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a b s t r a c t

The preparation, characterization and photophysical properties of six new stable [6,6]-closed fullerene
cycloadducts bearing five-membered heterocycles are described. The modified [60]fullerenes are
obtained by a simple and rapid synthesis via a Bingel-type reaction with tetrazole and oxadiazole mal-
onate derivatives. The photophysical kinetics of these new fullerene derivatives in toluene solution under
ultraviolet illumination (375 nm, UVA) are studied by electron paramagnetic resonance and free-radical
spin-trapping using �-phenyl-N-tert-butyl nitrone as a spin-trap. The results are compared with pure
[60]fullerene and [6,6]-phenyl C61 butyric acid methyl ester (C60-PCBM). It is concluded that for all six
new compounds as well as pure [60]fullerene and PCBM both superoxide and singlet oxygen are pro-
duced in the first stages of UVA illumination following the type I and II mechanisms, respectively. In
eactive oxygen species
hotosensitizers

all cases singlet oxygen is produced as the primary dominant species; however, the type I mechanism
always occurs in parallel with type II. In the end, the superoxide is self-dismuted into hydroxyl radicals,
thus yielding PBN-OH• spin adducts (g = 2.007 and ahf (14N) = 1.54 mT). The kinetic reaction constants and
their efficiencies in the production of reactive oxygen species at 375 nm and per mW of absorbed power
are determined. The experimental results are consistent with an autocatalytic reaction model in which
the system evolutes under UVA illumination, with superoxide catalyzing the conversion of singlet oxygen

into more superoxide.

. Introduction

Since the discovery of fullerenes in 1985 [1] and their sub-
equent availability in macroscopic quantities [2], the chemical
nd physical properties of functionalized fullerenes have attracted
onsiderable attention. Fullerene derivatives have many applica-
ions, such as in non-linear optical devices [3,4], photosensitizers
5–8], photovoltaic cells [9], and biomedicine [10–13]. To design
nd construct new molecules with novel and attractive properties
nd applications, judicious structural modifications of [60]fullerene

re required [14,15]. These modifications can be achieved either
y non-covalent binding with other molecules (for example, C60
nd C70 fullerenes with a derivatized Zn-phthalocyanine [16] for
pplications in hybrid photovoltaics or as photosensitizers for pho-

∗ Corresponding author. Tel.: +55 3134095721; fax: +55 3134095700.
E-mail addresses: rossipdf@yahoo.com.br (R.P. de Freitas),

rondi@netuno.lcc.ufmg.br (R.B. Alves).

010-6030/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2010.10.007
© 2010 Elsevier B.V. All rights reserved.

todynamic therapy in the visible spectral range) or by covalently
modifying the fullerenes to obtain, for example, polyhydroxilated
fullerenes with water-solubility and the free-radical scavenging
properties required for applications in anti-oxidant drugs [17].

Nevertheless, the covalent modification of [60]fullerene with
heterocyclic “wings” containing two or more nitrogen atoms has
only recently been explored. For example, the hexakis adduct 1
(Fig. 1) [18] was prepared under copper-mediated Huisgen 1,3-
dipolar cyclo-addition, and it displayed interesting electrochemical
properties. In addition, the fullerene adduct 2, bearing a triazole
group, was recently synthesized by Chen et al. [19]; it exhibited
electron transport properties that may be useful in the construction
of organo-electronic devices.

Recently, we have synthesized the first fullerene derivative

linked with a tetrazole unit 3 (Fig. 1) and determined that it exhibits
photophysical properties suitable for the production of reactive
oxygen species (ROS) by ultraviolet A (UVA) photosensitization
[20]. This derivative may have potential use as a photosensitizer
in photodynamic therapy (PDT). In continuation of that work, the

dx.doi.org/10.1016/j.jphotochem.2010.10.007
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:rossipdf@yahoo.com.br
mailto:brondi@netuno.lcc.ufmg.br
dx.doi.org/10.1016/j.jphotochem.2010.10.007
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Fig. 1. [60]Fullerene deriv

ynthesis, characterization and photophysical properties of six new
60]fullerene derivatives containing either tetrazole or oxadiazole
nits are reported here.

