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Abstract—Dendrimers with a C60 core have been obtained by cyclization of dendritic bis-malonate derivatives at the carbon sphere. The
resulting bis-methanofullerene derivatives have been characterised by electrospray (ES) and/or MALDI-TOF mass spectrometries. UV–VIS
absorption spectra, fluorescence spectra, and fullerene singlet excited state lifetimes have been determined in solvents of different polarity
(toluene, dichloromethane, acetonitrile). These data suggest a tighter core/periphery contact upon increase of solvent polarity and dendrimer
size. In all the investigated solvents, the fullerene triplet lifetimes are steadily increased with the dendrimer volume, reflecting lower diffusion
rates of O2 inside the dendrimers along the series. Measurements of quantum yields of singlet oxygen sensitization indicate that longer lived
triplet states generate lower amounts of singlet oxygen (1O2

p) in dichloromethane but not in apolar toluene suggesting a tighter contact
between the dendritic branches and the fullerene core in CH2Cl2. In acetonitrile, the trend in singlet oxygen production is peculiar.
Effectively, enhanced singlet oxygen production is monitored for the largest dendrimer. This reflects specific interactions of excited 1O2

p

molecules with the dendritic wedges, as probed by singlet oxygen lifetime measurements, possibly as a consequence of trapping
effects. q 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

On account of their fascinating structures and properties,
dendrimers have attracted increasing attention in the past
few years.1 – 18 This interest is mainly related to the
capability of a dendritic architecture to generate specific
properties. For example, a dendritic framework can
surround active core molecules, thus creating specific site-
isolated microenvironments capable of affecting the proper-
ties of the core itself.19,20 As part of this research, we have
recently shown that dendrimers with a fullerene core are
good candidates to demonstrate the shielding effects
resulting from the presence of the surrounding dendritic
shell.21 Effectively, the lifetime of the first triplet excited
state of fullerene derivatives is very sensitive to the solvent,
and lifetime measurements in different solvents can be used
to evaluate the degree of isolation of the central C60 moiety
from external contacts. Even if a dendritic effect was
evidenced, the triplet lifetimes of the largest compound
investigated in our previous study were found to be rather
different in various solvents, likely reflecting specific
solvent–fullerene interactions that affect excited state

deactivation rates.21 This suggests that even the largest
wedge was not able to provide a complete shielding of the
central fullerene core. The latter hypothesis was confirmed
by computational studies. As shown in Figure 1, the
calculated structure of the largest fullerodendrimer reveals
that the dendritic shell is unable to completely cover the
fullerene core (the calculations have been performed in
the absence of solvent, our aim being only to estimate the
possible degree of isolation).

In this paper, we now report a new series of dendrimers with
a fullerene core. In the design of compounds 1–4, it was
decided to attach two dendritic branches to the C60 unit in
order to improve the shielding of the central chromophore
when compared to our first series of fullerodendrimers. The
photophysical properties of 1–4 have been systematically
investigated in different solvents and revealed that the triplet
lifetimes of the largest compound tend towards a similar
value. The latter observation suggests that the fullerene core
is in a similar environment whatever the nature of the
solvent is. In other words the C60 core is, to a large extent,
not surrounded by solvent molecules but substantially
buried in the middle of the dendritic structure. Importantly,
the analysis of the trends of triplet lifetimes and singlet
oxygen sensitization yields provides some indications of the
mechanisms governing the protection of dendrimer cores, a
quite elusive goal for a long time.
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Figure 1. Calculated structure of the largest compound investigated in our previous study.
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2. Results and discussion

2.1. Synthesis

The preparation of fullerodendrimers 1–4 is depicted in
Scheme 1. Compound 522 and the triethyleneglycol
terminated poly(aryl ether) dendrons 6–923,24 have been
prepared according to previously reported procedures.
N,N0-Dicyclohexylcarbodiimide (DCC)-mediated esterifi-
cation of 5 with the dendritic alcohols 6–9 in CH2Cl2
afforded the corresponding bis-malonates 10–13.

Fullerodendrimers 1–4 were then obtained by taking
advantage of the versatile regioselective reaction developed
in the group of Diederich,25 which generated macrocyclic
bis-adducts of C60 by a cyclization reaction at the C sphere
with bis-malonate derivatives in a double Bingel cyclo-
propanation.26 Reaction of 10–13 with C60, I2, and DBU in
toluene at room temperature afforded the corresponding
cyclization products 1–4. The relative position of the two
cyclopropane rings in 1–4 on the C60 core was determined
based on the molecular symmetry deduced from the 1H and
13C NMR spectra (CS). The 1H NMR spectra of 1 and 2 are
depicted in Figure 2. In addition to the signals correspond-
ing to the dendritic branches, both spectra are characterized
by two sets of AB quartets for the diastereotopic benzylic
CH2 groups and an AB2X system for the aromatic protons of
the bridging phenyl ring. The UV–VIS spectra of 1–4 also
show all the characteristic features seen for previously
reported analogous cis-2 bis-adducts.22,27 – 30 It is well
established that the absorption spectra of C60 bis-adducts are

highly dependent on the addition pattern and are charac-
teristic for each regioisomer.31 In addition, it must also be
added that 1,3-phenylenebis(methylene)-tethered bis-
malonates regioselectively produce the cis-2 addition
pattern at C60.22,27 – 30

