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a b s t r a c t

Immobilization of [60]fullerene onto �-Al2O3 surface provides new heterogeneous photocatalysts for the
oxidation of organic compounds under oxygen atmosphere. These catalysts have been prepared by sim-
ple or successive incipient wetness impregnation (using an organic solvent) followed by air-heating at
180 ◦C. In the C60/Al2O3 system, C60 loading was varied in the range of 1–4% (w/w). Several experimental
techniques including BET, XRD, DRS, TGA, microelectrophoresis, photoluminescence and kinetic extrac-
tion, have been used to characterize these catalytic materials. It was found that the quite high surface
exposed by the supported C60 increases with the amount of the supported C60, while the dispersion of the
supported C60 decreases. The quite stable supported [60]fullerene phase is comprised from C60 clusters,
small and large aggregates. This non-uniform size distribution is reflected to a non-uniform distribution
concerning the ‘supported phase–support’ interactions. These interactions decrease with the amount of
the supported C60. The photocatalysts prepared may be safely used up to 200 ◦C. Above this temperature
the supported C60 is sublimated/combusted in air.

The photocatalytic activity of the so-obtained catalytic systems has been evaluated in terms of substrate
conversion in the singlet oxygen ‘ene’ reaction of alkenes. The photooxygenation of 2-methyl-2-heptene
has been examined as a probe reaction. It was found that the catalytic activity increases with the increas-
ing amount of the supported C60 up to the value of 3% (w/w) and then decreases. The intrinsic activity
expressed as TON or TOF decreased monotonically with C60. In all cases, however, the photocatalytic
-Al2O3
activity of the Al2O3-supported C60 catalysts was substantially increased compared to the unsupported
C60 precursor, exhibiting quantitative conversion yields after short reaction times. The catalytic behavior
was attributed to the aforementioned opposite trends which follow the surface exposed by the supported
C60 on one hand and the ‘supported C60–support’ interactions and the C60 dispersion on the other hand.
The easy separation of these solid catalysts from the reaction mixture, the high activity and stability as
well as the retained activity in subsequent catalytic cycles, make these supported catalysts suitable for a
small-scale synthesis.
. Introduction
Oxidation is a ubiquitous reaction in synthetic organic chemistry
ith both academic and industrial relevance. Among the several

xidation protocols reported so far, the photooxidation with singlet
xygen (1O2) possesses a rather prominent role [1–5]. The Schenck
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‘ene’ reaction is, unarguably, one of the most interesting modes of
reactions of singlet oxygen with organic compounds (Eq. (1)) [6,7]:

(1)

The allylic hydroperoxides formed in this reaction are usually

immediately reduced to the corresponding allylic alcohols. These
compounds have proven to be synthetically useful intermediates
in the synthesis of fine chemicals.

Typically, singlet oxygen is produced upon photoexcitation
using various sensitizers such as xanthene dyes, porphyrins (i.e.,

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:orfanop@chemistry.uoc.gr
mailto:alycour@chemistry.upatras.gr
dx.doi.org/10.1016/j.molcata.2009.10.001
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The Photoluminescence spectra of the samples studied were
recorded at room temperature in air using a SHIMADZU RF-5301
spectrofluorophotometer equipped with a 150 W xenon lamp, a red
6 M.D. Tzirakis et al. / Journal of Molecu

hthalocyanines), phenothiazines (i.e., methylene blue), and flu-
resceins (i.e., rose bengal). These compounds exhibit a high
bsorption coefficient in the visible region of the spectrum. The
ole of these sensitizers is to absorb the light and transfer their
nergy to molecular oxygen in the ground state thereby form-
ng the reactive singlet oxygen. Conventionally, photosensitized
eactions are carried out in homogeneous solutions. However,
he main shortcoming of a homogeneous system stems from
he requirement of separation and recycling of the sensitizer,
hich is of primary concern in ‘green chemistry’. For catalytic

xidations, a ‘green’ approach is the development of a solid,
ecyclable catalyst and the use of an environmentally friendly
eagent, such as molecular oxygen as the only oxidant. Working
t room temperature and atmospheric pressure is also desir-
ble.

