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Abstract: Noncovalent interactions between purified HiPCO single-wall carbon
nanotubes (SWNT) and a [60]fullerene-pyrene dyad, synthesized through a regio-

selective double-cyclopropanation process, produce stable suspensions in which
the tubes are very well dispersed, as evidenced by microscopy characterization.
Cyclic voltammetry experiments and photophysical characterization of the suspen-
sions in organic solvents are all indicative of sizeable interactions of the pyrene
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moiety with the SWNT and, therefore, of the prevalence in solution of [60]fuller-

ene—-pyrene-SWNT hybrids.

Introduction

The intriguing properties of carbon nanostructures have
sparked much interest in recent years, and a broad research
effort has been dedicated to understanding the physical and
physicochemical features of these new allotropes of carbon.
Importantly, the wealth of information that has been gath-
ered has significantly enhanced our general understanding
of how to develop nanometer scale materials and devices
that could shape future technologies.
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In this context, carbon nanotubes (CNT), and in particu-
lar, single-wall carbon nanotubes (SWNT) have emerged as
particularly attractive candidates, due to their outstanding
physical, chemical, and mechanical properties, and their
prospects for practical applications.!! These systems consist
of graphitic layers wrapped seamlessly into cylinders that
originate from defined sections of two-dimensional gra-
phene sheets.”! With diameters of only a few nanometers
and lengths of up to several centimeters, the length-to-width
ratio of these nanotubes is extremely high. SWNT have a
very broad range of electronic, thermal, and structural prop-
erties that vary according to the particular kind of SWNT. A
setback in the use of CNT is that they are heavily entangled
with one another, which leads to the formation of three-di-
mensional networks in the form of tightly bound bundles.®

To overcome the rather poor solubility of CNT in
common solvents, it is desirable to develop facile, reproduci-
ble, and practical processing methods. Past work has un-
equivocally demonstrated that the preparation of functional
CNT based nanocomposites (i.e., nanoconjugates and nano-
hybrids) requires a method that assists in disentangling and
dispersing CNT.) However, it is evident that subsequent
chemical and physical modification of the surface would be
necessary to realize many of the potential applications.

Some SWNT have diameters that are sufficiently large to
encapsulate various atoms and molecules into their one-di-
mensional nanocavity. So far, empty fullerenes,” endo-*
and exohedral” metallofullerenes, exohedral fullerene de-
rivatives,® single elements,”! ionic salts,'? alkali metal,!!
and H,O!'J have been successfully incorporated into the
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nanocavities of SWNT. Due to extensive intermolecular full-
erene—fullerene or fullerene-SWNT interactions, it is ex-
pected that the physicochemical characteristics of these new
materials are not simply a sum of those of fullerenes and
nanotubes: this hypothesis was supported by several experi-
mental and theoretical investigations."”! Experimental re-
sults and theoretical studies demonstrate that the periodic
array of [60]fullerene molecules gives rise to a hybrid elec-
tronic band that derives its character from both the SWNT
states and the [60]fullerene molecular orbitals."

Here we report on a new type of [60]fullerene-hybridized
SWNT material, in which a covalently linked [60]fullerene—
pyrene conjugate was immobilized onto the surface of
SWNT by using a noncovalent method. The use of pyrene
derivatives is crucial for our approach, namely, solubilization
of SWNT through directed m—x interactions. A series of
physicochemical probes (i.e., electrochemical, spectroscopic,
and microscopic) confirm electronic interactions between
the pyrene part of the [60]fullerene—pyrene conjugate and
SWNT.

Results and Discussion

Synthesis of [60]fullerene—pyrene conjugate 1: The prepara-
tion of conjugate 1 began with the synthesis of [60]fullerene-
substituted ~ Boc-amine 6  (Boc=benzyloxycarbonyl,
Scheme 1). This was obtained through the regioselective re-
action developed by the group of F. Diederich,™ which pro-
vides [60]fullerene bisadducts through a cyclization reaction
at the [60]fullerene sphere by using bis malonates, in a

o/\/\N/Boc

A a) ~-Boc_b) g
Br™ ™ "NHy HBr—— Br " N°¢—>
\ B
2 3 OH 4 OH
%
.~ -Boc
N o ~"N-Boc

Scheme 1. a) (BOC),0, TEA, CH,Cl,; b) 3,5-bishydroxymethyl phenol,
K,COs, acetone; c) ethyl malonyl chloride, TEA, CH,Cl,; d) C¢, DBU,
I,, toluene; e) CF;,COOH, CH,Cl,; f)1-pyrene butyric acid, HOBT,
EDCI, 4-methylmorpholine (for abbreviations, see text).
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double-cyclopropanation process. To this end, (3-bromopro-
pyl)carbamic acid fert-butyl ester 3 and 3,5-bis(hydroxyme-
thyl)phenol™ were reacted in refluxing acetone in the pres-
ence of K,COj to afford bisdiol 4 in 91 % yield.

