 or2in toluene (ca. 10* M) in 4 mm o.d. quartz tubes. The 0.6
samples were degassed by repeated frepaenp—thaw cycles
and sealed under vacuum.

Instrumentation. Magnetic Resonance Measuremems
computer-controlled Bruker ER 200D X-band spectrometer,
equipped with a nitrogen flow cryostat, was employed for CW-
EPR, ENDOR and time-resolved EPR measurements.

For CW-EPR experiments, a standard,Jfectangular cavity
with optical access was used. Because of the small line widths,
25 kHz frequency was employed to avoid the broadening of
the spectral lines and the appearance of sidebands deriving from K N
the usual 100 kHz modulation frequency. 00 ‘

. N 400 460 520 580 640 700 760
The ENDOR spectra were recorded with a Bruker cylindrical A/ nm

TMajpcavity, using a frequency-mO(_duIated Rhode & Schwartz Figure 1. Visible absorption spectrum evolution during photoisomer-
SMX RF signal generator, an ENI A,3OOW rf power ampllf!er, ization of a 0.3 mMp-xylene deareated solution df, irradiated
and an EG&G 5208 two-phase lock-in analyzer. A home-written jith an Ar laser beam (488 nm, 1W). Time of irradiation:— 0 min;
software was used to control the rf sweep and the data(-—-)2hand 10 min;€-—-—-)3h;(-+)5h; (—++—-+)7hand
acquisition. 30 min.

Time-resolved EPR (TR-EPR) experiments were performed
using the same microwave cavity employed for CW-EPR gauze. The electrolyzed solution was monitored at intervals
spectra. No field modulation was used and the unmodulated during the electrolysis by steady-state voltammetry and, at the
signal of the microwave detector was recorded as a function of sSame time, UV-vis—near-IR spectra were recorded. The
time. Therefore, a positive signal represents absorption whereagemperature dependence of the ferrocinium/ferrocene couple
a negative one relates to emission. Transient EPR signals werestandard potential was referred to SCE by a nonisothermal
collected and averaged with a LeCroy 9450A fast digital arrangement, according to a reported procedre.
oscilloscope, synchronized with the LASER pulse. The photo- ~ Voltammograms were recorded with a AMEL model 552
excitation was carried out by light pulses (20 ns duratios; potentiostat or a custom made fast potentiéstntrolled by
582 nm, repetition rate 20—40 Hz) from a dye laser (Lambda  €ither a AMEL model 568 function generator or a ELCHEMA
Physik FL 2000, dye Rhodamine 6G) pumped by a Lambda model FG-206F. Data acquisition was performed by a Nicolet
Physik LPX 100 excimer LASER (XeCIi = 308 nm). model 3091 digital oscilloscope interfaced to a PC. The charge
Transients were collected at different magnetic field positions €xchanged during bulk electrolysis was measured by a AMEL
to obtain a surface that shows the EPR signal as a function ofmodel 731 digital integrator. Absorption spectra were taken

Absorption/ a.u.
o
I~
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1

time and of magnetic field. using a VARIAN Cary 5E UV-vis—near-IR spectrophotometer.
The g values were obtained from measurements of the Temperature control was accomplished within L with a
microwave frequency and of the magnetic field intensity. Lauda Klein-Kryomat thermostat.

Electrochemical and Spectroelectrochemical Measurements _ Digital Simulation of Cyclic Voltammetric Experiments.
The one-compartment electrochemical cell was of airtight design 1 "€ cyclic voltammetric simulations were carried out by the
with high-vacuum glass stopcocks fitted with either Teflon or DigiSim 2.1 software by Bioanalytical Systems Inc. All the
Kalrez (DuPont) O-rings in order to prevent contamination by electrochem|c_al steps were considered fast in the S|mulat|9n,
grease. The connections to the high-vacuum line and to thea_”d the chemcal rate constants were chosen so as to obtain a
Schlenck tube containing the solvent were obtained by sphericalVisual best fit over a 10-fold range of scan rates.
joints also fitted with Kalrez O-rings. The pressure measured
in the electrochemical cell, prior to trap-to-trap solvent distil-
lation, was typically (+2) x 107> mbar. Photochemical Isomerization of Fulleroid (). Several