2.2. Mass spectrometry

The unequivocal characterization of dendrimers also
requires their mass spectrometric analysis. Electrospray
(ES) and/or matrix-assisted laser desorption/ionization
(MALDI) mass spectrometries are the most appropriate
tools for such a purpose owing to their gentle ionization
processes preventing high levels of fragmentations.32 – 34

Compounds 1–3 have been characterized by both tech-
niques. As far as ES-MS is concerned, the compounds are
uncharged in solutions and their analysis requires the
addition of 1% formic acid to charge the fullerene
derivatives.21 For MALDI-MS measurements, several
matrices have been tested, such as a-cyanohydroxycin-
namic acid, 2,5-dihydrobenzoic acid or 1,8,9-trihydroxy-
anthracene (dithranol). Singularly, the expected peaks were
only detected with dithranol. The ES and MALDI mass
spectra of 1 and 2 (not represented here) are all
characterized by two singly charged peaks corresponding
to the protonated and cation bound (with Naþ) compounds
(see Section 4). The mass spectra of 3 are depicted in
Figure 3. Both mass spectrometric methods allow the
unambiguous characterization of fullerodendrimer 3.
The ES mass spectrum only shows one peak interpreted
as [MþNaþ] at m/z¼5099.1 (calculated m/z¼5098.6).

Y. Rio et al. / Tetrahedron 59 (2003) 3833–3844 3835



The MALDI mass spectrum shows two peaks
interpreted as [MþHþ] at m/z¼5076.3 (calculated
m/z¼5076.6) and as [MþNaþ] at m/z¼5098.8 (calculated
m/z¼5098.6).

Due to the high molecular weight of 4, its characterization
was only possible by MALDI-MS. As a matter of fact, the
mass range of our ES instrument (an ES triple quadrupole
mass spectrometer with a mass-to-charge (m/z) ratio range

Scheme 1. Reagents and conditions: (i) DCC, DMAP, HOBt, CH2Cl2, 0 to 258C, 24 h (10: 62%, 11: 48%, 12: 49%, 13: 44%); (ii) C60, I2, DBU, toluene, room
temperature, 24 h (1: 25%; 2: 25%; 3: 26%; 4: 24%).

Figure 2. 1H NMR spectra (CDCl3, 200 MHz) of fullerodendrimers 1 (top) and 2 (bottom).
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of 8000) was not sufficient to allow the characterization of
4 (MW¼9391.5). Since, a MALDI mass spectrometer is
typically equipped with a time of flight (TOF) analyzer with
a theoretically unlimited m/z range, its use was therefore, an
alternative and a complementary method to complete
the unambiguous characterization of these compounds.
The MALDI mass spectrum of 4 (Fig. 4) presents only
one mono-charged peak corresponding to [MþNaþ] at
m/z¼9390.0 (calculated m/z¼9391.5).

2.3. Absorption and fluorescence spectra

The UV–VIS absorption spectra of 1–4 in toluene,
dichloromethane, and acetonitrile (PhCH3, CH2Cl2, and
CH3CN, respectively) are reported in Figures 5–7. In
CH2Cl2 and CH3CN the increasing contribution of the
poly(aryl ether) dendritic branches above 250 and around
280 nm is observed on passing from 1 to 4 (Figs. 6 and 7).
Notably, a substantial increase of absorption intensity with

Figure 3. ES (top) and MALDI (bottom) mass spectra of fullerodendrimer 3.

Figure 4. MALDI mass spectrum of fullerodendrimer 4.
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dendrimer generation was recorded in all solvents in the
region between 380 and 500 nm. The spectrum of 1, the
smallest representative of the series, was substantially
unaffected by change of the solvent polarity throughout
the UV–VIS spectral range and is virtually identical to that
of other bis-methanofullerenes,29 showing a diagnostic peak
at 438 nm. Thus, we cannot attribute the spectral variations
observed upon increase of dendrimer shell to changes of
the fullerene/solvent interactions. These changes, instead,
can be rationalized by admitting an increasing intra-
molecular interaction between the fullerene moiety and
the external branches, most likely promoted by favourable
electronic donor–acceptor attractions.21 To bring support to
this hypothesis we note that the loss of spectral resolution
around 438 nm is the fastest, along the series, in polar
CH3CN (Fig. 7), where intramolecular stacking between the
dendritic wedges and the hydrophobic central core is
expected to be particularly effective. Notably, the trend of
absorption spectra is in line with that observed earlier
for other families of fullerodendrimers29,35 and upon
complexation of fullerene molecules by dendrimeric
hosts.36

The fluorescence spectra of 1–4 in the three solvents are
displayed in Figures 5–7 (inset), and a summary of
luminescence data is gathered in Table 1. If compared to
fulleropyrrolidines,21 bismethanofullerenes are even weaker
fluorophores.