Derivative 3 was, in turn, prepared from 3-bromopropyl
amine hydrobromide 2, as described in the literature.'”) Re-
action of 4 with ethylmalonyl chloride in CH,Cl, and tri-
ethylamine (TEA) gave bismalonate 5 in 56 % yield. Treat-
ment of 5 with [60]fullerene, I,, and 1,8-diazabicyclo-
[5.4.0]undec-7-ene (DBU) in toluene at room temperature
afforded the cyclization product 6 in 46 % yield. This was
deprotected with trifluoroacetic acid in CH,CI, to yield de-
rivative 7, which was reacted with 1-pyrenebutyric acid, N-
hydroxybenzotriazole (HOBT), 1-ethyl-3-(3'-dimethylami-
nopropyl)carbodiimide (EDCI), and 4-methylmorpholine to
give the desired bisadduct 1 in 96 % yield. The structure and
purity of bisadduct 1 was confirmed by NMR spectroscopy
and elemental analysis. In particular, the '"H NMR spectrum
of 1 shows all the characteristic features of the Ci-symmetri-
cal 1,3-phenylenebis(methylene)-tethered fullerene cis-2 bis-
adduct subunit."™ In fact, an AB quartet is observed for the
diastereotopic benzylic —CH,— groups and two resonances
are revealed for the aromatic protons of the 1,3,5-trisubsti-
tuted bridging phenyl ring. In addition to the signals corre-
sponding to the [60]fullerene-substituted spacer, the reso-
nances arising from the pyrene moiety are clearly observed
between 7.5 and 8.5 ppm.

Binding of [60]fullerene—pyrene conjugate 1 to SWNT: The
1-SWNT hybrids were prepared analogously to our previous
work by using porphyrins (i.e., ZnP or H,P)."™ Stable dis-
persions of 1:SWNT in organic solvents were achieved from
a mixture of 1 mg of purified HIPCO (www.cnanotech.com)
SWNT and 2 mg of 1 that was stirred for 24 h in 12 mL of
DMF or THF. Sonication (Bransonic 52, 112 W) was carried
out for 4h at 20°C followed by strong centrifugation
(90 min at 10000 rpm). The excess 1 was removed by wash-
ing the deposit twice. In the final step, 12 mL of fresh sol-
vent was added to the collected deposit and sonicated for
30 min at 20°C. The solubility of 1-SWNT at room tempera-
ture is 0.05mgmL~'. The homogeneous dispersion was
stored at 4°C for characterization. The black dispersion is
stable in DMF for months and in THF for weeks.

Figure 1 shows a pictorial representation of hybrid
1-SWNT, in which the optimized geometry of dyad 1 (at the
PM3 semiempirical level) is shown with a (9,0) SWNT.

Electrochemical characterization: The electrochemical be-
havior of 1-SWNT was investigated in both CH,Cl, and
THF, with tetrabutylammonium hexafluorophosphate
(TBAH) as supporting electrolyte. Because the presence of
high ionic concentrations may in principle alter the m—mn
stacking interactions between the SWNT and the pyrene
moiety, the samples were sonicated only briefly (<1 min) to
facilitate the dispersion of 1-SWNT in these solvents. Al-
though similar results were observed for both solvents in the
negative-potential region, the narrower positive-potential
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Figure 1. Semiempirical (PM3) optimized geometry of conjugate 1 in the
presence of a (9,0) SWNT.

window that was available for THF prevented a thorough
characterization of the anodic processes in THF.