The working electrode was either a 0.6 mm diameter platinum unsuccessful attempts to convert thermi&thy* fulleroid (1) to
wire (0.15 cni approximately) sealed in glass or a Pt disk methanofullerene2j® prompted us to explore the photochemi-
ultramicroelectroder(= 5 um) also sealed in glass. The counter cal rearrangemeHt!” which constitutes a convenient route to
electrode was a platinum spiral, and the quasi-reference electrodeaccomplish fulleroid/methanofullerene isomerization, alternative
was a silver spiral. The quasi-reference electrode drift was to thermal, electrochemic&l® or acid-catalyze® methods.
negligible for the time required by a single experiment. Both Thus, a 0.3 mM solution of in p-xylene was deaerated and
the counter and the reference electrodes were separated fronivradiated with an argon laser beam (488 nm, 1 W). The
the working electrode by ca. 0.5 cm. Potentials were measuredisomerization reaction was monitored by BVis absorption
with the ferrocene standard and are always referred to standardspectroscopy (Figure 1). The presence of three isosbestic points
calomel electrode (SCHE1/, values correspond téfe + Epg)/2 at 430, 550, and 662 nm clearly indicates the interconversion
from cyclic voltammetry. In some experiments, a SCE reference between two specié§,which was complete in ca. 8 h. The
electrode was used, separated from the working electrodehypsochromic shift of the broad band in the visible, expected
compartment by a sintered glass frit. Ferrocene was also usedfor a 58:7-electrons methanofullerene in comparison to the 60
as an internal standard for checking the electrochemical revers-z-electrons speciek whose absorption spectrum matches that
ibility of a redox couple. of Cgp, and the presence of two bands at 434 and 693 nm,

Potential-controlled bulk electrolysis was carried out in a diagnostic for methanofullerenésstrongly supports the pho-
three-compartment electrochemical cell with both the SCE toisomerization ofl to methanofullerene2j.
reference electrode and the platinum spiral counter electrode EPR Measurements Ground State Neutral §g-Nitroxides
separated from the working electrode compartment by sinteredThe continuous-wave EPR (CW-EPR) spectrum of a toluene
glass frits. The working electrode was a large area platinum solution of 1 has been already reported by Ishida and co-

Results
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Figure 2. EPR spectrum of in toluene, recorded at 300 K. The insert ~ 'ecorded at 300 K. The vertical line shows the center of the pair of
shows the whole spectrum, while the main picture shows the low-field lines due to thé’N nucleus.
lines due to the protons and their computer simulation (lower trace).
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Figure 3. EPR spectrum o2 in toluene, recorded at 300 K. The insert  Figure 5. Room temperature EPR spectrum2in MeTHF during
shows the whole spectrum, while the main picture shows the low-field the reduction process. The arrows indicate the hyperfine component
lines due to the protons and their computer simulation (lower trace). of the neutral, separated by 15.46 G. Lines marked with crosses and
separated by 7.84 G are due to the biradical anion of derivatiVae
workers8201t consisted of a triplet of lines of the same intensity single _Iine marked with a star is due to a further redu_ction product
deriving from the!N hyperfine interaction. The lines were very which is the only one remaining after prolonged reduction (see text).
broad possibly because of oxygen present in the solution. Careful
preparation of a 10" M toluene solution ofl under vacuum
(10~* mbar) allows the recording of a well-resolved spectrum
with lines narrower than those previously reported (140 mG
instead of 2.3 G, Figure 2). The additional hyperfine structure
is due to the coupling of 12 equivalent protons (4 methyl groups
ay®Hs = 0.215 G) and 4 equivalent protons (2 methylene groups
ay®M2 = 0.179 G) of the nitroxide ring. This is illustrated by

during the reduction with sodium metal. No evidence of a stable
biradical anion is observed. Only after prolonged contact of
with sodium, a single narrow line gt= 2.0001 appears, whose
relative intensity increases as the reduction process proceeds.

