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Suitably difunctionalized oligomers have been used to synthesize a series of novel, soluble, and strongly
fluorescent C60-conjugated oligomer triads through 1,3-dipolar cycloaddition reactions. The nature of the
oligomeric components have been modified to tailor (i) the absorption wavelength of the chromophore and
(ii) the oxidation potential of the oligomeric donor moiety. The resulting triads were examined by
electrochemical and photophysical techniques. Both singlet-singlet energy transfer and intramolecular electron
transfer were found to take place and to compete with each other in the overall deactivation of the photoexcited
chromophores. Strong electronic couplings between the donor and acceptor moieties not only affect the ground-
state spectra, which exhibit marked red shifts, but, more importantly, give rise to ultrafast electron and energy
transfer reactions. In terms of stabilizing the product and enhancing the yield of charge separation, comparison
with previously reported analogues containing only a single fullerene unit (i.e., dyad) shows that particular
benefits were noted by attaching two fullerene cores (i.e., triad) to the oligomeric structure.

Introduction

During the past decade conjugated polymers have been
extensively probed as new and promising materials for photo-
voltaic applications.1 Hereby, intense efforts were directed
towards the development of solid-state polymer photovoltaic
cells, based on composite films, that are blends of conjugated
polymers and functionalized fullerene derivatives.2,3 Utilizing
electron-accepting fullerenes in combination withπ-conjugated
systems, as sacrificial electron donors, offers several attractive
features. In particular, fullerenes, due to their low reorganization
energy in electron-transfer reactions, accelerate charge separation
and decelerate charge recombination, compared to two-
dimensional, planar electron acceptors. This, as a whole, is
beneficial for stabilizing the charge-separated state in C60-based
materialssthe ultimate motivation in artificial electron transfer
systems. In this regard, it also appeared attractive to us that
well-structured oligomers facilitate, similarly to their related
polymers, charge delocalization within their structures.

Thus, several dyad4,5 structures, consisting of different
conjugated oligomers covalently linked to one fullerene core,
have been probed as bicontinuous networks in time-resolved
and steady-state photolytic experiments. These donor-acceptor
arrays give rise to fundamentally different photophysical
behavior (i.e., energy versus electron transfer), whose outcome
depends largely on the nature of theπ-conjugated oligomeric
system as well as on the number of repeating units in the
oligomer.

Far less investigated are the related triads,6 consisting of
conjugated oligomers covalently linked to two fullerene cores,
see Chart 1. It is worth mentioning that, to the best of our
knowledge, so far only heterocyclic containing oligomers, such

as thiophene (1, 3) and pyrrol (2, 4) have been used as
π-conjugated spacers.

In the present contribution, we describe a series of new
oligomeric model systems covalently linked to two fullerene
moieties (5a-d, Chart 2). In particular, different arylene units
ranging from naphthalene and benzene to thiophene with diverse
electrochemical and excited-state properties have been incor-
porated intoπ-conjugated backbones.

Fine-tuning the electrochemical and photophysical properties
of the π-conjugated systems allows us not only to impact the
overall thermodynamics (i.e., facilitate or retard intramolecular
electron-transfer processes) but also to influence the competition
between the dominant singlet-singlet energy transfer and
electron transfer events (i.e., shifting the deactivation of the
photoexcited chromophore from an energy to an electron transfer
scenario).

Results and Discussion

Synthesis.Among the suitable procedures for the function-
alization of C60, the 1,3-dipolar cycloaddition of azomethine
ylides plays a dominant role.7 To date, a large number of
fulleropyrrolidine derivatives, bearing different electro- or
photoactive addends or both, have been synthesized following
the basic concept of this procedure.8 This led us to select this
synthetic approach for the preparation of target triads5a-d,
which were obtained by reacting sarcosine, C60, and the
correspondingπ-conjugated system functionalized with two
aldehyde groups (6a-d,9 Scheme 1) in refluxing toluene for
24 h.

Due to the presence of the long alkoxy substituents,5b-d
are soluble in common organic solvents, and complete spec-
troscopic characterization was subsequently achieved. Com-
pound5ashowed only limited solubility that, however, allowed
its spectroscopic characterization. It is worth mentioning that
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the cycloaddition reaction creates new stereocenters at each
pyrrolidine ring, and therefore,5a-d are obtained as a mixture

of diastereoisomers which, however, only in some cases could
be separated chromatographically.

CHART 1

CHART 2
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The 1H NMR spectra of the compounds in CDCl3 solution
confirm that the stereochemistryE (J ≈ 16 Hz) of the vinylenic
double bonds remains unaffected after the cycloaddition reaction.
As far as C60 is concerned, its diagnostic signals appear at around
5.1 ppm (CH) as a singlet and a set of two doublets (CH2) with
coupling constants aroundJ ) 9.8 Hz. The low solubility
exhibited by these triads prevented us from recording the13C
NMR spectra in common deuterated solvents. Nevertheless, the
structures of the synthesized triads were ascertained by means
of the elemental analyses, as well as the mass spectroscopy by
using APCI (Atmospheric Pressure Chemical Ionization) and
ESI (Electro Spray Ionization) techniques.

Electrochemistry. The electrochemical features of5a-d
were investigated by cyclic voltammetry (CV) at room tem-
perature. Dichloromethane as solvent and tetra-n-butylammo-
nium perchlorate as supporting electrolyte were used in a
conventional three-compartment cell, equipped with glassy
carbon, SCE, and platinum wire as working electrode, reference
electrode, and auxiliary electrode, respectively. The redox
potentials are collected in Table 1 and compared with those of
unsubstitutedπ-conjugated7a-d4b and fulleropyrrolidine8 as
reference compounds (Chart 3).10 The lack of solubility of5a
prevented its electrochemical characterization.

In the cathodic scan region, C60-oligomer-C60 triads (5b-
d) show three quasireversible one-electron reduction waves that
reflect the first three one-electron reduction steps of C60. As a
consequence of saturating a double bond of the C60 core, the
reduction potential values of the triads are shifted to more
negative values relative to that of pristine C60.11 As expected,
the first reduction potential values found for5b-d were all
similar.