By increasing the dendrimer size, band broadening is
observed in all cases on the high energy side regardless of
the excitation wavelength.37 The largest dendrimer (4)
exhibits enhanced fluorescence yield in CH2Cl2 and CH3CN
(Table 1); its singlet excited state is the longest of the series
in any solvent. The slightly different singlet photophysical
properties of 4 relative to the smaller analogues can be
related to changes in the dendrimer’s solvation environ-
ment, as a consequence of stronger intramolecular inter-
action between the core and the dendrons, as suggested
above.

As pointed out earlier,21 the very short singlet lifetime of
fullerenes (about 1.5 ns) makes it unsuitable to probe
dendritic effects of protection, since intrinsically fast
deactivation prevents bimolecular quenching processes.
Thus, in order to probe the protection of the fullerene
core, it is necessary to investigate the much longer triplet
lifetimes (hundreds of ns in air-equilibrated solutions), also
taking advantage of the high intersystem crossing yield of
methanofullerenes ($90%).38

2.4. Triplet transient absorption spectra and lifetimes

The shape of triplet–triplet transient absorption spectra are
substantially identical for 1–4 in all the investigated
solvents. A wide absorption band peaked at 705 nm is
recorded in all cases, as already observed for other bis-
methanofullerenes.29 Triplet lifetime values of the whole
family of dendrimers in the three investigated solvents,
determined by transient absorption spectroscopy, are
gathered in Table 2.

The large difference between a triplet lifetime measured in

Figure 5. Absorption spectra of 1–4 in PhCH3 solution at 298 K; above
400 nm a multiplying factor of 5 is applied. Inset: fluorescence (left,
lexc¼370 nm, OD¼0.20) and sensitised singlet oxygen luminescence
spectra (right, lexc¼480 nm, OD¼0.20) of 1–4. 1 (black), 2 (blue), 3 (red),
4 (green).

Figure 6. Absorption spectra of 1–4 in CH2Cl2 solution at 298 K; above
400 nm a multiplying factor of 40 is applied. Inset: fluorescence (left,
lexc¼370 nm, OD¼0.20) and sensitised singlet oxygen luminescence
spectra (right, lexc¼480 nm, OD¼0.20) of 1–4. 1 (black), 2 (blue), 3 (red),
4 (green).

Figure 7. Absorption spectra of 2–4 in CH3CN solution at 298 K; above
400 nm a multiplying factor of 30 is applied. Inset: fluorescence (left,
lexc¼370 nm, OD¼0.20) and sensitised singlet oxygen luminescence
spectra (right, lexc¼480 nm, OD¼0.20) of 2–4. 2 (blue), 3 (red), 4 (green).
1 is not soluble in this solvent.
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air equilibrated (AER) vs air-free solution (DEA) is
attributable to the very efficient oxygen quenching under-
gone by C60 fullerenes (see below).39 On the other hand the
differences found for 1 (the reference bismethanofullerene)
in different solvents are typical for C60’s and indicate that
solvent interactions strongly affect the deactivation rate
constants of fullerene excited states.

For 1–4 a steady prolongation of air-equilibrated triplet
lifetimes is found by increasing the dendrimer’s size in all
solvents (Table 2). Since the fullerene active core is
absolutely identical along the series, one has to conclude
that dendritic wedges are able to partially shield the
fullerene core from interactions with dioxygen molecules.

Similar protective effects towards dioxygen quenching have
been already observed for other dendrimer cores exhibiting
long lived electronic excited states.21,40 – 42

By inspecting the data of air-equilibrated triplet lifetimes in
Table 2 some trends can be emphasized. For instance,
although the lifetime of 1 is substantially different in
CH2Cl2 and CH3CN (611 and 314 ns, respectively) an
identical lifetime, within experimental uncertainties, is
measured for 4 (<1100 ns). This suggests that in CH2Cl2
and CH3CN the fullerene core of 4 is buried inside the
dendritic cage, and has negligible interactions with the
solvent molecules. Notably, in toluene and CH3CN the
lifetime of 1 is shorter than in CH2Cl2, but in both solvents
an increase of over 200% is observed for 4, pointing to a
very effective shielding of the dendritic cage in solvents of
any polarity.

The data presented here can be usefully compared to those
obtained for fullerodendrimers with a fulleropyrrolidine
core and similar dendritic branches; the largest representa-
tive of which is depicted in Figure 1. In that case, a much
less marked lifetime increase was observed on passing from
the smallest to the largest dendrimer (only 34% in toluene,
for instance), pointing to a much less effective protection of
the fullerene active core relative to the present case. This
difference can be intuitively rationalized by comparing the
structure of 4 with that of the fulleropyrrolidine dendrimer
depicted in Figure 1. When the dendritic moiety is anchored
at two different points of the carbon sphere, as in 4, a more
effective encapsulation can be reasonably expected in
comparison to fulleropyrrolidine analogues. The structure
of 4 obtained by molecular modeling supports this
hypothesis well (Fig. 8) since it reveals a fullerene core
completely buried inside the dendronic external cage, unlike
the fulleropyrrolidine analogue, where the core is still
partially exposed to external contacts (Fig. 1).