In contrast to fulleroid 1), reduction of methanofullereng)(
gives rise to substantial changes in the EPR spectrum. Figure 5
reports the EPR spectrum of a THF solution2pfrecorded at
. . ) o room temperature, at an intermediate step of the reduction
S|mulat|or_1 of the EPR lines reported in Figure .2 (lower trace). process. The spectrum is a superposition of lines due to three
The equivalence (.)f _the axial and equato_nal ’T‘ethy' and paramagnetic species having differgnvalues and hyperfine
methylene protons |nd|catee a fast conformational interconver- splittings: a 1:1:1 tripletd = 2.0061,ay = 15.46 G, marked
sion of the sm-membered fng. ) by arrows) corresponding to the neutral fullerene nitroxide

A toluene solution of methanofulleren®) gives a well- radical 2, a second 1:1:1 tripletg(= 2.0029,ay = 7.84 G,
resolved EPR spectrum (Figure 3), which has been also marked by crosses) attributed to the biradical monoanion, and
calc_ulated assuming the proton hyperfine coupllng_ with 4 4 single narrower line g = 2.0000 marked by a star),
equivalent methyl groupsaf“s = 0.195 G) and with 2 comparable to that observed in the spectrum of fullexdd
equivalent methylene groupa "z = 0.375 G) of the nitroxide  after reduction. The single line intensity increases during the
ring. This very good simulation (Figure 3, lower trace) shows requction process and eventually is the only one remaining after
that a fast conformational interconversion of the six- membered 4 prolonged contact with the sodium mirror as already observed
ring takes place also for derivatii for other Go-nitroxide derivativeg?

The ENDOR spectra of and2, obtained by saturating the The hyperfine splitting constants of the neutral and reduced
respective low-field EPR lines, confirm the above findings. The radicals were obtained from the computer simulation of the
spectra consist of three doublets of lines: two of them, at low spectra and are reported in Table 1.
frequency, are partially overlapped, as shown in Figure 4. The  Excited StatesIn line with the photoinduced isomerization
high-frequency doublet, due to thA& nuclear spin transitions  of fulleroid (1) to methanofullerene2j, no transient EPR signal

and with a line separation twice th&N Larmor frequencyy, is recorded when a toluene solution bfis irradiated in the

is centered aan/2, whereay is theN hyperfine splitting. The  EPR cavity by LASER pulses (vide infra).

partially overlapped doublets, centeredvat(~14 MHz), are On the contrary, strong transient polarized spectra could be
due to methyl and methylene protons. Notice that ¢ recorded for methanofullereng)(upon LASER irradiation. The
hyperfine coupling constant of derivatiis larger than that  complete 3D plot of the EPR signal versus magnetic field and
observed forl. time coordinates, obtained by laser excitation of a frozen toluene

Biradical Anions The EPR spectrum of fulleroidl) in solution of2 at T = 150 K, is shown in Figure 6a. The plot
tetrahydrofuran (THF) does not show significant variations shows that the sign of the polarized signal changes in the
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TABLE 1: g Factor and Isotropic Hyperfine Coupling 1I
Constants (in gauss) of Derivatives 1 and 2 a
compd speciés g an apCts apCte I
1 n 20061 1498 0215 0179 3pA
ma
X 2.0001
2 n 2.0061 15.46 0.195 0.375
ma 2.0029 7.84

X 2.0000

an, neutral radical; ma, monoanion; x, product of further reduction.

a

EPR Signal (a. u.)