The redox behavior of the conjugatedπ-systems (7a-d)
shows an increase of the donor strength when going from

dihexyloxynaphthalene (7a, Eox ) 1.41 V) to the trimeric
analogue (7b, Eox ) 1.31 V) and also upon replacing the
peripheral naphthalene units in the trimer by theπ-excedent
thiophene ring (7c, Eox ) 1.20 V). The best results, in terms of
ease of oxidation, were observed for theπ-conjugated system
in which the central naphthalene moiety is replaced by a
phenylene unit (7d, Eox ) 1.01 V). This trend is in good
agreement with related studies on conjugated oligomers contain-
ing naphthalene, thiophene, and phenylene units.12 Interestingly,
5b, which bears the oligonaphthalenevinylene moiety, showed
the oligomer oxidation wave at 1.44 V. Since this value is
anodically shifted in comparison with the parent oligomer (7b,
1.31 V), it is indicative of some electronic interaction between
the electron-accepting C60 and oligomer moiety in the ground
state.13

Photophysical Properties.Oligomer References.The features
of the reference oligomers7a-d shall be gathered, as they were
established in a number of steady-state and time-resolved

SCHEME 1

TABLE 1: Redox Potentials (V, (0.05 V) of
Fullerene-Based Triads (5a-d) and Reference Compounds
(7a-d and 8)

compd Epa
1 a Epc

1 b Epc
2 Epc

3 Epc
4

7a 1.41
5a c c c c c
7b 1.31
5b 1.44 -0.65 -1.05 -1.62 -1.93
7c 1.20
5c c -0.66 -1.02 -1.61
7d 1.01
5d c -0.64 -1.04 -1.65
8 1.32 -0.71 -1.14 -1.75

a pa ) anodic peak.b pc ) cathodic peak. In dichloromethane
solution using Bu4NClO4 (0.3 mg L-1, SCE reference electrode and
glassy carbon as working electrode).c Not observed.
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experiments, to serve as important references for the investigated
triads (UV-vis absorption spectra of7a-d are shown in Figure
1a).

When the ground-state absorption of the 1,5-dihexyloxynaph-
thalene monomer is compared with its trimeric analogue, a
strong red shift of the maximum is noted (λmax ) 328 nmf
λmax ) 413 nm). This shift is in agreement with effects that
stem from a more delocalized and extendedπ-system present
in the trimeric structure. Although replacement of the two
peripheral naphthalene units by two thiophene units and
additional substitution of the central dihexyloxynaphthalene unit
by 1,4-dihexyloxybenzene led to marked changes in the redox
properties, the absorption maxima (7c, λmax ) 412 nm;7d, λmax

) 412 nm) nearly coincide with that of7b. Table 2 reviews all
the ground- and excited-state properties of the investigated
reference compounds.

All references are extremely strong fluorophores with quan-
tum yields that approach unity, which renders them convenient
probes for the photophysical measurements. Fluorescence
spectra of the major references are shown in Figure 1b. The
fluorescence spectra of the oligomer references are in excellent
agreement with their mirror imaged absorption features. Most
importantly, the sharp maxima of the *0-0 emission (λmax ≈
430 nm) differ only slightly from the 0-*0 absorption (λmax ≈
412 nm), which is indicative of small Stokes shifts. This
assignment appears quite plausible, considering the rigid nature
of theπ-systems as an important parameter in determining the
nuclear coordinates of the excited states relative to those of the
ground state. The only exception to this eminent trend is7d.
Parallel to the high fluorescence yields, the investigated models
show relatively long-lived fluorescence.

To characterize the transient intermediates evolving from
photoexcitation of the oligomer references, we probed7a-d
by transient absorption spectroscopy following either 18 ps or
8 ns laser pulses. This approach allows spectral characterization
of the photoexcited oligomers and kinetic analysis of their
excited-state deactivation. All oligomer references (7a-d)
display in their singlet excited states, besides their strong
emissive features in the 400-550 nm range, characteristic
singlet-singlet transitions. Following 20 ps laser pulse photo-
excitation of 7b, as an example, led to the instantaneous
formation of a strong maximum in the 800-900 nm region.
The transients are typically short-lived and exhibit monoexpo-
nential decay rates on the order of 109 s-1. In the near-infrared,
the absorption changes are governed by the disappearance of
the singlet-singlet absorption, while in the blue region the
simultaneous formation of new maxima was noted, see Figure
2.

Particularly important is that the time constant of the near-
infrared decay is nearly identical with that of the visible growth.
It is worthwhile to underline that these intersystem crossing
(ISC) kinetics reveal an almost exact resemblance with the
fluorescence lifetime. An additional test in support of the ISC
hypothesis required examining the triplet absorption character-
istics in nanosecond experiments, as an example, following 8
ns pulses, see Figure 3. In fact, the triplet-triplet maxima were
in perfect accord with the spectral features observed at the end
of the picosecond time scale.

In the presence of molecular oxygen, the triplet excited states
of all reference oligomers (7a-d) experience a concentration-
dependent deactivation process. Different oxygen concentrations,

CHART 3

Figure 1. Absorption spectra (a) of references7a-d in dichlo-
romethane and emission spectra (b) of references7b-d in toluene with
matching absorption at the 410 nm excitation wavelength (i.e., OD410

nm ) 0.5).
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varying between 0.9 and 4.5 mM, were used to quench the
transient absorptions, from which we derived bimolecular rate
constants of 2.5× 109, 3.1× 109, and 2.9× 109 M-1 s-1 for
7b, 7c, and7d, respectively, see Figure 4. In analogy to previous
studies, this intermolecular reaction is attributed to the photo-
sensitization of cytotoxic singlet oxygen.

Considering a potential electron transfer scenario between
the photoexcited oligomer donors and the electron-accepting
fullerene, it was deemed necessary to characterize the spectral
features of the one-electron oxidized products of the oligomer
references7a-d. To do so, a complementary set of pulse
radiolytic oxidation experiments was carried out. This technique
was chosen since it is known to be one of the most powerful

tools to investigate reactive intermediates, evolving from the
selective one-electron transfer, for example, to [CH2Cl2]•+ and
•OOCH2Cl/•OOCHCl2 peroxyl radicals in oxygenated dichlo-
romethane solutions. The initial product of solvent ionization
(i.e., [CH2Cl2]•+) and the resulting radicals (i.e.,•OOCHCl2 and
•OOCH2Cl) are all strong oxidants14 and are expected to provide
the means for the rapid oxidation of the conjugatedπ-systems.
Under aerobic conditions, pulse radiolysis of the tested refer-
ences led to differential absorption spectra, which are character-
ized by intense ground-state bleaching around 400 nm, a region
that is dominated by the strong ground-state absorption of the
oligomer moieties (Figure 5a-c; absorption time profiles are
shown in Figure 6). This suggests consumption of7a-d as a
result of a reaction with•OOCH2Cl and•OOCHCl2 radicals. In
addition, new maxima were noted typically 100µs after the
electron pulse in the 600-700 nm region. Importantly, the
bleaching kinetics (400 nm) and the grow-in kinetics (600-
700 nm) resemble each other very well. Therefore, on the basis
of this spectroscopic and kinetic evidence, the underlying
reaction is ascribed to a one-electron oxidation process of the
conjugatedπ-systems, yieldingπ-radical cations.

The rate constants, as determined from a concentration
dependence of the substrates ((∼0.05-1.0) × 10-4 M-1, not
shown) for the bimolecular charge shift reactions from the
•OOCH2Cl and •OOCHCl2 radicals to7c and 7d are∼0.5 ×
108 M-1 s-1 in reasonable agreement with the oxidation strength
of these radical species. Only,7a, due to its unfavorably shifted
oxidation potential (Eox ) 1.41 V), could not be oxidized with
these radicals; instead, 1,5-dihexyloxynaphthalene reacted only
with the short-lived but highly reactive [CH2Cl2]•+.