The cyclic voltammetric (CV) curve for a saturated solu-
tion of 1:SWNT in 0.05M TBAH/CH,CI, (Figure 2, solid
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Figure 2. CV curves for a saturated solution of 1-SWNT in 0.05M TBAH/
CH,(Cl, (solid line) and the corresponding baseline (dashed line). Data
recorded at 298 K, scan rate 5 Vs~'. Working electrode, Pt disc (125 um
diameter). Potentials are referenced to the saturated calomel electrode
(SCE).

line) displays the typical continuum of diffusion-controlled
cathodic current, with onset at ~—0.45 V, which corresponds
to the progressive filling of the empty electronic states of
the SWNTs.! Likewise, in the positive-potential region, the
monotonic increase of anodic current is observed, with
onset at ~4+0.15V and a sharp increase of current at E=
1.3V, also associated with the rise in the (filled) electronic
density of state of SWNTs.M! Such behavior resembles close-
ly that observed for other classes of functionalized SWNT,
such as pyrrolidine-functionalized SWNTs,"¢! polystyrenesul-
fonate-'"! and poly(4-vinyl)pyridine-grafted SWNTs.?”! Su-
perimposed to such a continuum of faradaic and pseudoca-
pacitive current, the CV curve in Figure 2 also displays
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three discrete peaks, at —0.79, —1.58, and +0.98 V that, by
comparison with model 1, were associated with redox pro-
cesses involving the fullerene moiety. The CV curve of the
latter species, obtained under similar conditions (Figure 3),
displays in fact two reduction peaks, denoted as I and II, at
—0.74 and —1.12V, respectively, and an oxidation peak at
1.19 V (peak A).
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Figure 3. CV curves for a 0.3 mm solution of conjugate 1 in 0.05M TBAH/
CH,Cl,. Data recorded at 298 K, scan rate 5 Vs~'. Working electrode, Pt
disc (125 pm diameter). Potentials are referenced to SCE.

Noticeably, peak I in the CV curve of model species is re-
versible and corresponds to a one-electron reduction, where-
as peak Il is irreversible most likely because of follow-up re-
actions associated with electrochemically induced opening
of the cyclopropane ring(s), as typically observed in malo-
nate-fullerenes.’!! Importantly, the anodic peak at 1.19 V in
the CV curve of 1 corresponds to a two-electron oxidation
process (by comparison with the first reduction of the fuller-
ene moiety) that results from the superimposition of two
one-electron oxidations, occurring at very close potentials,
as evidenced in the CV curve at low temperature shown in
Figure 4. The corresponding E;, values, as obtained by the
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Figure 4. CV curves for a 0.3 mm solution of conjugate 1 in 0.05m TBAH/
CH,Cl,. Data collected at: 1 Vs™' and 298 K (dashed line); 10 Vs~ and
223 K (solid line). Working electrode. Pt disc (125 um diameter). Solid
line is referred to the right y axis, the dashed line to the left y axis. Poten-
tials are referenced to SCE.
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digital simulation of the CV curves, were 1.15 and 1.22 V, re-
spectively.

The anodic behavior of fullerenes and fullerene deriva-
tives has received much less attention than the correspond-
ing cathodic behavior.”? However, potentials ranging be-
tween 1.2 and 1.4 V have been reported for the first oxida-
tion of bisadducts that are structurally closely related to 1.1’
One of the two one-electron oxidation processes comprising
peak A is, therefore, attributed to the oxidation of the fuller-
ene moiety, the remaining process being located on the
pyrene moiety.!

Comparison of the CV curves of 1:-SWNT and 1 (Figure 5)
highlighted, besides the typical features due to the SWNT
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Figure 5. CV curves for a 0.05M TBAH/CH,CI, solution of saturated
1-SWNT (solid line) and 0.3 mm 1 (dashed line). Data recorded at 298 K,
scan rate 5 Vs~'. Working electrode, Pt disc (125 um diameter). Solid line
is referred to the left y axis, the dashed line to the right y axis. Potentials
are referenced to SCE.