Triplet lifetimes in oxygen-free solutions are also constantly
increased by enlarging the dendrimers size, regardless of the
solvent (Table 2). Hence, molecular oxygen is not the only
potential quencher of fullerene triplet states in solution. This
result is not surprising since long-lived triplet states are
known to be quenched by solvent impurities such as
stabilizers and/or paramagnetic ions,43 that are commonly
present in not negligible amounts in spectroscopic grade
solvents. This trend in triplet lifetimes of air-purged samples
is taken as a further proof of a protective dendritic effect
along the series 1–4. Notably, in fullerodendrimers with
more rigid dendrons no prolongation of triplet lifetimes has
been observed.44,45

Table 1. Fluorescence data and singlet excited state lifetimes at 298 K

PhCH3 CH2Cl2 CH3CN

lmax (nm)a F£104 t (ns) lmax (nm)a F£104 t (ns) lmax (nm)a F£104 t (ns)

1 710, 782 4 1.3 710, 780 3 1.4 712, 782 4 1.5
2 712, 782 4 1.4 710, 780 3 1.3 720, 782 4 1.5
3 716, 782 5 1.5 710, 780 4 1.5 720, 782 4 1.5
4 716, 782 5 1.8 710, 776 5 1.8 720, 782 5 1.9

Fluorescence spectra and quantum yields (F) were obtained upon excitation at 370 nm; excited state lifetimes upon excitation at 337 nm (see Section 4).
a From spectra corrected for the photomultiplier response; highest energy fluorescence peak and band maximum, respectively.

Table 2. Triplet lifetimes as determined by transient absorption at 298 K in
air equilibrated (AER) and oxygen-free solutions (DEA) solutions

PhCH3 CH2Cl2 CH3CN

AER (ns) DEA (ms) AER (ns) DEA (ms) AER (ns) DEA (ms)

1 288 21.3 611 19.0 314 13.6
2 317 23.0 742 20.0 380 14.7
3 448 26.8 873 25.9 581 20.0
4 877 34.7 1103 31.7 1068 27.9

Figure 8. Snapshot of the theoretical structure of the largest full-
erodendrimer 4 at 300 K obtained from a Molecular Dynamics calculation.
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The less effective quenching of fullerene triplet states by
increasing the dendrimer size can be assigned to one or
more of the following factors: (a) decrease in the diffusion
rate of O2 inside the peripheral wedges, with increasing the
molecular volume; (b) lower solubility of O2 in the interior
of the dendrimers; (c) preferential solvation of the C60 core
by the dendrimer branches, hindering suitable orbital
overlap for singlet oxygen sensitization. The data and
discussion below will help us to obtain a better picture of the
quenching mechanism of the dendrimer core.

2.5. Singlet oxygen sensitization

The quenching of C60 fullerene triplet states in solution by
molecular oxygen is due to a triplet–singlet energy transfer
process,39 according to the following reaction scheme:

C60 !
hn 1Cp

60 !
i:s:c: 3Cp

60 !
O2

C60 þ
1Op

2 ð1Þ

where i.s.c. denotes singlet (1C60
p ) to triplet (3C60

p )
intersystem crossing, and 1O2

p stands for O2(1Dg), commonly
named ‘singlet oxygen’. The quantum yield of singlet
oxygen sensitization (FD) is dependent on three parameters:
(i) the quantum yield of triplet formation (FT), (ii) the ratio
of the sum of triplet decays involving oxygen over the
overall triplet decays (SQ); (iii) the fraction of triplet
molecules quenched by oxygen and leading to singlet
oxygen (SD):

FD ¼ FTSQSD ð2Þ

in the case of C60, C70 and functionalized fullerenes it can be
safely assumed that SD¼SQ¼1,46,47 therefore, FD¼FT with
excellent approximation.48

There are several experimental methods to determine FD.49

A relatively simple one involves monitoring the 1O2
p

luminescence band centered at 1270 nm under steady-state
irradiation for both the sample of interest (x) and a suitable
reference standard sample (st), for which FD is known.49

The unknown FD value can be determined by means of
Eq. (3):50

Fx
D ¼ Fst

D

Ixð1 2 102AÞst

Istð1 2 102AÞx

n2
x

n2
st

kst
r

kx
r

ð3Þ

where I is the luminescence intensity at the emission
maximum (1270 nm), A the absorbance, n the solvent
refractive index, and kr the dioxygen radiative rate constant
of deactivation, which is strongly solvent dependent.51,52 By
working in the same solvent and with optically matched
solutions Eq. (3) is simplified into Eq. (4):

Fx
D ¼ Fst

D

Ix

Ist

ð4Þ

In Figures 5–7 (inset) are reported the relative emission
intensities of the sensitized singlet oxygen emission bands
taken under the same experimental conditions for each
solvent. Comparisons between spectra in different solvents
cannot be made since, both radiative51,52 and non-
radiative53 deactivations of singlet oxygen are extremely
solvent dependent.

In toluene, as derived from luminescence band intensities in

the NIR region (Fig. 5), the relative quantum yield of singlet
oxygen sensitization for 1–4 is substantially unchanged
along the series. Surprisingly, at the same time, triplet
lifetimes of the sensitizer are dramatically increased in
parallel with the dendrimer dimensions. These results
indicate that, along the 1–4 series, the sensitization process
is simply delayed but finally leads to the same result, i.e.
quantitative sensitization of singlet oxygen regardless of the
dendrimer size. The observed trend suggests that the role of
the dendritic branches is that of delaying the quenching
process but not of hindering it. Such a trend can be
rationalized by considering a decrease in the diffusion rate
constant of O2 inside the dendrimer wedges with increasing
volume of the compound (see above). Once O2 has reached
the dendrimer surface, however, effective O2/3C60

p orbital
overlap can still take place, followed by singlet–triplet
energy transfer (Eq. (1)).