Fullerene Reference.Fulleropyrrolidines15 display three major
absorption bands in the ultraviolet region at 220, 265, and 330
nm with extinction coefficients on the order of 100 000 M-1

cm-1. In addition, a series of much weaker features are found
throughout the visible and near-infrared spectral region. Hereby,
the spectroscopically important 0-*0 transition, which char-

TABLE 2: Photophysical Data of Referencesa

compd

λmax,
ground state

[nm]

energy,
singlet excited

state [eV]
Φfluor

(toluene)

τfluor

(toluene)
[ns]

λmax,
singlet excited

state [nm]

λmax,
triplet excited

state [nm]

ISC
(toluene)

[s-1]

τtriplet

(toluene)
[µs]

koxygen

(toluene)
[M -1 s-1]

λmax,
radical

cation [nm]

8 690 1.76 (704 nm) 0.0006 1.38 900 700 5.5× 108 20 1.6× 109 1000
7b 413 2.89 (427 nm) 0.72 0.91 870 630 8.6× 108 2.13 2.5× 109 640
7c 412 2.91 (425 nm) 0.54 1.31 840 580 6.0× 108 1.02 3.1× 109 680
7d 412 2.70 (458 nm) 0.56 1.9 760 545 4.5× 108 14.3 2.9× 109 660

a For details on the data determination, see Experimental Section.

Figure 2. Transient absorption spectrum, visible-near-infrared part,
recorded 20 ps (s) and 5000 ps (-‚‚) after flash photolysis of reference
7b (2.0 × 10-5 M) at 355 nm in deoxygenated toluene indicating the
oligomer singlet-singlet and triplet-triplet features, respectively.

Figure 3. Transient absorption spectrum, visible part, recorded 50 ns
after flash photolysis of references7b (‚‚‚), 7c (- - -), and7d (s)
(∼5.0 × 10-5 M) at 355 nm in deoxygenated toluene illustrating the
oligomer triplet-triplet features (λmax at 545 (7d), 580 (7c), and 630
nm (7b)).

Figure 4. Determination of bimolecular quenching rate constants for
the triplet excited states of7b (‚‚‚), 7c (- - -), and 7d (s) with
molecular oxygen.
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acterizes the energy gap between the lowest vibrational state
of the singlet ground and that of the singlet excited state, is
located at 690 nm.

In the excited state, fulleropyrrolidines show well-resolved
fluorescence spectra with peaks at 703, 716, 724 (sh), 739, 754,
783, and 796 nm (sh) in a frozen matrix, such as a methylcy-
clohexane glass. At room temperature, besides a small red shift
of the emission maxima relative to the low-temperature mea-
surements, a weak solvent dependence was noted. Specifically,
the *0-0 transition shifts progressively from 713 to 719 nm
with increasing solvent polarity (i.e., toluenef dimethylfor-
mamide), while the emission intensity remains unaffected. The
highly constrained carbon network in fullerenes inhibits vibra-
tional motion, C-C bond elongation, or even changes of the
dipole moment and, therefore, results in the minor Stokes shifts

as an energetic measure for the difference between ground and
excited-state coordinates.

Pumping light into the fullerene ground state with a short
355 nm laser pulse (18 ps) leads to the population of the singlet
excited state. The lifetime of this intermediate state is relatively
short since, once formed, the lowest vibrational state of the
singlet excited state undergoes a rapid and quantitative inter-
system crossing to the energetically lower lying triplet. In the
currently employed fullerene reference, this ISC takes place with
a time constant of 7.4× 108 s-1, governed by a large spin-
orbit coupling. This leads to much faster dynamics than those
noticed in most two-dimensional aromatic hydrocarbons. Spec-
tral characteristics of the main excited states for the selected
fullerene reference comprise transient absorption in the near-
infrared with characteristic maxima around 900 and 700 nm
for the singlet and triplet excited state, respectively.

As far as the fullerene triplet lifetime is concerned, a clean
monoexponential recovery of the singlet ground state follows
at low fullerene concentration and low laser power, affording a
triplet lifetime of ca. 100µs. However, under our standard
conditions in condensed media, triplet lifetimes of ca. 20µs
are obtained. This can be rationalized in terms of efficient (i)
triplet-triplet annihilation and (ii) triplet-ground-state quenching
processes, which impact the fullerene triplet kinetics, for
example, at high fullerene concentrations and high laser power.

The spectral features of the fullereneπ-radical anion, the one-
electron reduced product of the electron acceptor moiety, are
well-known. In particular, two prominent maxima, one in the
visible around 400 nm (ε400nm≈ 15 000 M-1 cm-1) and one in
the near-infrared at 1000 nm (ε1000nm≈ 8000 M-1 cm-1), are
the characteristic fingerprints of a reduced fulleropyrrolidine.16

In summary, the above features, which are linked to the
ground, excited, oxidized, and reduced states of the oligomer
references7a-d, are convenient markers for the below-
described intramolecular transfer reactions. It is expected that
the use of these probes will serve as a reference data set for the
covalently linked fullerene-containing triads5a-d.

Triads. Absorption Spectra.Significant deviations were noted
between the absorption spectra of triads5a-d in dichlo-
romethane solutions and the simple superimpositions of the
spectra of the component chromophores making up triads5a-d
(i.e., C60 and the conjugatedπ-systems, Figure 7). This trend is
not limited to dichloromethane; a similar lack of superimposition
of the relative component spectra was found in toluene, THF,
and benzonitrile solutions. Consequently, we propose the notion

Figure 5. Transient absorption spectrum, visible-near-infrared part,
recorded 200µs after pulse radiolytic oxidation of7b (a), 7c (b), and
7d (c) (∼1.0 × 10-4 M) in oxygenated dichloromethane solutions
illustrating the oligomerπ-radical cation features (λmax at 640 (7b),
680 (7c), and 660 nm (7d)). The lines represent weighted fits of the
experimental data points.

Figure 6. Absorption time profiles reflecting the pulse radiolytic
oxidation experiments of7d as recorded at 690 nm (O) and at 400 nm
(b).

460 J. Phys. Chem. A, Vol. 108, No. 3, 2004 Guldi et al.



that some electronic perturbation within the triad structures
exists. This may stem from linking the redox and photoactive
blocks to each other such that notable coupling exists between
the individual chromophores in their ground-state configuration.

Emission Spectra.To shed light onto the extent of the
electronic interaction between the conjugatedπ-systems and the
fullerene fragments in the excited state, emission measurements
were carried out with triads5a-d. Additionally, they were
compared to those of the respective model oligomer compounds
7a-d. As a general feature (see Table 3), the nearly unit
quantum yields of emission, seen in the reference oligomers
(i.e., between 54% and 72%), are quenched in all triads (i.e.,
between 0.03% and 0.5%). An illustration is given in Figure 8.
Despite the weak fluorescence, the emission patterns of the
conjugatedπ-systems remain unchanged and are not affected
noticeably by the presence of the attached fullerene cores.