moiety as described above, significant changes in the redox
properties of the fullerene derivative. A general broadening
of the voltammetric peaks is observed with respect to the
model. This may be attributed to joint mass-transport and
charge-transfer kinetics effects derived from association of 1
to the SWNT: both a smaller diffusion coefficient and hin-
dering of electronic interaction between the fullerene deriv-
ative and the electrode surface might, in fact, explain the
overall change in the CV morphology of 1 upon association
with the SWNT. Importantly, a dramatic change in the
anodic behavior of the fullerene derivative was observed
upon its interaction with SWNT: the oxidation peak at
0.98 V in the CV curve of 1-SWNT contrasts with peak A of
1 because 1) it involves only one electron (compared to two
electrons for 1) and 2) it is shifted relative to 1 by about
200 mV towards less-positive potentials. Both effects may be
ascribed to the electronic interaction of pyrene with the
SWNT m-system that would, as observed recently in a simi-
lar system,”™ make oxidation of the pyrene moiety easier.
In particular, the measured negative shift of 200 mV of the
pyrenet/pyrene redox potential would correspond to an
~20 kJ mol~! stabilization of the pyrene radical cation by its
interaction with the SWNT. By contrast, the fullerene-cen-
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tered oxidation, occurring in 1 close to the pyrene-centered
oxidation, would not be affected significantly by such an in-
teraction, and would, therefore, remain at more-positive po-
tentials (i.e., >1.2 V), at which the CV curve is dominated
by the increase in the anodic current associated with the oxi-
dation of SWNT.

Photophysical characterization: Absorption spectroscopy
(Figure 6) also confirms the successful immobilization of 1

OD/a.u.

T T T T ! 1 1
300 400 500 600 700 800 900
Wavelength / nm

Figure 6. Absorption spectra of 1-pyrenemethanol (dotted line), dyad 1
(dashed line), and 1-SWNT (solid line) in DMF at RT.

onto the SWNT surface. In particular, the spectrum of 1 is
dominated by the UV characteristics of pyrene with a set of
maxima at 265, 277, 300, 313, 328, and 345 nm, whereas the
[60]fullerene transitions appear only as an overall broaden-
ing. The broadening starts essentially in the UV region and
tails out in the visible region. Relative to a pyrene reference
(i.e., 1-pyrenemethanol) no significant perturbation of the
absorption characteristics are seen. This finding corrobo-
rates the lack of substantial electronic interactions between
the two m-systems in 1. For a suspension of 1:SWNT, apart
from the pyrene features, the characteristic van Hove singu-
larities of SWNT are discernable in the visible/near-IR
region up to 360 nm, and the m—m* transition of pyrene
dominates the spectrum. Collectively, these observations
confirm the presence of both constituents, SWNT and 1, in
the form of a novel w-complex.

Additional proof for 1-SWNT interactions came from
fluorescence data. However, the photoreactivity of 1 should
be discussed first (Figure 7).

In line with previous reports, the photoreactivity of such
hybrids is dominated by the intramolecular transduction of
singlet excited-state energy.”® Relative to 1-pyrenemethanol
(fluorescence quantum yield=0.1), strong pyrene fluores-
cence (375, 385, 395, and 418 nm) quenching (fluorescence
quantum yield=0.03) in the UV-visible region is linked to
an activation of [60]fullerene fluorescence (698 nm) in the
visible/near-IR region (i.e., ~3x107%). In 1, an excitation
spectrum of [60]fullerene fluorescence tracks the pyrene ab-
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Figure 7. RT fluorescence spectra of 1-pyrenemethanol, derivative 1, and
1-SWNT in DMF with matching absorption, similar to that shown in
Figure 6, at the 329 nm excitation wavelength.

sorption spectrum and, hence, validates the energy-transfer
process. The less-than-unity efficiency for the intramolecular
singlet-singlet energy transfer could be rationalized by size-
able donor—acceptor separation ranging from 10 to about
17 A because of the conformational freedom of the alkyl
spacer between the [60]fullerene and pyrene moieties. The
corresponding 1-SWNT photoexcitation into the pyrene m—
mt* transition at 328 nm results in 1) a further ~7-fold
quenching of the pyrene-centered fluorescence (i.e., 4x
107%) and 2) a nearly complete elimination of the [60]fuller-
ene-centered fluorescence (i.e., <3x107°). Such behavior
indicates a competitive deactivation—SWNT versus
[60]fullerene—of the pyrene singlet-excited state. In this
context, it is important to note that pyrene, which is either
surface-immobilized onto SWNT (i.e., noncovalent st in-
teractions) or linked to SWNT (i.e., covalent spacers), gives
rise to strong fluorescence quenching. In other words, the
fluorescence of pyrene and [60]fullerene are excellent
probes for detecting electronic interactions between SWNT
and pyrene.