3300 5

E/V

time (us)
B (Gauss) Figure 7. (a, b) CV curves of 0.5 m\2 in THF, 0.05 M TBAH, T =
b 25°C, v = 0.1 V/s. Working electrode: Pt.
— T I | TABLE 2: Half-Wave Potentials (E;/V vs SCE) in THF
r1 r3 re Solution, unless Otherwise Noted,at 298 K, for Compounds
1 and 2 and Pristine TEMPO
E1
A | 1l II* 1 v \%
1 +0.94 —-0.42 —-1.01 —-157 —-1.65 —2.12 —-2.85
2 +0.95 —-0.44 -1.03 —-1.50 —-1.64 —211 —2.&¢

TEMPO +0.85 —1.47

alrreversible process,. value.

Figure 6. (a) Field-swept transient EPR signaldih toluene, recorded
at 150 K with microwave power of 38 mW. Positive and negative
signals indicate absorptive (A), low-field part, and emissive (E), high- denoted by increasing roman numbers, are observed. A shoulder,
field part, polarizations. (b) One slice of the surface taken at a delay of ||| *, is present in the rising part of peak lll, whose anodic
0.3us after the laser shot; (dotted line) computer simulation (see Table coynterpart is not evident. While the reversibility of peakM
|3Z'1/:ADzﬁk|?/(jnezﬁls(i?i'on?(lgs* taotttrrl]kéu_t?/cimtg |t1r/]fEt(raa|1igti[i(()3?:cof%rrw%ugfcitsézte is easily ascertained under the conditions of Figure 7, that of
quartet state. peak V is conf_lrmed only at low tempe_ratures where, howe\_/er,

. . . . . severe distortions of the CV curve, likely due to adsorption
different field regions. Figure 6b shows the slice of the surface phenomena, are detected. THe, values for the reversible

taken ‘? a d.ela{ (t)'f 0.8s afte[z)r' the Ia§er pulstg, tog_?;]her W'.th Its 1 Processes are reported in Table 2. With the exception of peaks
computer simulation (see Discussion section). The regions r A and III*, the pattern of CV curves in Figure 7 is typical of

iin?l'rzlév?/?f?gﬂfrir%it:ioﬁfgi1io?nrfli)grper?r?glﬁr?;r?égggtbtsoorrtr':i% N the 6,6-closed g derivatives® Peaks +V are therefore relative
(Ag) Whereas hiah-field trans%tions (region r2) are in emisgion to the five successive reductions of fullerene moietg.iReaks
9 9 A and llI* are attributed to the nitroxide group, which is known

(E). A series of experiments performedTat 50, 80, and 120 . - .
K showed that the polarization pattern A/E in the field domain to be either oxidized or reduced under the present conditfons.

is temperature independent urffil= 50 K. Fulleroid (1) shows a strikingly different CV behavior
Two distinct signals (marked with®and Q* in the r3 region compared t® unde_r the same cond!tlons. The_: C\( curve for a

of Figure 6b) are well resolved in the 3D plotgasgp = 0.5 mM THF solution ofl at 298 K is show_n in Figure 8&.

2.0061, the same value obtained from the CW-EPR results on T"€Eu2 values for the redox processes relativé &re reported

the ground doublet state of methanofuller¢pe Q* hasgg = in Table 2.

2.0021. In the CV of 1, five reduction peaks are observed. In contrast

Electrochemistry. The electrochemical behavior Bfstudied ~ to derivative2, however, (i) peak | lacks its anodic counterpart,
by cyclic voltammetry (CV), is first presented as its interpreta- (i) the shoulder 1lI* is missing, and (iii) peak IV corresponds
tion is relatively straightforward and useful to understand the to a two-electron charge transfer (see also Figure 8b). In
more complex CV pattern of fulleroidl). The CV curves for addition, peak IV has a shoulder {Yin its rising part. Figure
a 0.5 mM THF solution oR at 298 K, are shown in Figure 7.  8b also shows the one-electron wave (A) relative to the nitroxide