The fluorescence data give rise to a number of important
trends. First and far most important, even in nonpolar toluene,
the oligomer emission in the triads is nearly quantitatively
quenched. Despite the near exclusive excitation of the oligomer
fragment (i.e.,∼90%), the familiar fullerene fluorescence
spectrum appears in the near-infrared with a strong *0-0
emission at 715 nm.15 Further evidence for the fullerene
emission came from experiments that make use of the heavy
ion effect for a controlled acceleration of the ISC process
between the fullerene singlet and triplet excited states. Addition
of ethyl iodide, a heavy atom provider, led to a complete
cancellation of this fullerene fluorescence, and instead, the
characteristic 824 nm fullerene phosphorescence was de-
tected.10,17The dual emission recorded for triads5a-d, namely,

that of the oligomers and that of the fullerene fragments, suggest
an efficient transduction of singlet excited-state energy.

To test the mechanism by which the fullerene emission is
generated, an excitation spectrum of the 715 nm emission was
recorded- see Figure 9. Typical experiments reveal that the
excitation spectra of triads5a-d were reasonable matches of
those analogues recorded for oligomer models7a-d. In
addition, the maxima also resemble the ground-state transitions.
Taking these evidences into account, we reach the important
conclusion that the origin of excited-state energy is unquestion-
ably that of the conjugatedπ-systems, which prompts to an
efficient intramolecular transfer of singlet excited-state energy
from the photoexcited oligomer to the covalently linked
C60.

TABLE 3: Photophysical Data of Fullerene-Based Triads (5)a

compd 8 5a 5b 5c 5d

fluorescence maxima [nm] 715,b 715c 715,b 715c 715,b 715c 715,b 715c 715,b 715c

Φfluor oligomer (toluene) 5.3× 10-3 d 3.4× 10-3 e 4.1× 10-4 e 4.1× 10-4 e

ΦFLUOR.Oligomer (THF) 4.3× 10-3 d 4.5× 10-3 e 3.6× 10-4 e 3.1× 10-4 e

Φfluor fullerene (toluene) 6.0× 10-4 4.52× 10-4 4.09× 10-4 e 4.82× 10-4 e 5.4× 10-4 e

Φfluor fullerene (THF) 6.0× 10-4 3.99× 10-4 3.07× 10-4 e 2.11× 10-4 e 0.39× 10-4 e

kenergy[s-1] (toluene) f 2.3× 1011 1.0× 1012 7.2× 1011

ISC (toluene) [ns] 1.35 1.22 1.19 1.28 1.19
ISC (BZCN) [ns] 1.39 1.16 1.26 1.21
τfluor fullerene (BZCN) [ns] 1.38 1.44 1.23 1.41 0.86
triplet maxima [nm] 700 700 700 700 700
Φtriplet fullerene (toluene) 0.98 0.72 0.68 0.70 0.82
Φtriplet fullerene (THF) 0.95 0.60 0.46 0.39 radical pair
Φtriplet fullerene (BZCN) 0.95 0.51 0.43 0.29 radical pair

a For details on the data determination, see Experimental Section.b In toluene.c In THF. d Excitation wavelength) 334 nm.e Excitation wavelength
) 410 nm.f No reference available.

Figure 7. Absorption spectra of triad5d, together with those of
reference compounds7d and8.

Figure 8. Emission spectra of (a) reference7c and triad5c and (b)
fullerene reference8 and triads5c and 5d in toluene with matching
absorption at the 410 nm excitation wavelength (i.e., OD410 nm) 0.5).
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The rate constant (k) of the intramolecular singlet-singlet
energy transfer in the investigated triads5b-d can be calculated
according to the following expression:5f

In eq 1,Φ andτ denote the fluorescence quantum yields and
the fluorescence lifetime of photoexcited oligomer models7a-
d. The determined rates (∼1012 s-1) infer a strong coupling
between the two moieties.

With the help of a fullerene standard, the fullerene fluores-
cence quantum yields were deduced in triads5a-d. In toluene,
Φ-values nearly approach that measured for the reference, 6.0
× 10-4, and do not vary with excitation wavelength. It is
interesting to note that the energy transfer appears to occur more
efficiently at smaller energy gaps, that is, the difference between
the singlet excited state of the oligomer and that of the fullerene
core, than at larger ones. A possible rationale involves as a
consequence a weaker spectral overlap at larger energy gaps,
for instance, between photoexcited7aand ground-state8 relative
to the analogous correlation gathered for the7c-8 and7d-8
couples.

The emission of the conjugatedπ-system in triads5a-d is
in THF, similar to the trends discussed for toluene, strongly
quenched in relation to the emission of reference oligomers
7a-d with quantum yields that are somewhat smaller than those
in toluene. The emission of the fullerene, on the other hand,
differs substantially from this trend. Considering the quantum
yields in the dihexylnaphthalene-based systems, the THF values
diverge moderately by∼10% and∼22% from the corresponding
toluene values for the monomeric and trimeric dihexyloxynaph-
thalene, respectively. Larger effects were seen in the systems
that have thiophene building blocks incorporated. The differ-
ences, for example, between toluene and THF solutions were
57% (dihexyloxynaphthalene/thiophene) and 95% (1,4-dihexyl-
oxybenzene/thiophene).

The aforementioned trends let us assume that yet another
second pathway competes with the energy transfer in the overall
deactivation of the photoexcited oligomers. A highly exothermic
electron transfer scenario should be considered. This assumption
is primarily based on the driving force dependence (-∆G°CS)
for an electron-transfer process. The latter predicts enhanced
exothermicity of an electron transfer in polar solvents. Spec-
troscopic support for the “electron transfer” hypothesis will be
provided (vide infra).

The differences in emission quenching arising between the
currently studied triads and the previously published dyads are

generally very small. Similar quantum yields were noted in all
of the dyads and triads sets. This suggests that, at least for
aspects concerned with the deactivation of the photoexcited
chromophore, utilization of two fullerene moieties instead of
just one excludes cooperative effects.

Fluorescence Lifetimes Measurements.At last, we measured
the fluorescence lifetimes of triads5b-d in nonpolar toluene
and polar benzonitrile (Table 3). These experiments allowed
probing the decay dynamics of the fullerene and conjugated
π-systems separately. Therefore, the fluorescence decay was
monitored around 430 and 715 nm, relating to the emission of
the conjugatedπ-system and the fullerene moiety, respectively.
In general, the fluorescence decay curves were well fitted by a
single-exponential decay component. Importantly, the emission
of the conjugatedπ-system around 430 nm is within the 100
ps time resolution of the apparatus in toluene and in benzonitrile.
This result is consistent with the steady-state emission (i.e.,
nearly quantitative fluorescence quenching) and the time-
resolved transient absorption measurements (i.e., only photo-
excited fullerene characteristics), see below. In contrast, the
fluorescence lifetime of the fullerene moiety in toluene and
benzonitrile of∼1.3 ( 0.1 ns is comparable to that of the
fulleropyrrolidine reference. The only exception was seen for
the 1,4-dihexyloxybenzene/thiophene based array5d in ben-
zonitrile, which showed an accelerated decay of the fullerene
fluorescence with a lifetime of 0.86 ns. Considering the
(-∆G°CS) in benzonitrile, this acceleration can be plausibly
connected to an intramolecular electron transfer evolving from
the fullerene singlet excited state. From this, we estimate
fluorescence quantum yields, assuming an exclusive fullerene
excitation, of 3.7× 10-4 (5d).