Similarly, in time-resolved fluorescence experiments we
found that the long-lived pyrene m—m* fluorescence lifetime
(~50 ns) is shortened in 1 (17 ns), whereas that of [60]fuller-
ene remains at 1.540.2 ns, essentially unchanged relative to
appropriate [60]fullerene references. On the other hand, in
1-SWNT, SWNT-induced deactivation of the pyrene fluores-
cence could not be detected within the instrumental time
resolution of our apparatus (i.e., 100 ps).

For independent confirmation of the electronic interac-
tions we used nanosecond transient spectroscopy with pho-
toexcitation at 337 nm, which corresponds to a wavelength
of predominant pyrene absorption (i.e., >95%). In line
with our fluorescence-based conclusion, the only discernable
features in conjugate 1 are those of the long-lived [60]fuller-
ene triplet, that is, a transient maximum at around 700 nm®”!
(Figure 8).
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Figure 8. Differential absorption spectrum (visible and near-IR) obtained
upon nanosecond flash photolysis (355 nm) of 1-pyrenemethanol (solid
line), conjugate 1 (dashed line) and 1-SWNT (dotted line) in nitrogen-sa-
turated DMF with a 50 ns time delay at RT.

The triplet-triplet absorptions of pyrene, which are seen
for 1-pyrenemethanol at around 420 nm, are entirely lacking
in 1, regardless of the time delay. The [60]fullerene triplet
converts slowly to the ground state with lifetimes that are
typically around 20 ps. Such reactivity is found in nonpolar
toluene, medium-polar THF, and polar DMF. In contrast,
upon probing 1-SWNT no appreciable features are seen at
all on the nanosecond scale. This again attests to SWNT-in-
duced processes that compete with [60]fullerene in the excit-
ed-state deactivation of pyrene.

Microscopic characterization: Transmission electron micros-
copy (TEM) confirmed the presence of SWNT in our
sample. Two representative images, shown in Figure9,
reveal high aspect-ratio objects that appear throughout the
scanned regions. The mean length of these objects is typical-
ly on the order of several microns, and their diameters
range between a few nanometers and several tens of nano-
meters. Notably, Figure 9b shows very well-dispersed
SWNT. In this regard, 1:SWNT is different from pristine
HiPCO SWNT, in which aggregation prevents the observa-
tion of individual SWNTSs or very thin bundles.

We also investigated 1-:SWNT by atomic force microscopy
(AFM). The sample was prepared by spin coating on a sili-
con wafer from a DMF solution and revealed the coexis-
tence of individual SWNT (diameters of around 1.2 nm) of
several hundred nanometers in length (Figure 10) and well-
dispersed thin bundles of SWNT. However, we failed to con-
firm microscopically the presence of fullerene moieties on
the SWNT sidewalls. Considering that these AFM pictures
are virtually identical to those obtained upon dispersing
SWNT with amphiphilic pyrene derivatives,® the current
homogeneous dispersions are consistent with surface-immo-
bilization of 1.

Chem. Eur. J. 2006, 12, 3975-3983
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Figure 9. TEM images of 1:SWNT from a DMF solution.

Figure 10. AFM images of 1:SWNT on silicon wafer. The images show the small bundles of nanotubes (left)
and an individual tube (middle). The picture on the right indicates the diameter of the single nanotube.

Conclusion

We have shown that [60]fullerene—pyrene conjugate 1 ena-
bled the homogeneous dispersion of purified HIPCO SWNT
in organic solvents. Cyclic voltammetry experiments and
photophysical and microscopic characterization of the dis-
persed material supports the view that m—mx interactions be-
tween SWNT and the pyrene moiety govern the association
of 1 with the sidewalls of SWNT, although we were unable
to visualize individual fullerene moieties by appropriate
TEM analysis. In particular, the measured 200 mV positive
shift of pyrene*/pyrene redox potential is indicative of a
direct electronic interaction of pyrene with the SWNT -
system. This conclusion was corroborated by nanosecond

Chem. Eur. J. 2006, 12, 3975-3983
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transient spectroscopy that showed competition between
SWNT-induced processes and [60]fullerene in the excited-
state deactivation of pyrene. Use of this nanoscale system
for applications in photovoltaics and molecular electronics is
currently underway.