. Experimental

.1. Materials and experimental setup

Reagents and solvents were purchased as reagent grade and
sed without further purification. Tetrahydrofuran (THF) was dis-
illed over sodium benzophenone. Dry acetone was prepared after
gitation with potassium carbonate for 24 h at room temperature
nd then distilled. The azoles were obtained from Sigma–Aldrich.
he C60 (99.5%) and C60-PCBM ([6,6]-phenyl C61 butyric acid
ethyl ester) were obtained from M.E.R. Corporation and from SES

ESEARCH, respectively.
The melting points were determined on a Mettler FP80HT

pparatus and are reported uncorrected. The nuclear magnetic
esonance (NMR) spectra were recorded on Bruker Avance DRX-
00 or DRX-400 spectrometers. Chemical shifts are reported

n ı units downfield from tetra-methylsilane, and the coupling
onstant (J) values are given in Hz. All of the compounds inves-
igated in this work were characterized with optical absorption

easured with an HP/Agilent 8453 UV–vis spectrophotometer.
ourier-transform mass spectroscopy (FT-MS) was performed with
LTQ FT ULTRA (ThemoScientific-7T-Germany) instrument with

he TriVersa NanoMate system (Advion, USA) operating in the
hip-based infusion mode and in the positive ion mode using
silicon-based integrated nanoelectrospray microchip. Column

hromatography was performed with silica gel 60, 70–230 mesh
Merck). A commercial microwave oven (Panasonic Junior Smart
NS53BH) was specially modified [21] for organic synthesis and
sed to obtain the 12-bromododecane-1-ol.

All electron paramagnetic resonance (EPR) measurements were
one at room temperature with a custom-built X-band spectrome-
er (9.38 GHz) using a commercial cylindrical cavity (Bruker) and a
lystron (Varian). The magnetic field was produced by an electro-
agnet (Varian) and an automated current source (Heizinger). For
etection, standard lock-in techniques (EG&G) and 100 kHz field
odulation were employed (0.1 mT). Each spectrum had a scan

ime of 150 s. The microwave frequency was stabilized by an auto-
atic frequency control up to five digits and the frequency was
easured with a digital frequency meter (PTS). The magnetic field
3

containing heterocycles.

calibration was done with a 2,2-diphenyl-1-picrylhydrazyl (DPPH)
standard with g = 2.0037. The EPR measurements were performed
as a function of illumination time, and with a microwave power of
approximately 2 mW.

2.2. EPR spin-trapping methodology

The generation of ROS assisted by C60 and its derivatives under
UVA illumination was studied by EPR using the spin-trapping tech-
nique. Each sample consisted of two compounds in an air-saturated
toluene solution: the spin trap PBN (�-phenyl-N-tert-butyl nitrone)
and one of the synthesized fullerene derivatives with concentra-
tions of 300 mM and 1 mM, respectively. Two reference solutions,
containing either pure C60 or C60-PCBM, were prepared with the
same concentrations to compare their efficiency in ROS produc-
tion. The samples were prepared under ambient laboratory light.
A fixed volume of 100 �L of the above solutions was added to a
borosilicate EPR tube with a 3 mm inner diameter (Wilmad). An
UVA solid state laser (Power Technology Inc.), with a wavelength
of 375 nm and power of 16 mW, was used for illumination through
the open top of the sample tube placed inside the EPR cavity. The
spot had a diameter of 1.74 ± 0.15 mm, and the illuminated vol-
ume of the sample was 33.3 ± 2.9 �L. All samples were measured
under the same illumination conditions, with the exception of the
spin quantification calibration measurements that are described in
supplementary data.

3. Experimental results and discussion

3.1. Synthesis and structural characterization of fullerene
derivatives

The synthesis of key malonate derivatives containing a five-
membered heterocyclic ring for the preparation of the new
fullerene derivatives is achieved by two methods. The first method
involves a [2+3] cycloaddition followed by reaction with commer-
cial malonyl chloride, which produces the new tetrazole malonates.
The second and simpler method is the alkylation of commer-

cial tetrazoles and oxadiazole, which is followed by reaction with
malonyl chloride to produce unknown azole malonates. Fig. 2 sum-
marizes the synthesis of tetrazole malonates 10 and 11 and their
use in the Bingel reaction to obtain fullerene derivatives. Initially,
commercially available diol 4 is converted into its bromo deriva-
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ig. 2. Preparation of compounds 12 and 13. Reagents and conditions: (i) HBr (48%
aN3, NH4Cl, DMF, 140 ◦C, 20 h (100%); (iv) BnBr, K2CO3, acetone, 60 ◦C, 24 h, 8 (46%
1 (51%) and (vi) C60, I2, DBU, toluene, room temperature, 5 h, 12 (31%, 65% based o