[60]Fullerene is a well-established singlet oxygen sensitizer
8–12]. When C60 is irradiated with UV/vis light, it is excited from
he S0 ground state to a short-lived (ca. 1.2 ns) singlet excited
tate (ES 46.1 kcal/mol) [13]. The singlet excited state (S1) under-
oes rapid intersystem crossing (ISC) at a rate of 5.0 × 108 s−1 to a
ower lying triplet state T1 (ET 37.5 kcal/mol) with a long lifetime
>40 �s) [8,14,15]. In the presence of dissolved molecular oxygen
3O2), which exists as a triplet in its ground state, the fullerene T1
tate is quenched to generate singlet oxygen (1O2) by energy trans-
er at a rate of 2 × 109 M−1 s−1 (Eq. (2)). The singlet oxygen quantum
ield, ˚�, for this process has been reported to be nearly 1.0 (exci-
ation at 532 nm) [8,9]. On the other hand, the reverse process (i.e.,
uenching of singlet oxygen by ground state fullerene) proceeds
t a much smaller rate [8]. This property, in conjunction with the
ow fluorescence quantum yield, renders [60]fullerene an excellent
hotosensitizer:

(2)

On the other hand, photoexcited fullerenes are also excellent
lectron acceptors capable of accepting as many as six electrons
16,17]. 3C60

* has a higher electron-accepting ability than ground
tate 1C60, and electron-donating compounds (ED) such as amines
an reduce 3C60

* to give the C60 radical anion (3C60
•−) (Eq. (3)) [18],

hich may react further (e.g., through radical coupling pathways)
19,20]:

(3)

Moreover, electrons may transmit from the conduction
and of a semiconductor used in photocatalysis (e.g., TiO2,
nO) into the deposited 3C60* resulting to the formation of
C60

•−. Thus, the supported C60 particles on the semiconduc-
or surface act as electron traps. Therefore, it is expected to
mprove the photocatalytic behavior of these semiconductors
21–29].

In the present study, we extend our interest in heterogeneous
hotocatalysis [30–32], and report on the synthesis and charac-
erization of a series of Al2O3-supported fullerene catalysts with
arying C60 content in the range of 1–4% (w/w). Specifically, we
nvestigate the deposition mechanism of C60 on the support surface,
he state of dispersion and the size distribution of the deposited
60 aggregates, the “supported phase–support” interactions and

he stability of the active phase against sublimation/combustion.

oreover, we explore the activity, stability and reusability of these
upported catalysts in the 1O2 oxidation of alkenes (‘ene’ reac-
ion), examining the 2-methyl-2-heptene oxidation as a model
eaction. Finally, we attempt to correlate the catalytic activity of
talysis A: Chemical 316 (2010) 65–74

these photocatalysts to their important physicochemical charac-
teristics.

2. Experimental

2.1. Preparation of the supported photocatalysts

The supported C60(x) photocatalysts were prepared by deposit-
ing C60 on the surface of �-alumina grains of 100–150 mesh. The
x in the above notation denotes the C60 content of the photocat-
alyst (% w C60/w catalyst). It takes the values 1, 2, 3, and 4. The
aforementioned nominal values were confirmed by determining
experimentally the carbon content. The �-alumina (specific sur-
face area 231 m2/g, specific pore volume 0.76 mL/g) and the C60
used were purchased, respectively, from Akzo and Ses Research.
The sample with the lowest C60 content (1% w C60/w catalyst) was
prepared by simple incipient wetness impregnation. The impreg-
nating solution was prepared by dissolving the proper amount of
C60 in 1,2-dichlorobenzene. Then, the impregnated sample was
heated at 180 ◦C for 4 h in air. The remainder samples were pre-
pared by successive wetness impregnations, where each sample
was prepared starting from the previous one through the same
impregnation procedure mentioned above. Thus, C60(2), C60(3) and
C60(4) samples have been prepared starting from C60(1), C60(2) and
C60(3), respectively.