Transient Spectroscopy in Toluene. Transient absorption
changes, recorded upon 355 nm laser excitation of all investi-
gated triads, reveal broad maxima around 900 nm, which
correspond, however, to the fullerene singlet-singlet absorption.
After all, this observation does not come surprising, although
we predominantly excited the conjugatedπ-systems, since it
confirms the rapid transduction of singlet excited-state energy.
Time profiles, taken at various wavelengths, indicate that the
fullerene singlet excited state is formed instantaneously and in
a single step. The formation dynamics are, however, masked
by the apparatus’s resolution, and thus, we can only provide an
estimate for the intramolecular energy transfer rate constant,k
g 5.0 × 1010 s-1.

The fullerene singlet excited states are short-lived, since a
rapid and quantitative ISC to the triplet manifold takes place.
Two maxima located at 360 and 700 nm and a low-energy
shoulder around 800 nm characterize the fullerene triplet excited
state in triads5a-d. The photosensitization effect of the
conjugatedπ-system chromophore, acting as an antenna system
and transmitting its excited energy to the covalently attached
fullerenes, enables the efficient fullerene triplet generation with
quantum yields close to unity.

Transient Spectroscopy in Tetrahydrofuran.The results in
THF are virtually identical with those presented for toluene
involving the same key intermediates in the overall reaction
sequence. The picosecond measurements revealed that an
efficient singlet-singlet energy transfer, stemming from the
originally excited oligomer to the energetically lower-lying
fullerene singlet excited state, prevails. The transient absorption
changes noted immediately after the laser pulse, which are
formed in a single step, match the fullerene singlet-singlet
transitions in the near-infrared, similar to those shown in Figure
10.

Figure 9. Excitation spectra (normalized to exhibit matching signals
around 400 nm) of dyad5b in toluene (-‚‚) and reference7b in toluene
(s), monitoring the fullerene emission at 715 nm and oligomer emission
at 430 nm, respectively.

k ) [Φ(7a-d) - Φ(5b-d)]/[τ(7a-d)Φ(5b-d)] (1)
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Likewise the fullerene ISC kinetics in THF are on the order
of 7.5× 108 s-1, affording accordingly the energetically lower
lying triplet excited state. Interestingly, the quantum yields of
the latter are markedly reduced relative to those in toluene,
despite the same absorption ratio between the fullerene and
oligomer moieties. The lowerΦ-values, especially in polar
solvents, correlate with larger free energy changes (-∆G°CS)
for the associated electron transfer (Table 4, details can be found
in the Supporting Information) and, in turn, indicate that an
increasing contribution of electron transfer exists. The driving
force dependence (-∆G°CR; -∆G°CS) and thermodynamic pa-
rameters (λ; ∆GCS

q ), as listed in Table 4, support the notion.
For example, the-∆G°CS values increase with solvent polarity,
while the∆GCS

q values decrease simultaneously.
Direct evidence for the electron transfer product, could,

however, only be confirmed for5d. Hereby, the strongly
overlapping spectra of the fullerene triplet (λmax ) 700 nm) and
of the π-radical cation (7d; λmax ) 690 nm) between 600 and
800 nm render an analysis of the far-visible region rather
ambiguous. This imposes a definite disadvantage to the spectral
analysis by just limiting it to the fullereneπ-radical anion
fingerprint around 1000 nm.

Transient Spectroscopy in Benzonitrile.Electron transfer, as
the sole deactivation mechanism, was only found for5d, in
which the low oxidation potential of the 1,4-dihexyloxybenzene/
thiophene donor guarantees that the energy of the charge-
separated state lies below that of the fullerene singlet excited
state. In line with this, the immediate occurrence of a 690 nm
band, which we assign to theπ-radical cation of the oligomer
(vide infra), supports the electron-transfer mechanism, see
Figures 11 and 12.

Raising the energy of the charge-separated state in5c (i.e.,
1,4-dihexyloxynaphthalene/thiophene), close to that of the
fullerene singlet, led again to two photoproducts, that is, electron
transfer and energy transfer. Electron transfer was inferred on
the basis of the instantaneously produced 700 nm maximum,
while the presence of the 900 nm absorption and an ISC rate of
7.1 × 108 s-1 are clear attributes connected with an energy
transfer product.

Quite differently, the picosecond changes of5a and5b are
overshadowed by the dominance of the fullerene photophysics,
that is, formation of the singlet excited state followed by the
subsequent ISC. No spectral evidence of theπ-radical cation
was found that would testify to an electron transfer mechanism.
A plausible explanation for this observation is that in the

dihexyloxynaphthalene systems the energies of the charge-
separated state are unfavorably raised, passing that of the
fullerene singlet.

In the context of confirming the electron-transfer mechanism,
the strong and broad triplet-triplet absorption leads to certain
complications. Straightforward is the picture only in the 1,4-
dihexyloxybenzene/thiophene based array (5d): full spectral
characterization of the charge-separated state was accomplished
directly with the help of complementary nanosecond measure-
ments. For example, photolysis of a benzonitrile solution of5d
led to maxima at 1000 and 680 nm. On the basis of a spectral
comparison, we ascribe the former band to the fullerene
π-radical anion, while the latter reveals the broadened charac-
teristics of the 1,4-dihexyloxybenzene/thiopheneπ-radical cation
7d. In accordance with these results, we propose the occurrence
of a photoinduced electron transfer, evolving from the singlet
excited state of the chromophore (i.e., conjugatedπ-system) to
the electron-accepting fullerene and, in turn, creating the charge-
separated radical pair.

Figure 10. Transient absorption spectrum, visible-near-infrared part,
recorded 20 ps after flash photolysis of5c (∼5.0 × 10-5 M) at 355
nm in deoxygenated toluene indicating the fullerene singlet-singlet
features (λmax ) 900 nm).

TABLE 4: Driving Force Dependence
(-∆G°CR; -∆G°CS) and Thermodynamic Parameters (λ; ∆GCS

q )
for Intramolecular Electron Transfer Events in
Fullerene-Based Triads (5)

compd 5a 5b 5c 5d

radius donor,R+ [Å] 2.45 11.35 8.5 7.5
donor-acceptor separation,

RD-A [Å]
8.2 16.0 12.8 11.1

-∆G°CR
a (toluene) [eV] 2.89 2.46 2.29 2.02

-∆G°CR
a (THF) [eV] 2.03 2.04 1.86 1.62

-∆G°CR
a (BZCN) [eV] 1.75 1.90 1.74 1.49

oligomer
-∆G°CS

b (toluene) [eV] 0.65 0.43 0.62 0.68
-∆G°CS

b (THF) [eV] 1.51 0.85 1.05 1.08
-∆G°CS

b (BZCN) [eV] 1.79 0.99 1.17 1.21

fullerene
-∆G°CS

b (toluene) [eV] -1.13 -0.70 -0.53 -0.26
-∆G°CS

b (THF) [eV] -0.27 -0.28 -0.10 0.14
-∆G°CS

b (BZCN) [eV] 0.01 -0.14 0.02 0.27
λc (toluene) [eV] 0.39 0.34 0.34 0.34
λc (THF) [eV] 1.43 0.85 0.85 0.82
λc (BZCN) [eV] 1.47 0.87 0.86 0.84