A single, one-electron reversible oxidation peak (A) in the reversible oxidation. Peak I\**IV consists of two consecutive
anodic region and five main one-electron reduction peaks, one-electron reduction processes that occur at slightly different
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Figure 8. (a) CV curves of 0.5 mM in THF, 0.05 M TBAH, T =25
°C, v = 0.1 V/s. (b) Steady-state voltammetric curve of 0.5 riNh
THF, 0.05 M TBAH, T = 25 °C, v = 0.01 V/s. Working electrode:
Pt. In (b) a Pt disk UME (diameter 14m) was used.
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Figure 9. CV curve of 0.5 mM1in THF, 0.05 M TBAH,T = 25°C,
v=0.1VI/s. (b) As (ay = 200 V/s; Working electrode: Pt. A Pt disk

UME (diameter 1Qem) was used in b). (c) Simulated CV curve, under
the conditions of (a), calculated according to the mechanism of Scheme

1.
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Figure 10. CV curve of bulk electrolysis product (after its electro-
chemical reoxidation). Concentration is approximately 0.25 mM in
0.025 M TBAH THF solution.T = 25 °C, » = 0.1 V/s. Working
electrode: Pt.

an irreversible oxidation peak (B), witg,; = 0.10 V (v = 0.2
VIs), appears during the anodic scan.

By either increasing the scan rate or lowering the temperature,
peak | gradually attains reversibility, thg/i,c ratio approaching
unity at v = 200 V/s, with Ey, = —0.42 V (Figure 9b).
Concomitantly, as peak | gains reversibility, peak B decreases,
eventually disappearing when full reversibility of | is attained.
A minor feature in the CV curve of Figure 9a is the presence
of the small shoulder C at c&:0.46 V in the reverse scan curve.
This observation will become important in connection with the
results of bulk electrolysis (vide infra).

Spectroelectrochemistry A 0.5 mM solution ofl (0.05 M
TBAH, 25°C) is electrolyzed at-0.6 V, which allows the first
reduction process (Figure 8, peak I). Absorption spectra are
recorded periodically during the electrolysis, following the
appearance and increase of the typicgt CNIR band at 1125
nm.

After one electron/molecule reoxidation, the electrolyzed
solution is checked by CV (Figure 10). Quite surprisingly, the
first reduction process, irreversible before electrolysis, becomes
reversible E;;, = —0.44 V), and both the overall CV pattern
(including oxidation and reduction peaks of TEMPO) and the
UV —vis absorption spectrum shows a close similarity to those
recorded for2.

Therefore, it is reasonable to presume that, under the above
bulk electrolysis conditions, the isomerization of fulleroij (
to methanofullerene? takes place, as discussed in the following
section.

Discussion

Ground state EPR spectra of neuttaand 2 are typical of
nitroxide radicals with the exception of an unusually small line
width (=150 mG) that causes a well-resolved proton hyperfine
structure (Figures 2 and 3). Table 1 shows proton &
hyperfine splitting constants for derivativésand2. While the
methyl protons hyperfine couplings for isomérand?2 are very
similar, the methylene protons couplingis about twice larger
than that ofl. The most relevant structural difference between
the two isomers is that il the carbon atom, to which the
TEMPO moiety is spiro-linked, is part of a 1,10-annulene-like
structure?® whereas in methanofullereng) (the same atom is
part of a more strained cyclopropane ring. The hybridization at

potentials. Furthermore, in the reverse scan, only a one-electronthat carbon is also different, producing the observed methylene

oxidation peak is found as the anodic partner of peak-+W*.