ive 5 with a 51% yield [22]. Treatment of 5 with potassium cyanide
nd 18-crown-6 ether in CH3CN [23] gives a 76% yield of nitrile 6.
he [2+3] cycloaddition of sodium azide and nitrile 6 with ammo-
ium chloride in DMF [24] provides the 5-substituted tetrazole
in a quantitative yield. The structure of 7 is confirmed by 13C
MR, and the typical chemical shifts of C-tetrazolic are observed
t 157.90 ppm [25]. Alkylation of 7 with benzyl bromide in dry
cetone and anhydrous K2CO3 produces mixtures of N(1)- and N(2)-
lkylation isomers [26]. After silica chromatography purification,
wo isomers, 8 and 9, are isolated in 46% and 42% yield, respec-
ively. These isomers are distinguished by the 13C chemical shifts

f the N-alkyl group and verified with heteronuclear multiple bond
orrelation (HMBC) experiments. The HMBC contour plot shows the
ross correlation between the tetrazole carbon and the CH2 group
inked to the vicinal nitrogen, due only to the 3J coupling constant
or 8. Isomers 8 and 9 are esterified separately with commercial
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9 (42%); (v) malonyl dichloride, pyridine, THF, room temperature, 5 h, 10 (50%) and
vered C60) and 13 (40%, 70% based on recovered C60).

malonyl dichloride in pyridine and THF at room temperature, pro-
viding 10 and 11 in yields of 50% and 51%, respectively. Malonates
10 and 11 are subsequently transformed into their [60]fullerene
mono-adducts 12 and 13, respectively, via a Bingel reaction [27],
following the conditions described by Nierengarten et al. [28].

Fig. 3 depicts the alkylation of the commercial tetrazoles 14, 22,
23 and oxadiazole 15 with 12-bromododecane-1-ol or commer-
cial 6-chloroexan-1-ol. These reactions produce the alcohols 16, 17,
24(N-2), and 25(N-2) in high yields, which are esterified with com-
mercial malonyl dichloride to form the malonates 18, 19, 26(N-2),
and 27(N-2), respectively. These malonates are subsequently trans-

formed into their respective mono-adduct fullerene derivatives 20,
21, 28, and 29 by the Bingel-type reaction [28], respectively, with
yields between 36% and 42%. The structure and purity of all of
the mono-adducts are confirmed by 1H and 13C NMR spectroscopy
(these results are listed in the supporting information).
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Fig. 5. Time evolution of the absolute PBN spin adduct concentration in the illumi-
nated toluene solutions containing fullerene derivatives (at 1 mM) and the spin trap
ated (UV laser: 375 nm, 16 mW, room temperature) toluene solution containing
mM C60 (�) or C60-PCBM (�), and 300 mM of the spin trap PBN. The insert shows

he EPR spectra for the C60 solution before illumination (dark) and after 30 and
50 min of illumination.

The 13C NMR spectra of the mono-adducts show the char-
cteristic signal [29] of the sp3-hybridized fullerene C atoms in
he cyclopropane ring between 70 and 85 ppm, in addition to
he signals between 136 and 150 ppm corresponding to the sp2-
ybridized fullerene sphere. The methano bridge signal is observed

n the region from 52 to 53 ppm.
The molecular compositions are also confirmed by ultra-high-

esolution Fourier transform mass spectrometry with electrospray
onization. Molecular masses of all isotopologue ions within the
M+H]+ clusters agree exceptionally well with calculated values
nd are within less than 1 ppm of those values. The MS/MS anal-
sis of the protonated molecules via dissociations induced either
y collisions or photons also shows structurally diagnostic dissoci-
tion patterns involving the heterocyclic wings, corroborating the
ssigned structures of the new fullerene derivatives.

For optical characterization, the fullerene solutions (0.02 mM
n toluene) are placed in a standard quartz cuvette (10-mm thick-
ess), and their spectra are recorded at room temperature. A pure
ir-saturated toluene sample is used for the baseline. All of the
pectra are very similar. In the visible range (wavelength above
00 nm), the absorption is weak, but it increases drastically at
horter wavelengths (in the UVA and UVB ranges). The molar
xtinction coefficient (ε) is calculated for all samples at 375 nm,
he wavelength of the laser diode used in the spin-trapping exper-
ments. With the extinction coefficients ε, the amount of the laser
ower absorbed in the illuminated fraction of the sample vol-
me of the EPR borosilicate sample tube (0.33 mL) is calculated
y the Beer–Lambert law, taking into account the laser spot diam-
ter (1.74 ± 0.15 mm) and the height of the solution in the tube
14.0 ± 0.5 mm) (these results are listed in supporting information).