In CH2Cl2, the lifetime trend is similar to that in toluene, but
the yield of singlet oxygen formation is sizeably depressed
for 2–4 relative to 1. The delayed quenching can be
explained by the same arguments as in toluene, whereas the
decrease of singlet oxygen yield may be due to tighter
contacts between the periphery and the core, which hinder
suitable orbital overlap between the carbon cage and
dioxygen.40 This is in line with the results of the absorption
and luminescence spectra.

In the most polar medium, CH3CN, the trend in singlet
oxygen production is peculiar. A progressive decrease (up to
30%) is detected from 1 to 3. This can be explained with the
rationale outlined for CH2Cl2, the more pronounced
decrease of singlet oxygen generation being ascribable to
an even tighter core/periphery contact in polar CH3CN.
Quite unexpectedly, a recovery of singlet oxygen pro-
duction is found for the largest dendrimer 4. This effect is
difficult to explain, however, it might reasonably be due to
specific effects on the quantum yield of singlet oxygen
luminescence FL, which is given by Eq. (5):54

FL ¼ FD

kr

kr þ knr

¼ FDkrt ð5Þ

where kr, knr, and t are the radiative and non-radiative
deactivation rate constants and lifetimes of singlet oxygen,
respectively.

To test this hypothesis we have performed lifetime
measurements of singlet oxygen in different solvents, in
order to see if there is any difference for the various
dendrimers. As pointed out earlier, the lifetime of singlet
oxygen is dramatically solvent dependent since, both kr

51,52

and knr
53 are affected (to a different extent) by the solvent

nature. In particular enhanced lifetime values are measured
in deuterated solvents.49

Identical values for the whole 1–4 series were measured in
toluene (21^2 ms), deuterated toluene (280^28 ms), and
CH2Cl2 (120^12 ms). These results are in line with
literature data in the same solvents49 and suggest that
there is no trapping effects of oxygen inside the dendrimers
cage in low-polarity and mid-polarity solvents. In other
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words, the long lived singlet oxygen experiences the bulk
solvent environment.

The results in acetonitrile, however, are interestingly
different. For 1–3 we measure t¼67^6 ms (typical for
this solvent),49 whereas for 4 t¼33^3 ms. This shows that
the kr and knr values of 1O2 are substantially modified in 4,
suggesting that 1O2

p could even be trapped inside the tight
dendrimer cage which is formed in polar media. Such subtle
effects on the deactivation rates of singlet oxygen could
result in unexpected effects on the patterns of luminescence
intensity, when the dendrimer’s structure becomes bigger.

3. Conclusions

Analysis of the steady state and time resolved photophysical
properties of bismethanofullerenes 1–4 have given some
insight into the shielding effect exerted by the dendrimer
wedges toward the photoactive fullerene core. Regardless of
the solvent polarity, the increase in size of the peripheral
branches leads to a decrease of dioxygen diffusion rates to
the fullerene core, as signalled by an increase of fullerene
triplet lifetimes. Triplet quenching by dioxygen, albeit
progressively delayed along the series, is nevertheless
quantitative for 1–4 in toluene as shown by the yields of
singlet oxygen sensitization. On the contrary, in more polar
dichloromethane and acetonitrile, delayed fullerene triplet
quenching is accompanied by a decrease of singlet oxygen
sensitization yields. We attribute this effect to a tighter
contact, in more polar media, between the peripheral
branches and the hydrophobic C60 core, that leads to less
effective orbital overlap between the quencher (O2) and the
sensitizer (C60).

Polarity effects capable of compacting dendrimer structures
can also be derived by steady state absorption and
luminescence spectra. Identical triplet lifetimes of 4 in
CH2Cl2 and CH3CN (1100 ns), as compared to 877 ns in
toluene, bring further support to this hypothesis pointing to a
looser structure of 4 in the apolar medium. Notably, for 4,
the singlet oxygen lifetime and sensitization efficiency
suggest that trapping effects may become important in polar
acetonitrile, when the dendrimer is sufficiently large.

It must be emphasized that the increase of fullerene triplet
lifetimes with dendrimer generation is more pronounced in
the present case than for a series of fulleropyrrolidine
analogues investigated earlier.21 Thus, by using a bis-
methanofullerene core we have now achieved a better
encapsulation of the C60 unit. This conclusion is nicely
corroborated by molecular modeling.

4. Experimental

4.1. General

Reagents and solvents were purchased as reagent grade and
used without further purification. THF was distilled over
sodium benzophenone ketyl. Compounds 522 and 6–924

were prepared as previously reported. All reactions were
performed in standard glassware under an inert Ar

atmosphere. Evaporation and concentration were done at
water aspirator pressure and drying in vacuo at 1022 Torr.
Column chromatography: silica gel 60 (230–400 mesh,
0.040–0.063 mm) was purchased from E. Merck. Thin
Layer Chromatography (TLC) was performed on glass
sheets coated with silica gel 60 F254 purchased from
E. Merck, visualization by UV light. IR spectra (cm21)
were measured on an ATI Mattson Genesis Series FTIR
instrument. NMR spectra were recorded on a Bruker AC
200 with solvent peaks as reference. Elemental analyses
were performed by the analytical service at the Institut
Charles Sadron, Strasbourg.