oligomer
∆GCS

q d (toluene) [eV] 0.046 0.006 0.06 0.09
∆GCS

q d (THF) [eV] 0.001 0 0.012 0.03
∆GCS

q d (BZCN) [eV] 0.017 0.004 0.027 0.05

fullerene
∆GCS

q d (THF) [eV] 0.14
∆GCS

q d (BZCN) [eV] 0.21 0.09

a Determined from the following relations:-∆G°CR ) E1/2(D•+/D)
- E1/2(A/A •-) + ∆GS; ∆GS ) e2/(4πε0)(1/(2R+)) + 1/(2R-) - 1/RD-A(1/
εS) - 1/(2R+) + 1/(2R-)(1/(εR)); E1/2(D•+/D) ) oxidation potential of
the respective donor (see Table 1);E1/2(A/A •-) ) reduction potential
of acceptor (see Table 1);R+ ) radius donor (determined by molecular
modeling (MM+) as half of the molecule’s length, see top of this table);
RD-A ) donor-acceptor separation (determined by molecular modeling
(MM+), assuming that the charges are located at the centers of the
π-conjugated and fullerene moieties, see top of this table);R- ) radius
acceptor (4.4 Å);εs ) solvent dielectric constant (toluene) 2.39; THF
) 7.6; benzonitrile) 24.8); εR ) solvent dielectric constant for
electrochemical measurements (9.412).b Determined from the following
relation: -∆G°CS ) ∆E0-0 - (-∆GCR); ∆E0-0 ) excited-state energy
of the chromophore in the triads.c Determined from the following
relations: λ ) λi + λS; λS ) e2/(4πε0)(1/(2R+)) + 1/(2R-) - 1/RD-A(1/
n2) + 1/εS; λi ) internal reorganization energy (0.3 eV);λS ) solvent
reorganization energy;n ) solvent refractive index (toluene) 1.496;
THF ) 1.407; benzonitrile) 1.528).d determined from the following
relation: ∆GCS

q ) (∆GCS + λ2)/(4λ); ∆Gq ) Gibbs activation energy.
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Both fingerprints allowed us to determine the lifetime of the
charge-separated states. The decay curves were well fitted by a
single-exponential decay component with lifetimes that are on
the order of a microseconds0.98µs (THF), 1.84µs (benzoni-
trile). One of the most striking observations transpires upon
comparing the charge recombination kinetics in the dyad (9,
Chart 4)4b versus triad ensemble (5d). The charge-separated
states in5d (1.84µs, benzonitrile) are appreciably longer lived
than those in9 (1.37µs, benzonitrile). In line with the enhanced
stabilization of the charge-separated state, higher quantum yields
of charge separation were also found in the triad system. In
benzonitrile, the triad shows a 67% enhanced quantum yield.
This clearly points to cooperative effects evolving from the two
fullerene moieties.

Activation Barrier ( ∆GCS
q ) and Electronic Coupling Ma-

trix Element (V). In summary, only the favorable thermody-
namics in 5d secure the activation of the electron-transfer
channel. However, this takes place regardless of the photoexcited
precursor state, namely, either the fullerene or the oligomer.
To analyze these electron transfer reactions in light of the
relevant thermodynamic parameters and to gain further insight
into the associated kinetics, the semiclassical Marcus equations
were employed.18 In its final instance, this processing enables
evaluating the reorganization energy (λ), the activation barrier
for the electron-transfer reaction (∆GCS

q ), and the electronic
coupling matrix element (V) (see, for details, footnotes to Tables
4 and 5).

To obtain the important-∆GCS
q andV values, the reorgani-

zation energy (λ) was first computed in view of its internal (λi)
and solvent contributions (λs). The former value (λi), which
relates primarily to the structural differences between the
reactant and product, was taken from the literature as 0.3 eV.10

By contrast, theλs values, the difference in orientation and
polarization of solvent molecules between the initial and final
states, were evaluated in reference to the Born-Hush approach
(see footnotes to Table 4). Considering the above-estimated free
energy changes (-∆G°CS) in relation to theλ values (0.84(
0.01), we reach the important conclusion that the electron-
transfer reactions evolving from the photoexcited fullerene
moiety and those from the photoexcited 1,4-dihexyloxybenzene/
thiophene moiety are in the “Marcus-normal” (i.e.,-∆G°CS <
λ) and “Marcus-inverted” region (i.e.,-∆G°CS > λ), respec-
tively. Most importantly, the small activation barriers (∆GCS

q )
ranging between 0.05 and 0.09 eV for the 1,4-dihexyloxyben-
zene/thiophene-based arrays infer that these transfer processes
occur under nearly optimal conditions, that is, in close vicinity
to the top region of the “Marcus curve” (i.e.,-∆G°CS ≈ λ).

From a closer inspection, the electronic coupling matrix
elements (V) were determined as∼250 cm-1 in benzonitrile
and ∼140 cm-1 in THF, respectively (Table 5). Since the
estimated-∆GCS

q and λ values are in reasonable agreement
with those reported in various donor-acceptor ensembles,19 it
confirms unequivocally that the strong coupling matrices are
the main cause responsible for the rapid electron-transfer
processes. This rationale is in accord with the perturbation of
the ground-state spectra and the oxidation potential, being both
sensitive probes for the extent of electronic interactions.

Nevertheless, a final note should address the quite different
V values, depending on from which end the electron transfer is
initiated, namely, either from the photoexcited fullerene or the
photoexcited oligomer. LargerV values in case of the latter
demonstrates that the chosen oligomer moiety (7d) is quite
susceptible to electronic perturbationsssee differences between
absorption and emission spectra. This is limited not only to
effects originating from the substitution pattern, but, more
crucially, to the electron-withdrawing nature of the appendage
(i.e., fullerene). By contrast, the fullerene moiety evidently lacks
this amendment, an effect that stems from the pronounced
possibility for charge and energy delocalization within the
fullerene framework, minimizing and likewise compensating
vibrational or electronic differences.

Conclusions

In summary, we have synthesized a series of C60-based triads
in which the two C60 units are connected through aπ-conjugated
electroactive oligomer by using a 2-fold 1,3-dipolar cycload-
dition reaction. Variation of the arylene units forming the
π-conjugated oligomer (naphthalene, benzene, and thiophene)

Figure 11. Transient absorption spectrum, visible-near-infrared part,
recorded 20 ps after flash photolysis of5d (2.0 × 10-5 M) at 355 nm
in deoxygenated benzonitrile indicating the oligomerπ-radical cation
features (λmax ≈ 700).