.2. EPR spin-trapping studies

Fig. 4 shows the absolute concentration of PBN spin adducts
enerated in a toluene solution of C60 or commercial C60-PCBM
s a function of illumination time. The EPR spectra are measured at

oom temperature. The C60 and C60-PCBM concentrations are1 mM,
hereas the PBN concentration is 300 mM. The curves are calcu-

ated from a series of EPR spectra after different illumination times
sing the TEMPOL calibration data. The EPR spectra from C60 and
ll of the other investigated fullerene derivatives are dominated by
PBN (300 mM): (a) compounds 20 (�), 21 (�) and 28 (�); (b) compounds 12 (�), 13
(©) and 29 (�). The insert shows the EPR spectra for the compounds 21 (a) and 13
(b) solutions before illumination (dark) and after 150 min of illumination.

the same EPR hyperfine triplet due to the nitrone group in the PBN
molecule (14N, I = 1 and ∼100% natural abundance) with a hyper-
fine splitting aN of 1.54 ± 0.01 mT and a g-factor of 2.007 ± 0.001.
This hyperfine splitting is characteristic of final PBN-OH• spin
adducts, which are expected after self-dismutase of superoxide
[30]. Both OH• and O2

•− PBN-adducts have been unambiguously
identified by their superhyperfine splitting in 17O-enriched sys-
tems, i.e., aN = 1.48 mT for PBN-O2

•− and aN = 1.53–1.55 mT for
PBN-OH• [31].

The insert in Fig. 4 shows three typical EPR spectra, one in the
dark before illumination and two others after 30 and 150 min of
UVA laser illumination (375 nm and 16 mW). The error bars in the
absolute spin adduct concentration are derived from the uncertain-
ties in the fit parameters of the TEMPOL calibration curve.

Fig. 5(a) and (b) shows the time evolution curves for the con-
centration of the photogenerated PBN spin adducts for all of
the fullerene derivatives synthesized in this work. The same EPR
parameters (microwave frequency and power) and concentrations

are used for all of the fullerene derivative solutions. While Fig. 5(a)
shows the three compounds that have lower efficiency in generat-
ing free radicals and thus PBN spin adducts, Fig. 5(b) shows those
with higher efficiencies.
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According to the well-known photo-oxidation type II mecha-
ism [32], the first step for the production of singlet oxygen (1O2)

s photoexcitation of the photosensitizers, which are the fullerene
ompounds in this study. The photoexcited fullerenes enter their
igher excited singlet states and are converted by intersystem-
rossing into long-lived triplet states. From the triplet state, the
vailable excess energy is transferred to oxygen molecules, thus
orming 1O2. The fullerenes decay to their singlet ground state,
here they remain unchanged after this cycle. Although it is well

stablished that the 1O2 is the main ROS produced by the photoexci-
ation of fullerenes [32], the formation of superoxide (O2

•−) radicals
ay occur because of two reasons: (i) photo-oxidation mechanism

ype I, which is the photo-assisted transfer of an electron from the
ullerene to the oxygen molecule during photoexcitation (which

ay also occur in parallel to the type II mechanism) or (ii) the singlet
xygen reduction process, which is its conversion into superoxide
fter accepting an electron from another electron donor (such as the
hotosensitizer molecule). The reduction process of singlet oxygen

nto superoxide has been previously observed in biological systems
33]. The dismutase of superoxide into highly reactive OH• [34,35],
n the absence of anti-oxidants, is what causes escalating damage
n biomolecules, cells and tissues by OH•, fundamental for PDT.

In a recent paper [20], we have indirectly observed the first
tages of this process (conversion of 1O2 into O2

•−) for a tetrazole-
ullerene derivative in air-saturated toluene solutions (compound

in [20]), which is similar to 3 of this study (differing only in the
ength of the side-chains). From these experiments we concluded
hat the main formation of O2

•− occurred via the type II mecha-
ism followed by the reduction of singlet oxygen into superoxide.
he type I mechanism also occurred but to a lesser degree. For that
eason, and because PBN-1O2 paramagnetic adducts are not known
36], we have performed PBN spin-trapping experiments under
VA illumination in the presence of two distinct ROS inhibitors:

uperoxide dismutase (for O2
•−) and beta-carotene for (1O2).