2.2. Characterization of the supported photocatalysts

2.2.1. Specific surface area measurements (SSA)
The SSA of the photocatalysts was determined by applying the

BET equation and using a flow technique. Pure nitrogen (Linde
special) and helium (Linde 99.996%) were used as adsorbate and
inert gas, respectively, in a laboratory-constructed apparatus. The
amount of nitrogen adsorbed at liquid-nitrogen temperature and
at three different partial pressures was determined using a ther-
mal conductivity detector of a gas chromatograph (Varian Series
1700).

2.2.2. X-ray powder diffraction (XRD)
The XRD patterns of the powdered samples were recorded with

an ENRAF NONIOUS FR 590 diffractometer using Cu K� (1.54198 Å)
radiation. The generator is equipped with a curved position sen-
sitive detector CPS120 of INEL. This was operated at 45 kV and
25 mA.

2.2.3. Diffuse reflectance spectroscopy (DRS)
The diffuse reflectance spectra of the calcined samples were

recorded in the range 200–800 nm at room temperature. A UV–vis
spectrophotometer (Varian Cary 3) equipped with an integration
sphere has been used. �-Al2O3 was used as a reference. The pow-
dered samples were mounted in a quartz cell. This provided a
sample thickness greater than 3 mm to guarantee the “infinite”
sample thickness.

2.2.4. Photoluminescence (PL)
sensitive photomultiplier and reflection grating monochromators
with fixed slits of 3 nm. The wavelength accuracy was ±1.5 nm. A
long-wavelength passing filter (UV-35) was used on the emission
monochromator side to cut off the scattered and the second order
lights.
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in the C60 loading causes a rather small decrease in the SSA indicat-
ing a rather small decrease in the C60 dispersion with the amount
of the supported phase. These conclusions are further confirmed
by the X-ray diffraction patterns (not shown here). In fact, the
XRD diffraction pattern of �-alumina is observed in all cases (main

Table 1
Values of the specific surface area (SSA), the isoelectric point (IEP) and the percentage
surface area exposed by the supported C60 (% XC60 ).

Catalysts SSA (m2 g−1) I.E.P. % XC60
M.D. Tzirakis et al. / Journal of Molecu

.2.5. Microelectrophoresis
The � potential of the solid particles was measured at 25 ◦C using

Zetasizer 5000 (Malvern Instruments Ltd.) microelectrophore-
is apparatus. Sufficiently dilute aqueous suspensions of a given
ample were prepared with constant ionic strength, 0.01 M. The
H of the suspensions was adjusted by adding small amounts of
M HNO3 or KOH solution. The ‘� potential vs. pH’ curves were

hus obtained. The pH value at which the � potential takes a
ero value was identified as the isoelectric point of the sample
IEP).

.2.6. Thermogravimetric analysis (TGA)
The TGA of the samples was carried out under He atmosphere

sing a DuPont thermo-balance. In all experiments the sample tem-
erature was increased from 25 to 700 ◦C with a rate of 10 ◦C min−1.
rom these spectra the corresponding differential spectra have
een derived.

.2.7. Carbon determination in the solid samples
The amount of carbon contained in the solid samples was

etermined using a Carlo Erba CHN analyzer (EA 1108, Elemental
nalyzer).

.2.8. C60 extraction experiments
Kinetic C60 extraction experiments were performed in order to

nvestigate the magnitude of interactions between the supported
60 phases and the support surface. In each experiment an amount
f the sample was immersed in a volume of 1,2-dichlorobenzene fif-
een times greater than the pore volume of the sample. The amount
f the extracted C60 was then determined photometrically at vari-
us times in the range 0–5600 min.

.3. Photooxygenation tests

.3.1. Analytical techniques
1H NMR and 13C NMR spectra were recorded on Bruker AMX-

00 MHz (125 MHz for 13C) and DPX-300 MHz (75 MHz for 13C)
pectrometers, in CDCl3. Chemical shifts are reported in ppm rela-
ive to TMS using the residual solvent signals at 7.26 and 77.16 ppm
s internal references for the 1H and 13C spectra, respectively.
C–MS analysis was performed on a Shimadzu GC MS-QP5050A
pparatus equipped with a Supelco capillary column (MDN-5,
0m × 0.25 mm × 0.25 �m film thickness) and CI mass detector
5971A MS). Gas chromatographic analyses were performed on

Hewlett Packard 5890 series II instrument, equipped with HP
ilica fused capillary column (20% permethylated �-cyclodextrin,
0m × 0.25 mm I.D. × 0.25 �m film thickness). UV–vis spectra were
ecorded on a Shimadzu MultiSpec-1501 UV/Visible spectropho-
ometer.