Figure 12. Transient absorption spectrum, visible-near-infrared part,
recorded 50 ns after flash photolysis of dyad5d (2.0 × 10-5 M) at
355 nm in deoxygenated benzonitrile solutions, indicating the charge-
separated radical pair features (λmax at 680 and 1000 nm).

CHART 4
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results in control of the absorption wavelength and the oxidation
potential values for the oligomeric donor moiety.

The cyclic voltammetry measurements carried out at room
temperature reveal the amphoteric redox behavior of these triads
and some electronic interaction between the donor oligomer
moiety and the accepting fullerene in the ground state.

Photophysical measurements demonstrated that generally an
intramolecular electron transfer competes with the dominant
singlet-singlet energy transfer in triads5a-d. This observation
is in good agreement with the thermodynamics of the investi-
gated systems that predict a highly exergonic energy transfer
and a much less exergonic electron transfer reaction. By control
of the solvent polarity and the structure of fluorescentπ-con-
jugated systems, the outcome of an ultrarapid intramolecular
deactivation of a photoexcited oligomer core was successfully
shifted from an all energy transfer to an all electron transfer
scenario. Small activation barriers (∆GCS

q ) and small electronic
coupling matrix elements (V) ensure rapid intramolecular
transfer processes.

The differences in electron/energy transfer quenching arising
between the currently studied triads (i.e., C60-oligomer-C60)
and the previously published dyads (i.e., C60-oligomer) are
generally very small. Still, in terms of stabilizing the product
and enhancing the yield of charge separation, comparison with
previously reported analogues containing only a single fullerene
unit (i.e., dyad) shows that particular benefits were noted by
attaching two fullerene cores (i.e., triad) to the oligomeric
structure. In benzonitrile, for example, the triad system shows
a 67% enhanced quantum yield. This clearly points to coopera-
tive effects evolving from both fullerene moieties.

Experimental Section

Picosecond Laser Flash Photolysis.Picosecond laser flash
photolysis experiments were carried out with 355-nm laser
pulses from a mode-locked, Q-switched Quantel YG-501 DP
Nd:YAG laser system (pulse width 18 ps, 2-3 mJ/pulse). The
white continuum picosecond probe pulse was generated by
passing the fundamental output through a D2O/H2O solution.
The excitation and the probe was fed to a spectrograph (HR-
320, ISDA Instruments, Inc.) with fiber optic cables and was
analyzed with a dual diode array detector (Princeton Instruments,
Inc.) interfaced with an IBM-AT computer. The details of the
experimental set up and its operation have been described
elsewhere.20

Nanosecond Laser Flash Photolysis.These experiments
were performed with laser pulses from a Molectron UV-400
nitrogen laser system (337.1 nm, 8 ns pulse width, 1 mJ/pulse).
The photomultiplier output was digitized with a Tektronix 7912
AD programmable digitizer. A typical experiment consisted of
5-10 replicate pulses per measurement. The averaged signal
was processed with an LSI-11 microprocessor interfaced with

a VAX-370 computer. Details of the experimental set up can
be found elsewhere.20 Intersystem crossing rates were deter-
mined by averaging the singlet-singlet decay and triplet-triplet
growth dynamics.

Pulse Radiolysis.Pulse radiolysis experiments were per-
formed by utilizing 50-ns pulses of 8 MeV electrons from a
model TB-8/16-1S electron linear accelerator. Basic details of
the equipment and the data analysis have been described
elsewhere.21 Dosimetry was based on the oxidation of SCN-

to (SCN)2•-, which in aqueous, N2O-saturated solutions takes
place withG ) 6 (G denotes the number of species per 100 eV
or the approximate micromolar concentration per 10 J of
absorbed energy). The radical concentration generated per pulse
amounts to 1-3 µM for all of the systems investigated in this
study.

Time-Resolved Emission.Fluorescence lifetimes were mea-
sured with a Laser Strobe fluorescence lifetime spectrometer
(Photon Technology International) with 337 nm laser pulses
from a nitrogen laser fiber-coupled to a lens-based T-formal
sample compartment equipped with a stroboscopic detector.
Details of the Laser Strobe systems are described on the
manufactures web site, http://www.pti-nj.com.

Steady-State Emission.Emission and excitation spectra were
recorded with a SLM 8100 spectrofluorometer. Fluorescence
spectra were measured at room temperature. A 400 or 600 nm
long-pass filter in the emission path was used to eliminate the
interference from the solvent and stray light for recording the
oligomer and fullerene fluorescence, respectively. Fluorescence
quantum yields were determined via the comparative method,
using 9,10-diphenyl anthracene as reference with a quantum
yield of 1. No corrections were performed for the fluorescence,
but long integration times (20 s) and low increments (0.1 nm)
were applied. The slits were 2 and 8 nm, and each spectrum
was an average of at least five individual scans.

The quantum yields of the triplet excited states (ΦTRIPLET)
were determined by the triplet-triplet energy transfer method
usingâ-carotene as an energy acceptor. The quantum yields of
the charge separation were measured using the comparative
method. In particular, the strong fullerene triplet-triplet absorp-
tion (ε700nm) 16 100 M-1 cm-1; ΦTRIPLET ) 0.98)22 served as
probe to obtain the quantum yields for the charge-separated state,
especially for the fullereneπ-radical anion (ε1000nm) 4700 M-1

cm-1).23 For all photophysical experiments, an error of 10%
must be considered.

Cyclic Voltammetry. Cyclic voltammograms were recorded
on a potentiostat/galvanostat equipped with a software electro-
chemical analysis by using a GCE (glassy carbon) as working
electrode, SCE as reference electrode, Bu4NClO4 as supporting
electrolyte, and dichloromethane as solvent at a scan rate of
200 mV/s.

TABLE 5: Rate Constants (Forward and Backward) and Electronic Coupling Element (V) for the Electron Transfer in 9 and
5d at Room Temperature

1(C60)-oligomer C60-1(oligomer) (C60)•--(oligomer)•+

bzcn bzcn THF bzcn thf

compd
ket

a

[s-1]
Vc

[cm-1]
ket

b

[s-1]
Vc

[cm-1]
ket

[s-1]
Vc

[cm-1]
kbet

[s-1]
kbet

[s-1]

9 1.0× 109 15 9.5× 1011 248 8.2× 1011 133 7.2× 105 1.4× 106

5d 1.2× 109 16 1.1× 1012 267 9.5× 1011 143 5.4× 105 1.0× 106

a Determined from the fullerene fluorescence lifetimes (see Table 3) and the following relation:ket ) 1/τ(8) - 1/τ(9,5d). b Determined from the
oligomer fluorescence quantum yields in benzonitrile:9, Φfluor ) 3.1 × 10-4; 5d, Φfluor ) 2.8 × 10-4. c Determined from the following relation
for a nonadiabatic electron transfer:ket ) [4π3/(h2λkBT)]1/2V2 exp[-∆Gq/(kBT)]; h ) Planck constant;kB ) Boltzmann constant (0.025 eV at 298
K); T ) absolute temperature (298 K);λ ) reorganization energy (see Table 4);∆Gq ) Gibbs activation energy (see Table 4).
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Melting Points. All melting points were measured with a
melting point apparatus and are uncorrected. FTIR spectra were
recorded either as KBr pellets or neat film plates. UV-visible
spectra were recorded with a spectrophotometer.13C and 1H
NMR spectra were recorded with a 300 MHz for1H and 75
MHz for 13C spectrometer. Chemical shifts are given asδ values
(int. standard, TMS).