protons splitting difference. On the other hand, the origin of

The CV curve reported in Figure 9a, obtained under the the moderate shift of the electron spin density from oxygen to
conditions of Figure 8a but with the cathodic scan limited to nitrogen in derivative2 relative to 1 (3% increase ofl“N
the first process, confirms that peak | is irreversible. In addition, hyperfine constant) is not clear. To the best of our knowledge,
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SCHEME 1 of 2. As peak | attains more and more reversible features, peak
A I IV* —1V gradually passes from a two-electron to a one-electron
peak. Concomitantly, a shoulder I11* on the rising part of peak
, T lk' [ll, already attributed to nitroxide reduction B, gradually
! appears. Quite interestingly, the irreversibility of peak |
1% =—== 1%~ (fullerene-centered) and the double height of peak IV on the
K one hand and the observation of peak IlI* (reduction of nitroxide
l 2 group) on the other are mutually exclusive phenomena. This
1 strongly suggests that the nitroxide group plays a fundamental
role in the unusual CV behavior of fullerene moietylinit has
this is the first example of an effect on the nitrogen coupling of tg pe stressed that such a behavior is not observed in the case
a substitutent in position 4 of the TEMPO ring. of both 2 and FPNOs studied under the same conditions.

Derivative 1 does not show a stable biradical anion in the The coincidence of both CV patterr&y, values, and UV
CE:\P/R meﬁts%eTgr:jt_s. 'tl'he observalttlotn IS In a%reemen_tb\fvn? tr:e\/is absorption spectrum of the reoxidized bulk electrolysis
results that indicate a monoelectronic and reversibie hirs product with those o2 demonstrates that, in the long time scale

][el(ljuctlon p(?rahk (ESSGR Flgu:es 7bf (j\nql th\g).nl)é'foz mgthano- of electrolysis, the fulleroid-to-methanofullerene isomerization
ullerene @). The Spectrum of derivatiiEbiradical anion, takes place upon reduction bfand thatl** has to be identified

?hbt?'rﬁd”mrTH'?rb?i/ driidurﬁ?ror)‘(i\év'th;sggm me;@l:lis s:mgar 0 asthe specied. It is worth noting that this is the first example

It gor?si;seo(fjfgreg Iineg Wit#of‘N h?/r(Jerfine )sgpaoratiom?,,\,u (()ane)-. of electrochemical valence-bond isomerization of a fulleroid to

half of that recorded for the neutral radical. This is expected if 'z[arorggthanofullerene oceurring upon injection of a single elec-

the electron exchange interactidnis much larger than the o ) o
Identification of Intermediate 1*. CV features, similar to

nitrogen hyperfine coupling constait?® The g factor of the )
anion radical of2 corresponds to the average between ghe those observed fot, have been reported in the case of the
value of radical anion of &, or of Cso monoadducts such as electrochemical reduction of some spiroannulated methano-

N-methylfulleropyrrolidine grr = 1.9999)%° and theg value fullerenes containing either the 1,1-(4-oxocyclohexa-2,5-dieno)-
of the nitroxide free radicalgtpno = 2.0061). This is expected ~ O the 9,9-fI;JorenyI group, the latter bearing electron-withdraw-
as the exchange interaction averages two limiting situations: g groups’’ The CV curves reported for the above-mentioned
the whole unpaired electron distributed only on the fullerene, cOmpounds, at 25C and slow scan rates, show a close
and the unpaired electron localized on the nitroxide group. ~ 'esemblance to those reported here for derivative particular,

If the contact of2 with sodium metal is prolonged, only a the first reduction is irreversible. A ring-opening mechanism is
single line can be recorded in the EPR spectrum. This line is Proposed, also supported by quantum-chemical calculations,
also observed fol under the same conditions (see Table 1). based on the occurrence of through-space interactions between

The origin of this single line as well as the absence of the the p; orbitals of the fullerene carbon atoms in the two rings
anion three-line spectrum dfcan be interpreted by considering ~adjacent to the bridge and thgorbitals in the cyclopentadienyl
in detail the electrochemical charactericticslofnd 2. or hexadienyl ring of the addend (periconjugation). In those