Experimental Section

Materials: [60]Fullerene was purchased from Bucky USA (99.5%),
HiPCO SWNT was from CNI (www.cnanotech.com). 1-Pyrenebutyric
acid and all other reagents were used as purchased from Sigma-Aldrich
and Fluka. CH,Cl,, THF, and DMF employed for UV/Vis and fluores-
cence measurements were spectrophotometric-grade solvents. Solvents
employed for electrochemical measurements (CH,Cl, purum, Fluka and
THE, LiChrosolv, Merck) were treated according to procedures described
elsewhere.”>? 3 5-Bis(hydroxymethyl)phenol!'” and derivative 2['"! were
prepared as previously described. Tetrabutylammonium hexafluorophos-
phate (TBAH, puriss., Fluka) was used as supporting electrolyte as re-
ceived. The original suspension of 1-SWNT in THF was dried firstly
under an argon flow to give a black powder that was dispersed in CH,Cl,
and used for the electrochemical characterization.

Instrumentation: Column chromatography was performed by using silica
gel MN 60 (70-230 Mesh) from Macherey-Nagel. 'H (250.1 MHz) and
13C (62.9 MHz) NMR spectra were recorded by using a Bruker AC-F 250
spectrometer. The ESI-MS spectra were recorded by using a Thermo Fin-
nigan AQA LC/MS: spray voltage —4 kV; capillary voltage —10 V; capil-
lary temperature 180°C; nitrogen as nebulizing gas. The samples were
dissolved in methanol containing 1% trifluoroacetic acid. Elemental
analyses were provided by the facility at the Department of Chemical
Sciences at the University of Padova.
Nanosecond laser flash photolysis ex-
periments were performed by using a
Quanta-Ray CDR Nd:YAG system
(6 ns pulse width) in a front-face exci-
tation geometry. Fluorescence life-
times were measured by using a laser
strope fluorescence lifetime spec-
trometer (Photon Technology Inter-
national) with 337 nm laser pulses
from a nitrogen laser fiber coupled to
a lens-based T-formal sample com-
partment equipped with a strobo-
scopic detector. Emission spectra
were recorded by using a FluoroMax-
3 (Horiba Company). The experi-
ments were performed at RT. The
cyclic voltammetry experiments were
performed in a one-compartment
electrochemical cell of airtight
design, with high-vacuum glass stopcocks fitted with either Teflon or
Viton (DuPont) O-rings to prevent contamination by grease. The connec-
tions to the high-vacuum line and to the Schlenk tube containing the sol-
vent were obtained by spherical joints also fitted with Teflon O-rings.
The cell, containing the supporting electrolyte and the electroactive com-
pound, was dried under vacuum at 363 K for at least 48 h. Afterwards,
the solvent was distilled by a trap-to-trap procedure into the electro-
chemical cell just prior to performing the electrochemical experiment.
The pressure measured in the electrochemical cell prior to performing
the trap-to-trap distillation of the solvent was typically (1.0-2.0)x
10~ mbar. The working electrode was a Pt disc ultramicroelectrode (di-
ameter, 125 pm) sealed in glass. The counterelectrode consisted of a plat-
inum spiral, and the quasireference electrode was a silver spiral. The qua-
sireference electrode drift was negligible for the time required by a single
experiment. Both the counter and the reference electrodes were separat-
ed from the working electrode by ~0.5 cm. Potentials were measured
with respect to the decamethylferrocene standard. E,,, values correspond

136.72

X[nm]
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to (E,+E,)2 from CV. Voltammograms were recorded by using a
home-made fast potentiostat controlled by an AMEL Model 568 func-
tion generator. Data acquisition was performed by using a Nicolet Model
3091 digital oscilloscope interfaced to a PC. Digital simulations of the
cyclic voltammetric curves were conducted by using the DigiSim 3.0 soft-
ware by Bioanalytical Systems.