Materials. The functionalizedπ-conjugated systems (6a-
d)9 and reference compounds (7a-d,4b 810) were obtained by
following previously described synthetic procedures. Sarcosine
and [60]fullerene are commercially available and were used
without further purification.

Synthesis of Triads (5a-d). General Procedure.The respec-
tive dialdehyde (0.05 mmol), 72 mg (0.1 mmol) of [60]fullerene,
and 0.5 mmol ofN-methylglicine (sarcosine) were dissolved in
60 mL of toluene, and the mixture was refluxed for 24 h. After
this time, the reaction was allowed to reach room temperature;
then the solvent was partially vacuum-evaporated, and then the
mixture was poured on a silica gel column. The black solid
obtained after chromatography (cyclohexane/toluene) was fur-
ther purified by repetitive centrifugation using methanol and
diethyl ether to yield the corresponding dyads as black solids.

1,5-Dihexyloxy-2,6-bis(N-methyl-3,4-fulleropyrrolydin-2-yl)-
naphthalene (5a). By following the above general procedure
and using dialdehyde6a9 as the starting material, we obtained
33 mg (35%) of triad5a. 1H NMR (CDCl3, 300 MHz)δ 8.14
(d, 2H, J ) 9.0 Hz), 7.88 (d, 2H,J ) 9.0 Hz), 5.57 (s, 2H),
5.03 (d, 2H,J ) 9.3 Hz), 4.34 (d, 2H,J ) 9.3 Hz), 4.22-4.15
(m, 4H), 2.85 (s, 6H), 2.05-1.98 (m, 4H), 1.66 (m, 4H), 1.28
(m, 8H), 0.99 (t, 6H). FTIR (KBr, cm-1) 2923, 2850, 2773,
1631, 1459, 1426, 1337, 526. UV-vis (CH2Cl2) λ (nm) 236,
248, 262, 314, 328 (sh), 440. MSm/z (APCI) (%I) 1880 (M+,
100), 647 (15). Anal. Calcd. for C148H42N2O2‚3(CH3OH): C,
91.93; H, 2.73; N, 1.42. Found: C, 92.16; H, 3.60; N, 1.48.

1,5-Dihexyloxy-2,6-bis2′[2-(N-methyl-3,4-fulleropyrrolydin-
2-yl-1,5-dihexyloxynaphthalene-2-yl)]Vinylnaphthalene (5b). By
following the above general procedure and using dialdehyde
6b9 as the starting material, we obtained 36 mg (28%) of triad
5b. 1H NMR (CDCl3, 300 MHz) δ 8.18 (d, 2H,J ) 8.9 Hz),
8.00 (d, 2H,J ) 8.9 Hz), 7.88 (d, 4H,J ) 9.0 Hz), 7.87 (s,
4H), 7.73 (s, 4H), 5.60 (s, 2H), 5.04 (d, 2H,J ) 9.4 Hz), 4.34
(d, 2H, J ) 9.4 Hz), 4.19 (t, 4H), 4.05 (m, 4H), 2.81 (s, 6H),
2.02 (m, 12H), 1.68 (m, 12H), 1.43 (m, 24H), 0.95 (m, 18H).
FTIR (KBr, cm-1) 2921, 2852, 2773, 1628, 1459, 1405, 1335,
1024, 526. UV-vis (CH2Cl2) λ (nm) 256, 310 (sh), 330 (sh),
398, 420. MSm/z (APCI) (%I) 2585 (M+, 100). Anal. Calcd.
for C196H106N2O6‚2(CH3OH): C, 89.79; H, 4.41; N, 1.05.
Found: C, 89.68; H, 5.04; N, 1.17.

1,5-Dihexyloxy-2,6-bis[5-(N-methyl-3,4-fulleropyrrolydin-2-
yl)-2-thienyl]Vinylnaphthalene (5c). By following the above
general procedure and using dialdehyde6c9 as the starting
material, we obtained 27 mg (26%) of triad5c. 1H NMR
(CDCl3, 300 MHz)δ 7.83 (d, 2H,J ) 8.7 Hz), 7.67 (d, 2H,J
) 8.7 Hz), 7.41 (d, 2H,Jtrans ) 16.2 Hz), 7.33 (d, 2H,J ) 3.6
Hz), 7.28 (d, 2H,Jtrans ) 16.1 Hz), 7.05 (d, 2H,J ) 3.6 Hz),
5.17 (s, 2H), 5.01 (d, 2H,J ) 9.8 Hz), 4.27 (d, 2H,J ) 9.8
Hz), 3.99 (t, 4H), 3.01 (s, 6H), 1.96 (q, 4H), 1.70 (m, 8H), 1.34
(m, 4H), 0.81 (t, 6H). FTIR (KBr, cm-1) 2927, 2854, 1736,
1636, 1467, 1370, 1244, 1027, 955, 526. UV-vis (CH2Cl2) λ
(nm) 234, 260, 316, 334 (sh), 380 (sh), 426. MSm/z (APCI)
(%I) 2096 (M+, 100), 720 (50). Anal. Calcd. for C160H50N2O2S2‚
6(CH3OH): C, 87.14; H, 3.23; N, 1.49; S, 2.79. Found: C,
86.91; H, 2.71; N, 1.49; S, 2.79.

1,4-Dihexyloxy-2,5-bis[5-(N-methyl-3,4-fulleropyrrolydin-2-
yl)-2-thienyl]Vinylbenzene(5d). By following the above general
procedure and using dialdehyde6d9 as the starting material,
we obtained 30 mg (29%) of triad5d. 1H NMR (CDCl3, 300
MHz) δ 7.59 (d, 1H,J ) 3.9 Hz), 7.41 (d, 2H,Jtrans ) 16.5
Hz), 7.23 (s, 2H), 7.20 (d, 2H,Jtrans ) 16.5 Hz), 7.06 (d, 1H,
J ) 3.9 Hz), 6.96 (s, 2H), 5.16 (s, 2H), 4.98 (d, 2H,J ) 9.3
Hz), 4.27 (d, 2H,J ) 9.3 Hz), 4.00 (t, 4H), 3.29 (s, 6H), 1.79
(m, 4H), 1.32 (m, 6H), 0.85 (t, 6H). FTIR (KBr, cm-1) δ 2921,
2851, 2757 526. UV-vis (CH2Cl2) λ (nm) 234, 258, 314, 338,
424. MSm/z (ESI) (%I) 2010 (M+-SH2, 12), 1349 (44), 963
(12), 701 (51), 686 (100). Anal. Calcd. for C156H48N2O2S2‚2(CH3-
OH): C, 89.94; H, 2.66; N, 1.33; S, 3.03. Found: C, 89.72; H,
2.74; N, 1.33; S, 2.98.
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