The CV behavior relative to the first reduction bfcan be cases in which such interactions cannot occur, as for instance
rationalized in the frame of the square mechanism illustrated in the saturated 1,1-(4-oxycyclohexano)fullerene, a reversible
in Scheme 1. A moderately fast, irreversible chemical reaction CV behavior is expected and actually observed, for both 5,6

involves 1-, and generates a new electroactive speci#s)( and 6,6 isomerd’ It is worth noting that the latter species are
which is reoxidized tdl* (peak B, Figure 9a). structurally and electronically closely related fo and 2,

A fast follow-up reaction, coupled to reoxidation B, repris- respectively, and a reversible CV behavior would therefore be
tinates1. Notice that the height of peak | in the second scan analogously expected for these compounds. This expectation
(Figure 9a), performed without renewing the diffusion layer, is is only met experimentally in the case 2fFor the absence of
close enough to that in the first scan, thus confirming the back- possible periconjugation stabilization, the hypothesis that the
conversion ofl* to 1. The shoulder C, Figure 9a, only observed kinetic complications observed in the reductionlofmay be
at rather low scan rates, indicates the occurrence of a slowascribed to a simple ring-opening mechanism is therefore not
chemical process which convedts™ to the new species** ~, easily tenable. Intervention of nitroxide group in the stabilization
whose oxidation is in turn responsible for shoulder C. This of the open form, with the formation of a covalent bond via a
mechanism is confirmed by performing the digital simulation radical-radical coupling between nitroxide oxygen and a
of the CV curves, under the conditions of Figure 9a,b. In the bridgehead carbon atom, could, however, be invéRethe
simulations, Nernstian redox processes and first-order chemicalpresence in the fullerene moiety of this new bond, with an
reactions are assumed. The latter assumption comes from theelectron-withdrawing oxygen atom linked to the fullerene cage,
observed concentration-independent CV behavior. A very good may also explain the large anodic shift &f reduction with
agreement between simulated and experimental curves isrespect tol (+0.10 vs—0.42 V). Because of its participation
obtained (Figure 9c). The experimental, value is used for in the new bond, nitroxide would be electrochemically inactive,
the /1~ redox couple whereas those for the remaining couples thus explaining why, when peak | is irreversible, peak IlI* is

l**

are obtained from simulations=,(1*/1*7) = +0.10 V; Ey/>- absent. At the same time, the double height of peak IV, observed
(1**/1**~) = —0.44 V. The rate constant values for the under the same conditions, would define the cathodic limit of
chemical step in Scheme 1 ae= 200 s!, k-; = 400 s}, stability of such an intermediate: the injection of the fourth

andk, = 0.03 s, respectively. Digital simulation of the CV  electron (fullerene-centered peak 1V) would bring about the
curves, obtained over the range 21298 K, gives an Arrhenius  cleavage of the €0 bond in1*4~. The released nitroxide would
activation energy of 1% 3 kcal/mol for thel™ — 1*~ reaction. be immediately reduced at this potential (peak 1V*), much more
As anticipated above, the CV pattern observedifat high negative than the correspondiig, (—1.47 V). Finally, peak
scan rates and/or low temperature240 K) is similar to that V would correspond to the further reduction of this open species.
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In the reverse scan, reoxidation of reduced free nitroxide would TABLE 3. Zfs Parameters (in gauss),*“N Hyperfine Tensor
occur at potentials close to the correspondihig: this may (in gauss), and Populating Rates Used To Reproduce EPR
explain the splitting of the anodic partner of peak Il (Figure E%%%;uggﬂrgg%;tet State 2 in Toluene Solution aff = 150
8a). On the other hand, the absence of the anodic partner of

peak | and the presence of peak B, under the conditions of Figure_ D/98  EGB A« Ay Az (= PRy — P)
8a, suggests that, when the third electron is removed, th@ C 47 0 2 2 11 0.77:0.97

bond would form again, repristinatiri’. Some degradation is

also likely to occur at very negative potentials for the presence of the polarization of the ground statesDr'he 3D plot of Figure

of minor peaks in the reverse scan, not further identified. 6a points out a mixing of the two different mechanisms.
In view of the CV behavior of fulleroidl, as depicted in Nevertheless, the RTP mechanism contribution to ISC is smaller