In this work, we examine in detail the formation of singlet
xygen and superoxide under UVA illumination of toluene solu-
ions containing the new fullerene derivatives and compare the
esults to pure C60 and C60-PCBM solutions. All of the illumination
urves (Figs. 4 and 5) formed after the self-dismutase of superoxide
and therefore the evolution of the amount of identified PBN-OH•

dducts), as a function of illumination time, are carefully fitted
o a sigmoid function, which is characteristic of irreversible auto-
atalytic reactions A + B → 2B [37]. In our case, the autocatalytic
eaction can be viewed as the reduction of the singlet oxygen into
uperoxide in a closed system, with a further one-to-one conver-
ion of superoxide into OH•, which is captured by the PBN. The
utocatalytic reaction is given by

•
1
2 + O•−

2 + e− → 2O −
2 , (1)

or this model, a number of assumptions are made: (i) that the type
I mechanism is dominant at the beginning of the illumination, pro-
ucing much more singlet oxygen than superoxide; (ii) the small

able 1
it parameters for the illumination curves using an autocatalytic sigmoidal curve: the tot
mount of singlet oxygen and superoxide produced at the beginning of the reduction R0,

Compound N (1016 spin
adducts/mL)

K (104 mL/mol s)

28 1.31(2) 2.7(2)
20 0.70(4) 3.6(7)
21 2.22(7) 1.5(1)
29 2.78(3) 1.40(6)
13 2.38(9) 1.4(2)
12 3.34(4) 1.64(9)
C60 1.84(4) 2.1(1)
C60-PCBM 2.04(6) 2.2(2)
tobiology A: Chemistry 217 (2011) 184–190

amount of superoxide produced at the same time (but to a lesser
degree by the type I mechanism) catalyzes the reduction of the
singlet oxygen into superoxide; and (iii) the formation of the PBN-
OH• spin adducts after the superoxide self-dismutase into OH•. For
higher concentrations of superoxide, the reduction runs faster. In
the end, all of the singlet oxygen is converted into superoxide, and
all of the dismuted superoxide generates PBN-OH• spin adducts.
The kinetic equation related to the reduction is

∂[O2
•− ]

∂t
= K[1O2][O2

•−] = K[O2
•− ](N − K[1O2][O2

•−]), (2a)

[O2
•−] = [PBN − OH−], (2b)

where K is the reaction time constant and N is the total number of
produced ROS species that are conserved in a closed system:

N = [1O2] + [O2
•−] = [1O2]0 + [O2

•−]0 = [PBN − OH
•
]. (3)

The time evolution of the superoxide concentration or the PBN spin
adducts is given by the solution of Eq. (2):

[O2
•−] = [PBN − OH

•
] = N

1 + R0e−KNt
, (4)

where R0 = [1O2]0/[O2
•−]0 is the ratio between the amount of sin-

glet oxygen and superoxide produced at the beginning of the
reduction. Instead of a single exponential curve, as considered in
our previous work [20], the sigmoid functions characteristic of
autocatalytic reactions show a better fit for all of the time evolution
curves. These are totally consistent with the type I and II reaction
mechanisms for the production of superoxide and singlet oxygen,
respectively, and they also take into account the efficient reduction
of singlet oxygen into superoxide. The fit parameters for the illu-
mination curves for all of the investigated compounds are shown
in Table 1.

Notably, the total amounts of ROS produced for all com-
pounds under illumination at saturation, measured in terms of spin
adducts/mL, are on the same order, between 0.7 and 3.4 × 1016

(column N, Table 1). These results confirm that the exohedral func-
tionalizations of the fullerenes via cyclopropanation with different
organic moieties do not significantly change the photochemi-
cal and photophysical properties of the fullerene molecule. This
number, however, does not reflect the individual efficiencies in
the formation of ROS because we illuminated the solutions with
monochromatic light (375 nm) and their molar extinction coeffi-
cients differ slightly (Table 1 and Fig. 4). Therefore, the absorbed
energy is also different for each sample, and the total amount of spin
adducts for each compound must be normalized by the absorbed
laser power. If we divide the absolute amount of spin adducts gen-
erated at saturation by the absorbed power and the number of

fullerene molecules, a merit figure can be calculated that allows
for comparison of the overall photosensitizer efficiencies for ROS
production for each fullerene compound. We refer to this merit
figure as the absolute ROS photogeneration efficiency, which is the
absolute amount of ROS produced for each fullerene molecule per

al number of ROS species produced N, the kinetic constant K, the ratio between the
the monochromatic efficiency and the coefficient of determination of the fit r2.