.3.2. Solvents and reagents
Commercially available solvents or reagents were used as

eceived without further purification. Acetonitrile HPLC-grade was
sed as the reaction solvent. 2-Methyl-2-heptene was prepared

n 50% yield by Wittig reaction of isopropyltriphenylphospho-
ane with pentanal and purified by fractional vacuum distillation.
he final product was characterized by 1H and 13C NMR spec-
roscopy, as well as by mass spectrometry. 1H NMR (500 MHz,
DCl3): 0.90 (t, 3H), 1.32 (m, 4H), 1.61 (s, 3H), 1.70 (s, 3H), 1.98
m, 2H), 5.13 (t, 1H); 13C NMR (500 MHz, CDCl3): ı 14.16, 17.76,
2.55, 25.85, 27.93, 32.30, 125.08, 131.23; MS: m/z = 112 (M – 43,

9).

.3.3. Photocatalytic reactions
The model reaction (Eq. (4)) was carried out in 4 mL glass vial

ealed with a Teflon-coated silicone septum. This reaction follows
talysis A: Chemical 316 (2010) 65–74 67

a parallel kinetic scheme:

(4)

The reaction solution (CH3CN, 1 mL) contained 0.03 M of 2-
methyl-2-heptene and 3.6 mg of Al2O3-supported C60 catalyst. The
corresponding unsupported C60 was also evaluated under the same
conditions, for comparison purposes. In this case the concentration
of C60 in the reaction mixture was 2 × 10−4 M, corresponding to
that involved in the suspension of the C60(4) photocatalyst.

The solution was irradiated under a constant stream of molecu-
lar oxygen at 0–5 ◦C. A Cermax 300 W Xenon lamp (with UV-filter
output that covers a broad spectral range ∼390–770 nm) was used
as the light source. The insoluble catalyst was kept in suspension by
vigorous magnetic stirring. During irradiation, aliquots of the reac-
tion mixture were pooled out, the solid materials were filtered-off,
Ph3P was added (to reduce the allylic hydroperoxides to the cor-
responding alcohols) and the resulting sample was left at RT for
20 min. GC and/or GC–MS analysis was used to monitor the reaction
over time. n-Nonane was used as internal standard.

The % conversion values reported are the average of three mea-
surements obtained from three separate experiments performed
for each catalyst. The molar ratio 1a and 1b was determined by 1H
NMR spectroscopy.

The turnover number (TON) was calculated by dividing the con-
centration of products 1a and 1b (mol of products) with the amount
of the supported C60 (mol of C60). The turnover frequency (TOF) was
calculated by dividing TON with time (s).

3. Results and discussion

3.1. The texture of the photocatalysts and the estimated size of
the supported C60 clusters/aggregates

Table 1 compiles the values of the specific surface area (SSA) of
both the �-Al2O3 support (after pore volume impregnation with
pure solvent followed by air-heating at 180 ◦C for 4 h) and the
C60(x) photocatalysts (x = 1, 2, 3, 4). The deposition of the mini-
mum amount of C60 does not bring about any change in the SSA.
This indicates that the deposited C60 does not actually disturb the
alumina porous structure by extending pore blocking. This is a first
indication that in this sample quite small C60 aggregates and/or
molecular C60 clusters are formed on the support surface. Increase
�-Al2O3 231 8.8 –
C60(1) 234 8.5 7.3
C60(2) 206 8.4 9.8
C60(3) 212 8.3 12.2
C60(4) 191 8.2 14.6
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ig. 1. (a) Absorption spectrum of a C60 solution in 1,2-dichlorobenzene. (b) DR sp
eating at 180 ◦C for 4 h.

iffraction peaks at 2� equal to 66.7◦ and 45.8◦). Only the maximum
60 peak at 2� = 21.8◦ is hardly visible in the XRD spectra of the two
hotocatalysts with the higher C60 loading.