Scheme 1, the absence of EPR signal for redutes not than that due to spirorbit coupling. _

surprising. In fact, neithet nor 1*~ is expected to be observed ~The time evolution of the EPR signals ofs[and of Q* is

via EPR for their too short lifetimes. Howevat* ~ (i.e., 27), different. Therefore, it is possible to choose a time delay after

which is the stable species forming fraln on a longer time the LASER pulse where one transition is almost neglectable.
scale, is EPR active (vide supra). The fact that no EPR responsel he spectrum shown in Figure 6b corresponds to a condition
is instead obtained upon reducibgnay be explained assuming ~Where the electronic doublet ground statesXQ/2 — (Dg)12
that, under the reducing conditions used for the preparation of transition (peak marked withd) is almost zero and the excited
anions in the EPR experiments (i.e., Na/THF, see Experimental quartet state (Q%u> — (Q*)1 transition (peak marked with

Section), and in the time scale of EPR experimeBtsis not Q*) has low intensity.
formed but rather a degradation product in turn responsible for ~ The spectral features are well reproduced by a spectrum
the single line in the EPR spectrum is obtained. calculated taking into account the zero field splitting tensor,

the 1“N hyperfine tensor, and the populating rates of the zfs
triplet sublevels (see Table 3 and the dotted line in Figure 6b).
Details of the simulation program together with a detailed

and 2 can be discussed with reference to those of FPRIOs. discgssion on the relevant polarization mechanisms will be
We have shown that FPNOs can be excited by UV or visible published elsewhere.

light to a doublet excited state that can be described as a SingletConclusion

electronically excited fullerene bonded to a ground state

nitroxide. From this state, FPNOs convert by intersystem TEMPO methanofullerene€) has the same electrochemical
crossing (ISC) into two lower energy states. These statesbehavior as other g adducts containing a covalently linked
correspond to a triplet £ linked to the nitroxide. According to  nitroxide. In particular, its first CV peak corresponds to a

Finally, the fact that, in contrast t3, no TR-EPR spectra
are observed fol has to be related to the photoinstability of
the latter. Because of their similarity, the electronic statek of

the two spin angular moment(on the fullerene) and (on reversible one-electron reduction process, producing the biradical
the nitroxide), the two excited states are a doublet D* and a anion. Moreover, upon visible light photoexcitati@wgives the
quartet Q*. In the latterSando are parallel o = 3/2), while transient EPR signal of the metastable quartet state, correspond-
in the D* stateSando are antiparallel $o = />). ing to a triplet excited fullerene coupled with the nitroxide

For 1 and2 the same type of excited states is expected. Q* unpaired spin. Fulleroid1j isomerizes ta2 by one-electron
has long lifetime because its spin multiplicity is different from ~reduction at the potential of the first CV peak. This is the first
that of the ground state. It can be detected with TR-EPR. observation of a fulleroid to methanofullerene conversion upon
Moreover, also the electronic ground state @n be detected  injection of a single electron. Fast photochemical isomerization
by TR-EPR because it becomes spin polarized. NeverthelessiS responsible of the lack of the excited state EPR signal for
TR-EPR spectra are recorded only fb(see Figure 6). This is derivativel.

what one expects for the presence of a photoisomerization .
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The laser excitation produces in fact the breaking of a bond
in 1 between the TEMPO group and the fullerene moiety.
Consequently, the absence of TR-EPR signalsifoould be
explained by a rapid deactivation of the quartet state with the
formation of the new species.
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