R0 Efficiency at 375 nm
(10−6 mW−1)

r2

10.8(7) 0.58(2) 0.995
3.4(4) 0.17(2) 0.989

16(2) 1.13(6) 0.996
8.1(4) 1.32(4) 0.950

14(2) 1.82(9) 0.992
13(1) 2.39(6) 0.998

9.2(6) 0.92(4) 0.987
10(1) 0.54(4) 0.996
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mW of monochromatic illumination at 375 nm. Despite the fact
hat this merit figure varied roughly within an order of magnitude,
s shown in Table 1, we can still draw some conclusions comparing
ll of the investigated fullerene compounds: (i) pure fullerene is
ot the most efficient photosensitizer among the molecules inves-
igated; (ii) the more efficient photosensitizers, compared to C60,
re compounds 12 and 13. Before further discussing these conclu-
ions, we must also note that the more efficient photosensitizers
lso have smaller kinetic reaction constants K, indicating that they
re faster in the production of ROS and therefore saturate more
apidly. In addition, R0, which quantifies how much of the type II
echanism occurs in comparison with type I, is also higher for 12

nd 13.
Pure fullerene, with its high efficiency in the production of sin-

let oxygen, is not the most efficient photosensitizer among those
e have investigated. The fact that the [60]fullerene may aggregate

n solution diminishes the exposition of the molecules to the dis-
olved oxygen, thus reducing its efficiency in the formation of ROS.
herefore, functionalization with long moieties likely hinders the
ggregation and enhances ROS production. Although compounds
2 and 13 have similar structures, both with a benzyl group bound
o the tetrazol unit by an exposed carbon, they exhibit higher ROS
hotogeneration efficiencies. Apparently, the presence of a benzyl
roup is important for increasing the production of ROS, which may
e due to a higher solubility of these compounds or to the special
eactivity of the benzyl group.

For all of the functionalized fullerene compounds, the dominant
hotophysical process is a type II mechanism in non-polar solvents,

eading to the production of singlet oxygen, even though it was
ecently shown that the type I mechanism is dominant in aqueous
olutions [38]. Despite this fact, superoxide radicals (and OH•) are
lso final products even in organic solvents. Here it is important to
emember that fullerenes are good electron acceptors in dark con-
itions; however, under UVA light, they may also donate electrons
reated by photoionization. The high efficiency for ROS production
n these compounds makes them promising photosensitizers for
opic PDT and, in particular, for special pharmaceutical formula-
ions in sunscreens or other lotions that do not require high water
olubility [39–42].

. Conclusions

Herein, we presented the synthesis and characterization of six
ew [6,6]-closed fullerene cycloadducts bearing five-membered
eterocyclic wings by a simple and efficient synthesis route. All
f the compounds synthesized in this work have been investigated
s potential photosensitizers for PDT using an EPR spin-trapping
ethodology and compared with pure C60 and C60-PCBM. Their

ptical absorption spectra are very similar, showing strong absorp-
ion bands in the near UVA spectral region. On average, all of the
ompounds produce between 0.2 and 2.4 ROS per106 molecules
nd per mW of laser power at 375 nm (compared to 1 ROS for C60).
he exohedral functionalization of fullerenes with heterocyclic
ings does not drastically alter the photochemical and photophys-

cal properties of the fullerenes. However, compared to C60, the
ost efficient compounds, 12 and 13, may owe their enhanced

fficiency to the additional degree of liberty introduced by the
ethylenic carbon of the benzyl group, through either less aggre-

ation and/or by a special reactivity of the benzyl. Additionally,
e can speculate that the presence of a benzylic carbon, which is

ighly reactive in radical reactions, may play an important role in
nhancing this efficiency [43].

For all of the fullerene compounds, the photo-oxidation process
n the non-polar solvent toluene can be explained by an autocat-
lytic reaction mechanism involving type I and type II mechanisms,

[

[
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with the latter being dominant in the initial stage of illumination.
In the saturation stage, all ROS produced are converted into OH•

via the self-dismutase of superoxides. These results show that the
hydrophobic fullerene compounds are potential photosensitizers
for topical PDT.
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