Bisdiol 4: K,CO; (1.5 g, 15.3 mmol) was added to a solution of derivative
2 (804.4mg, 3.4mmol) and 3,5-bis(hydroxymethyl)phenol (520.0 mg,
3.4 mmol) in acetone (100 mL), and the suspension was kept overnight at
reflux temperature. After cooling to RT, the salts were filtered and
washed with cold ethanol. The filtrate was evaporated under reduced
pressure and the residue, dissolved in CHCI; (50 mL), was washed with
water (2x35 mL). The organic phase, dried over MgSO,, was concentrat-
ed under reduced pressure to give 960 mg (91%) of 4 as a clear, yellow
oil. '"HNMR (250 MHz, CDCl;, 25°C, TMS): 6=6.90 (s, 1 H; Ph), 6.81 (s,
2H; Ph), 4.64 (s, 2H; OH), 4.62 (s, 4H; CH,), 4.00 (t, *J(H,H)=5.8 Hz,
2H; CH,), 3.27 (m, 2H; CH,), 1.94 (m, 2H; CH,), 1.42 ppm (s, 9H;
CH;); "CNMR (62.9 MHz, CDCl;, 25°C, TMS): 6=158.90, 142.78,
118.30, 117.49, 111.77, 64.46, 64.38, 30.80, 29.36, 28.29, 27.57 ppm; IR
(KBr): #=3350, 2976, 2932, 2874, 1756, 1688, 1597, 1523, 1453, 1391,
1366, 1250, 1164, 1055, 911, 850, 779, 731 cm™'; ESI-MS: m/z: 334
[M+Na]*.

Bismalonate 5: Ethyl malonyl chloride (416.0 pl, 3.70 mmol), previously
dissolved in CH,Cl, (25 mL), was slowly added at 0°C to a solution of 4
(460.0 mg, 1.48 mmol) and TEA (515.0uL, 3.70 mmol) in CH,CI,
(75 mL). The solution was allowed to warm to RT over a period of
30 min, and was then stirred at that temperature for 4 h. The mixture was
washed with a saturated aqueous NaHCO; solution (2x30mL), then
with water (2x50 mL), dried over MgSO,, and concentrated under re-
duced pressure. The crude product was purified by flash column chroma-
tography (SiO,, eluent: CHCl; and then CHCL/MeOH 9:1) affording
447 mg (56%) of 5 as a clear oil. '"HNMR (250 MHz, CDCl,, 25°C,
TMS): 6=6.90 (s, 1H; Ph), 6.84 (s, 2H; Ph), 5.12 (s, 4H; CH,), 4.19 (q,
*J(H,H)=7.1 Hz, 4H; CH,), 4.01 (t, *J(H,H)=5.8 Hz, 2H; CH,), 3.41 (s,
4H; CH,), 3.30 (m, 2H; CH,), 1.43 (s, 9H; CH;), 1.27 ppm (t, *J(H,H) =
7.1 Hz, 6H; CH;); “C NMR (62.9 MHz, CDCl,, 25°C, TMS): 6 =166.31,
159.15, 155.93, 137.15, 119.92, 114.04, 66.60, 61.56, 41.48, 28.35,
13.98 ppm; IR (KBr): #=3403, 2979, 2939, 1733, 1600, 1515, 1458, 1367,
1331, 1299, 1250, 1032, 852, 777, 713, 685 cm™1; ESI-MS: m/z: 540 [M]*
and 563 [M+Na]*.