4.2. General procedure for the synthesis of dendritic bis-
malonates 10–13

DCC (2.2 equiv.) was added to a stirred solution of 5
(1 equiv.), the appropriate dendritic alcohol (2 equiv.),
HOBt (0.1 equiv.) and DMAP (0.5 equiv.) in CH2Cl2 at
08C. After 1 h, the mixture was allowed to slowly warm to
room temperature (within 1 h), then stirred for 24 h, filtered
and evaporated. The crude product was then purified as
outlined in the following text.

4.2.1. Compound 10. Prepared from 6 and purified by
column chromatography (SiO2, CH2Cl2/Acetone 4:1) to
give 10 as a colourless glassy product which was used
without further purification: yield 62%; 1H NMR (CDCl3,
200 MHz): d 3.38 (s, 12H), 3.48 (s, 4H), 3.52–3.76 (m,
32H), 3.83 (t, J¼5 Hz, 8H), 4.09 (t, J¼5 Hz, 8H), 5.09 (s,
4H), 5.17 (s, 4H), 6.45 (t, J¼2 Hz, 2H), 6.49 (d, J¼2 Hz,
4H), 7.32 (broad s, 4H).

4.2.2. Compound 11. Prepared from 7 and purified by
column chromatography (SiO2, CH2Cl2/Acetone 7:3) to
give 11 as a colourless glassy product which was used
without further purification: yield 48%; 1H NMR (Acetone-
d6, 200 MHz): d 3.25 (s, 24H), 3.41–3.64 (m, 84H), 4.10 (t,
J¼5 Hz, 16H), 4.99 (s, 8H), 5.10 (s, 4H), 5.15 (s, 4H), 6.46
(m, 6H), 6.62 (m, 12H), 7.31–7.38 (m, 4H).

4.2.3. Compound 12. Prepared from 8 and purified by
column chromatography (SiO2, CH2Cl2/Acetone 3:2) to
give 12 as a colourless glassy product which was used
without further purification: yield 49%; 1H NMR (CDCl3,
200 MHz): d 3.37 (s, 48H), 3.47–3.90 (m, 164H), 4.11 (t,
J¼5 Hz, 32H), 4.95 (m, 24H), 5.12 (s, 4H), 5.15 (s, 4H),
6.44 (m, 12H), 6.54 (m, 2H), 6.59 (m, 24H), 6.67 (m, 4H),
7.40 (broad s, 4H).

4.2.4. Compound 13. Prepared from 9 and purified by
column chromatography (SiO2, Et2O/Acetone 7:3) to give
13 as a colourless glassy product: yield 44%; 1H NMR
(Acetone-d6, 200 MHz): d 3.24 (s, 96H), 3.39–4.10 (m,
388H), 4.80–5.10 (m, 64H), 6.40–6.70 (m, 90H), 7.30 (m,
4H).

4.3. General procedure for the synthesis of
fullerodendrimers 1–4

DBU (4 equiv.) was added to a stirred solution of C60

(1 equiv.), I2 (3 equiv.) and the appropriate dendritic bis-
malonate (1 equiv.) in toluene (2 mL/mg of C60). The
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resulting solution was stirred for 24 h, then filtered through a
short plug of SiO2, eluting first with toluene (to remove
unreacted C60) and then with CH2Cl2/8% MeOH. The crude
product was then purified as outlined in the following text.

4.3.1. Fullerodendrimer 1. Prepared from 10 and purified
by column chromatography (SiO2, CH2Cl2/Acetone 3:2)
followed by gel permeation chromatography (Biorad,
Biobeads SX-1, CH2Cl2) to give 1 as an orange-red glassy
product: yield 25%; 1H NMR (CDCl3, 200 MHz): d 3.38 (s,
12H), 3.53–3.79 (m, 32H), 3.81 (t, J¼5 Hz, 8H), 4.05 (t,
J¼5 Hz, 8H), 5.04 (d, J¼13 Hz, 2H), 5.21 (d, J¼12 Hz,
2H), 5.36 (d, J¼12 Hz, 2H), 5.85 (d, J¼13 Hz, 2H), 6.44 (t,
J¼2 Hz, 2H), 6.52 (d, J¼2 Hz, 4H), 7.26–7.49 (m, 4H). 13C
NMR (CDCl3, 50 MHz): d 59.03, 67.40, 67.52, 68.51,
69.61, 70.55, 70.63, 70.79, 71.90, 101.86, 107.41, 123.85,
126.80, 128.62, 135.82, 136.17, 136.68, 140.02, 141.02,
141.18, 142.33, 142.76, 143.18, 143.61, 143.78, 143.99,
144.20, 144.36, 144.61, 144.93, 145.04, 145.20, 145.38,
145.62, 145.75, 146.08, 147.32, 147.48, 148.63, 160.00,
162.53. MALDI-TOF MS: 1856.7 ([MþH]þ calculated for
C116H79O24: 1856.9, 50%), 1878.6 ([MþNaþ] calculated
for C116H78O24Na: 1878.9, 100%). Elemental analysis
calculated for C116H78O24·H2O: C 74.34%, H 4.31%,
found: C 74.28%, H 4.57%.