.2. The dispersive action of the �-alumina surface

The dispersive action of the �-alumina surface is better revealed
y studying the electronic spectra of: (i) C60 in 1,2-dichlorobenzene
Fig. 1a), (ii) a mechanical mixture of the solid C60 with �-alumina
urface before and after drying at 180 ◦C for 4 h (Fig. 1b), and (iii)
he prepared photocatalysts (Fig. 2).

In the UV–vis absorption spectrum of the dissolved C60 appear
wo strong absorption peaks (284, 335 nm) in the ultraviolet
egion, a small peak at 410 nm and a very weak extended band
n the visible region. The peaks are mainly attributed to the C60

olecules/clusters or very small aggregates whereas the weak band
o the C60 relatively large aggregates. A magnification of the spec-
rum in the visible region is illustrated in the inset of Fig. 1a.
nspection of this picture shows that the large band (475–650 nm)
s rather structured involving four peaks at about 525, 550, 600 and
25 nm. The aforementioned peaks in the ultraviolet and visible

egion are in good agreement to those reported in the literature
33–35]. In order to confirm that the absorption in this region is
ctually due to the C60 relatively large aggregates we have taken
he diffuse reflectance spectrum of a mechanical mixture of C60
nd �-alumina (Fig. 1b, curve I) because it is well known that the

ig. 2. DR spectra of the support (after treatment with 1,2-dichlorobenzene and
eating at 180 ◦C for 4 h) and the catalysts prepared.
of a mechanical mixture of C60 with �-alumina (2%, w/w) before (I) and after (II)

grains of solid C60 are comprised from C60 aggregates. In this spec-
trum an extended band appears in the range 400–700 nm whereas
the absence of bands at 284, 335 nm indicates the absence of C60
molecules/clusters or very small C60 aggregates. The heating of
the mechanical mixture at 180 ◦C for 4 h increases the supported
fullerene/�-alumina interactions resulting to somewhat better dis-
persion of the supported C60. This is manifested by the increase
(decrease) of the F(R) value in the range 250–400 nm (440–700 nm)
(Fig. 1b, II).

The excellent dispersing ability of the �-alumina surface is much
more pronounced in the supported photocatalysts. In fact, inspec-
tion of Fig. 2 clearly shows that a large portion of the supported
C60 is comprised from C60 clusters or very small C60 aggregates
which are manifested by the peaks centered at about 260 nm and
335 nm. The remained portion of the supported C60 is comprised
from aggregates of progressively increasing size. The relatively
small aggregates absorb in the range 350–450 nm whereas the
larger ones in the range 450–650 nm. Thus, the application of the
diffuse reflectance spectroscopy reveals not only the excellent dis-
persing ability of the �-alumina surface but the non-uniform size
distribution of the supported C60 clusters/aggregates as well.

The dispersive action of �-alumina has been also investigated by
photoluminescence. The photoluminescence spectra of �-alumina,
solid C60, the catalysts studied and a mechanical mixture containing
2% (w/w) C60 and 98% (w/w) �-alumina are illustrated in Fig. 3.

These spectra were recorded after excitation at 220 nm. It may
be seen that both materials emit at similar wavelengths [C60 (�-
alumina): 365(375), 470(450–550), 724(725) and 826(826)]. In all
cases the �-alumina peaks are much more intense than the corre-
sponding ones of the C60.

Because photoluminescence often originates near the surface
of a material [36] it constitutes an important technique for the
characterization of surfaces [37]. Moreover, the presence of species
deposited on a surface alters the intensity of the photolumines-
cence signal. Several studies on the photoluminescence of C60 have
shown that the number and the location of the peaks depend on
the size of the C60 entities (i.e., small nanoparticles, clusters of
nanoparticles, bigger aggregates), the crystallinity of the material,
the temperature at which the spectra have been recorded and the
topochemical environment [38–41]. Thus, the assignment of the
various peaks at particular C60 entities is quite difficult though the

peaks observed by us are in reasonable agreement with those found
in the literature [38–41]. Concerning the �-alumina, two emission
peaks at 343 and 378 nm as well as a broad band centered at 500 nm
have been reported for photoluminescence spectra recorded in the
range 300–700 nm. The peaks were attributed to the F+ center,
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and thus loosely bound C60 aggregates which absorb in the range
450–650 nm in the DRS spectra (Fig. 2). A large period of time (ca.
5600 min) is required for a second portion of supported C60 to be
extracted (ca. 30%). This could correspond to the relatively small
ig. 3. Emission spectra recorded in the range 350–900 nm for the �-alumina, the
olid C60, the catalysts studied and a mechanical mixture. The materials were excited
t �ex = 220 nm.