[60]Fullerene bisadduct 6: DBU (622.0 pl, 4.17 mmol) was added at RT
to a solution of [60]fullerene (500 mg, 0.69 mmol), I, (353.0 mg,
1.39 mmol), and bismalonate 5 (371 mg, 0.69 mmol) in toluene (500 mL).
The solution was stirred at that temperature for 3 h, then concentrated
under reduced pressure. The crude product was purified by flash column
chromatography (SiO,, eluent: toluene then toluene/AcOEt 7:3) and
crystallized from CHCly/hexane affording 400 mg (46 %) of 6 as a dark-
red solid. 'H NMR (250 MHz, CDCl, 25°C, TMS): 6=7.12 (s, 1 H; Ph),
6.80 (s, 2H; Ph), 5.80 (d, 2/=12.8 Hz, 2H; CH,), 5.14 (d, ?/=12.8 Hz,
2H; CH,), 4.60-4.20 (m, 4H; CH,), 4.07 (t, *J(H,H)=5.8 Hz, 2H; CH,),
3.33 (m, 2H; CH,), 2.00 (m, 2H; CH,), 1.46 (s, 9H; CH;), 1.36 ppm (t, *J-
(H,H)=7.1Hz, 6H; CH,;); "CNMR (62.9 MHz, CDCl,, 25°C, TMS):
0=162.91, 162.82, 158.87, 148.72, 147.55, 147.50, 147.34, 146.12, 146.09,
145.77, 145.66, 14538, 145.21, 145.06, 144.62, 144.28, 144.19, 143.99,
143.78, 143.61, 143.30, 143.28, 143.06, 142.33, 141.27, 141.06, 139.97,
138.12, 136.27, 135.87, 129.00, 128.53, 128.20, 115.36, 112.35, 70.65, 67.27,
63.34, 31.55, 28.41, 22.63, 14.14, 14.10 ppm; IR (KBr): #=3431, 2973,
1748, 1715, 1600, 1502, 1460, 1365, 1460, 1365, 1328, 1297, 1233, 1206,
1168, 1101, 1057, 1018, 859, 732, 702, 549, 525 cm™'; UV/Vis (CH,CL):
Amae  (€)=210.4 (61331), 2184 (67553), 2312 (121487), 256.8 nm
(144807 mol ' m*cm™'); elemental analysis caled (%) for CgH;NO,
(896): C91.17, H 1.91, N 1.56; found: C 90.43, H 1.97, N 1.60.
[60]Fullerene derivative 7: A solution of bisadduct 6 (200 mg, 0.16 mmol)
and trifluoroacetic acid (2.5 mL, 0.03 mmol) in dry CH,Cl, (50 mL) was
stirred at RT for 30 min. The mixture was concentrated under reduced
pressure to afford the unprotected product 7 as a brownish powder in
nearly quantitative yield. The crude product was used for the next step
without further purification.
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[60]Fullerene-pyrene dyad 1: A solution of HOBT (12.8 mg, 0.09 mmol),
EDCI (18.1mg, 0.09 mmol), and 1-pyrene butyric acid (25.0 mg,
0.09 mmol) in CH,Cl, (50 mL) was stirred for 15 min and then added
dropwise to a suspension of 7 (100.0 mg, 0.08 mmol) and 4-methylmor-
pholine (10.4 pl, 0.09 mmol) in CH,Cl, (15 mL) at 0°C. After 20 min, the
mixture was washed with water (2x20 mL), dried over MgSO,, and con-
centrated under reduced pressure. The crude product was purified by
flash column chromatography (SiO,, eluent: toluene/AcOEt/MeOH
5:4:1) affording 108 mg (96%) of 1 as a brown-red solid material.
"H NMR (250 MHz, CDCl,, 25°C, TMS): § =8.40-7.80 (m, 9H; Ph), 7.10
(s, 1H; Ph), 6.71 (s, 2H; Ph), 5.72 (brs, 1H; NH), 5.67 (d, *J(HH)=
12.8 Hz, 2H; CH,), 5.07 (d, 2/(H,H)=12.8 Hz, 2H; CH,), 4.604.30 (m,
4H; CH,), 4.01 (t, *J(H,H)=5.8 Hz, 2H; CH,), 3.50-3.30 (m, 4H; CH.,),
2.40-2.10 (m, 4H; CH,), 1.99 (m, 2H; CH,), 1.35ppm (t, */(H,H)=
7.1 Hz, 6H; CH;); "C NMR (62.9 MHz, CDCl,, 25°C, TMS): 6 =177.78,
172.92, 162.85, 158.638, 145.99, 145.69, 145.66, 145.59, 145.30, 145.15,
145.00, 144.53, 144.36, 144.24, 144.12, 143.90, 143.69, 143.50, 143.25,
143.00, 142.18, 141.22, 141.00, 139.87, 138.17, 137.49, 136.19, 135.83,
135.73, 135.52, 134.67, 131.36, 130.84, 129.96, 129.92, 128.74, 128.70,
127.45, 127.39, 127.32, 126.73, 126.70, 125.86, 125.82, 125.05, 124.93,
124.89, 124.79, 123.32, 123.23, 115.42, 112.27, 70.60, 67.24, 66.21, 63.27,
49.18, 36.05, 32.66, 30.92, 27.35, 14.16 ppm; IR (KBr): 7=3426, 2973,
1747, 1671, 1600, 1509, 1460, 1368, 1328, 1297, 1233, 1207, 1170, 1099,
1057, 1018, 843, 704, 549, 525 cm™'; UV/Vis (CH,CL): Apg (£)=220.0
(114463), 234.4 (263371), 244.0 (323675), 265.6 (232328), 276.8 (236551),
313.6 (84216), 328.0 (116411), 344.0 (132947 mol ' m*cm™'); elemental
analysis calcd (%) for C;H3;NO,, (1426): C 85.05, H 2.76, N 0.98;
found: C 82.77, H 2.50, N 0.91.
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