4.3.2. Fullerodendrimer 2. Prepared from 11 and purified
by column chromatography (SiO2, CH2Cl2/Acetone 1:1)
followed by gel permeation chromatography (Biorad,
Biobeads SX-1, CH2Cl2) to give 2 as an orange-red glassy
product: yield 25%; 1H NMR (CDCl3, 200 MHz): d 3.38 (s,
24H), 3.53–3.72 (m, 64H), 3.84 (t, J¼5 Hz, 16H), 4.10 (t,
J¼5 Hz, 16H), 4.86 (s, 8H), 5.04 (d, J¼13 Hz, 2H), 5.26 (d,
J¼12 Hz, 2H), 5.35 (d, J¼12 Hz, 2H), 5.85 (d, J¼13 Hz,
2H), 6.45–6.58 (m, 18H), 7.10–7.48 (m, 4H). 13C NMR
(CDCl3, 50 MHz): d 59.01, 67.47, 68.48, 69.62, 69.99,
70.53, 70.61, 70.77, 71.89, 101.17, 102.29, 106.18, 107.60,
123.68, 126.77, 128.64, 135.72, 136.04, 136.57, 138.87,
138.74, 140.02, 140.96, 141.15, 142.30, 142.73, 143.13,
143.54, 143.74, 143.96, 144.12, 144.28, 144.53, 144.85,
145.00, 145.30, 145.57, 145.71, 146.05, 147.40, 148.62,
159.95, 160.04, 162.50. MALDI-TOF MS: 2930.0
([MþH]þ calculated for C172H159O44: 2930.1, 40%),
2951.9 ([MþNa]þ calculated for C172H158O44Na: 2952.1,
100%). Elemental analysis calculated for C172H158O44: C
70.52%, H 5.44%, found: C 70.76%, H 5.36%.

4.3.3. Fullerodendrimer 3. Prepared from 12 and purified
by column chromatography (SiO2, CH2Cl2/Acetone 1:1)
followed by gel permeation chromatography (Biorad,
Biobeads SX-1, CH2Cl2) to give 3 as an orange-red glassy
product: yield 26%; 1H NMR (CDCl3, 200 MHz): d 3.38 (s,
48H), 3.53–3.72 (m, 128H,), 3.84 (t, J¼5 Hz, 32H), 4.11 (t,
J¼5 Hz, 32H), 4.88 (s, 8H), 4.94 (s, 16H), 5.04 (d, J¼
13 Hz, 2H), 5.30 (AB, J¼12 Hz, 4H), 5.83 (d, J¼13 Hz,
2H), 6.45–6.58 (m, 42H), 7.10–7.50 (m, 4H). RMN-13C
(CDCl3, 50 MHz): d 58.99, 67.48, 69.64, 70.01, 70.53,
70.61, 70.79, 71.90, 101.16, 101.64, 106.15, 106.57, 107.62,
123.63, 126.79, 128.65, 135.77, 136.08, 136.58, 136.95,
138.87, 138.95, 140.00, 140.96, 141.17, 142.27, 142.78,
143.16, 143.53, 143.72, 143.94, 144.09, 144.09, 144.24,
144.48, 144.85, 145.01, 145.27, 145.54, 145.70, 146.02,
147.39, 148.60, 160.08. MALDI-TOF MS: 5076.3

([MþH]þ calculated for C284H319O84: 5076.6, 40%),
5098.8 ([MþNaþ] calculated for C284H318O84Na: 5098.6,
100%). Elemental analysis calculated for C284H318O84: C
67.19%, H 6.32%, found: C 67.07%, H 6.29%.

4.3.4. Fullerodendrimer 4. Prepared from 13 and purified
by column chromatography (SiO2, CH2Cl2/MeOH 95:5)
followed by gel permeation chromatography (Biorad,
Biobeads SX-1, CH2Cl2) to give 4 as an orange-red glassy
product: yield 24%; 1H NMR (Acetone-d6, 200 MHz): d
3.23 (s, 96H), 3.24–3.73 (320H), 4.04 (t, J¼5 Hz, 64H),
4.40–5.20 (m, 64H), 6.40–7.15 (m, 90H), 7.10–7.40 (m,
4H). MALDI-TOF MS: 9390.0 ([MþNaþ] calculated for
C508H638O164Na: 9391.5). Elemental analysis calculated for
C508H638O164: C 65.11%, H 6.87%, O 28.02%, found: C
65.01%, H 6.93%, O 28.06%.

4.4. Molecular modeling

The Molecular Dynamics studies have been performed on
SGI Origin 200 and Octane2 workstations using the
Discover 3 software from Accelrys (http://www.accelrys.
com) with the pcff forcefield. The previously minimized
structures were allowed to equilibrate for 500 ps at a 300 K
isotherm by the MD simulation (in the NVT ensemble with
a time step of 1 fs).

4.5. ESMS

Positive ES mass spectra were obtained on an ES triple
quadrupole mass spectrometer Quattro II with a mass-to-
charge (m/z) ratio range extended to 8000 (Micromass,
Altrincham, UK). The ES source was heated to 458C. The
sampling cone voltage (Vc) was at 160 V to allow the
transmission of ions with m/z.4000 without fragmentation
processes. Under these conditions, reproducible spectra
were also obtained. Sample solutions were introduced into
the mass spectrometer source with a syringe pump (Harvard
type 55 1111: Harvard Apparatus Inc., South Natick, MA,
USA) with a flow rate of 6 mL min21. Calibration was
performed using protonated horse myoglobin. Scanning was
performed in the MCA (Multi Channel Analyzer) mode, and
several scans were summed to obtain the final spectrum.
Samples for ESMS were prepared by dissolving the
compound under study in a solution of CH2Cl2 containing
1% formic acid to achieve a concentration of 1024 M. After
stirring at room temperature for 1 min, the clear red solution
was directly analyzed by ESMS.

4.6. MALDI-TOF MS

Mass measurement were carried out on a Brucker
BIFLEXe matrix-assisted laser desorption time-of-flight
mass spectrometer (MALDI-TOF) equipped with SCOUTe
High Resolution Optics, an X–Y multi-sample probe and a
gridless reflector. Ionization is accomplished with the
337 nm beam from a nitrogen laser with a repetition rate
of 3 Hz. All data were acquired at a maximum accelerating
potential of 20 kV in the linear positive ion mode. The
output signal from the detector was digitized at a sampling
rate of 1 GHz. A saturated solution of 1,8,9-trihydroxy-
anthracene (dithranol ALDRICH EC: 214-538-0) in CH2Cl2
was used as a matrix. Typically, a 1/1 mixture of the sample
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solution in CH2Cl2 was mixed with the matrix solution and
0.5 mL of the resulting mixture was deposited on the probe
tip. Calibration was performed in the external mode with
insulin (5734.6 Da) and ACTH (2465.2 Da).

4.7. Photophysical measurements

The photophysical investigations were carried out in
toluene, dicloromethane, and acetonitrile (Carlo Erba,
spectrofluorimetric grade) and toluene-d8 from Aldrich.
The samples were normally placed in fluorimetric 1 cm path
cuvettes. Absorption spectra were recorded with a Perkin–
Elmer l40 spectrophotometer. Uncorrected emission
spectra were obtained with a Spex Fluorolog II spectro-
fluorimeter (continuous 150 W Xe lamp), equipped with a
Hamamatsu R-928 photomultiplier tube. The corrected
spectra were obtained via a calibration curve determined
with a procedure described earlier.55 Fluorescence quantum
yields obtained from spectra on an energy scale (cm21)
were measured with the method described by Demas and
Crosby56 using as standard air equilibrated solutions of
[Os(phen)3]2þ in acetonitrile (Fem¼0.005).57

The steady-state IR luminescence spectra were obtained
with an apparatus available at the Chemistry Department of
the University of Bologna (Italy) and described in detail
earlier.55 A continuous 450 W Xenon lamp was used as light
source, excitation was performed at 480 nm. The determi-
nation of the relative yields of singlet oxygen sensitization
in a given solvent can be obtained by monitoring the singlet
oxygen luminescence intensity at 1268 nm of solutions
displaying the same optical density at the excitation
wavelength (0.2).58

Emission lifetimes in the nanosecond time scale were
determined with an IBH single photon counting spectro-
meter equipped with a thyratron gated nitrogen lamp
working in the range 2–40 KHz (lexc¼337 nm, 0.5 ns
time resolution); the detector was a red-sensitive (185–
850 nm) Hamamatsu R-3237-01 photomultiplier tube.

Transient absorption spectra in the nanosecond–micro-
second time domain were obtained by means of a flash-
photolysis system described in detail earlier.59 Excitation
was performed with the third harmonic (355 nm) of a
Nd:YAG laser (J.K. Lasers Ltd) with 20 ns pulse duration
and 1–2 mJ of energy per pulse. Triplet lifetimes were
obtained by averaging at least five different decays recorded
around the maximum of the absorption peak (680–720 nm).
When necessary, oxygen was removed by at least four
freeze–thaw-pump cycles by means of a diffusive vacuum
pump at 1026 Torr (CH2Cl2, PhMe) or by bubbling argon
for several minutes through the solution (CH3CN).

Emission decays of singlet oxygen at 1270 nm were
recorded with a liquid nitrogen cooled germanium detector
and preamplifier (Applied Detector Corp., Fresno, CA,
Mod. 403 HS) connected to a Tektronix 468 digitizer
interfaced with a PC. The 1270 nm wavelength was selected
with suitable interference filters.

Experimental uncertainties are estimated to be ^7% for
UV–VIS emission and transient absorption lifetimes,

^10% for NIR emission lifetimes, ^20% for emission
quantum yields, and ^2 nm for absorption and emission
peaks, respectively.
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40. Issberner, J.; Vögtle, F.; De Cola, L.; Balzani, V. Chem. Eur. J.

1997, 3, 706–712.
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