hile the broad band was attributed to impurities [42]. One of these
eaks and the broad band has been also detected in our spectra.

In spite of the aforementioned difficulties to assign all the peaks
etected in the photoluminescence spectra obtained in the present
ork, these are very useful for investigating the dispersive action

f �-alumina. The decrease in the intensity of the �-alumina peaks
ue the presence of the C60 is much more pronounce in the sample
60(2) than in the mechanical mixture containing the same amount
f C60 (Fig. 3). This has been observed for all the catalysts studied
nd the corresponding mechanical mixtures and shows that the
eposited C60 is dispersed quite well covering a considerable por-
ion of the �-alumina surface. The surface coverage increases with
he C60 content as it may be deduced by the observation that the
forementioned decrease in the intensities of the peaks increases
ith the C60 content in the catalysts.

.3. The surface exposed by the supported C60

Taking into account the above it would be interesting to inves-
igate further the dispersive action of the �-alumina surface by
etermining the surface exposed by the supported C60. This may be
stimated by determining the values of the IEP for the �-alumina
IEPAl2O3

) the solid (C60, IEPC60 ) and the photocatalysts studied
IEPC60x). Provided that the ‘support–supported phase’ interactions
o not affect considerably the acid–base behavior of the �-alumina
nd the supported C60, the above parameters are related by the
ollowing relationship [43]:

C60 · IEPC60 + XAl2O3
· IEPAl2O3

= IEPC60x (5)

here XC60 and XAl2O3
stand for the fractions of the surface of each

hotocatalyst exposed by the supported C60 and the bare support,
espectively. On the other hand it is obvious that

C60 + XAl2O3
= 1 (6)

By combining the above equations we may derive the following
elationship:

C60 = IEPC60x − IEPAl2O3

IEPC60 − IEPAl2O3

(7)
The values obtained for the isoelectric point are compiled in
able 1. As expected [43], there is a shift of these values from
EPAl2O3

= 8.8 to IEPC60 = 4.7. The application of Eq. (7) allowed the
etermination of XC60 values (Table 1). Using these values and the
Fig. 4. Variation of the area exposed by the supported C60 with the loading of C60 in
the photocatalysts studied.

corresponding values for the SSA (Table 1) we have calculated the
specific surface area exposed by the supported C60. The variation of
this area with the C60 content is illustrated in Fig. 4. It may be seen
that this area is rather large indicating a quite high dispersion of
the supported C60, in agreement with the DRS, XRD and PL results.
Moreover, it may be observed that this area increases with increas-
ing C60 loading, while the dispersion of the supported C60 decreases.
The latter suggests that the size distribution of the supported C60
clusters/aggregates, inferred by DRS, shifts to higher values as the
loading increases. This is also in line with the aforementioned BET
and XRD results.

3.4. Support–supported phase interactions

The non-uniform size distribution of the supported C60 could
reflect a similar profile with respect to the magnitude of inter-
actions of the supported C60 phases with the �-alumina surface.
This was investigated by performing kinetic C60 extraction experi-
ments. The kinetics of the C60 extraction in 1,2-dichlorobenzene is
illustrated in Fig. 5.

It may be seen that a portion of the supported C60 (ca. 30%)
is extracted within 30 min. This may concern the relatively large,
Fig. 5. Kinetics of the extraction of C60 from the catalysts prepared.
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ggregates absorbing in the range 350–450 nm in the DRS spec-
ra (Fig. 2). Moderate support–supported phase interactions are
xpected in this case. Finally, another portion of the supported
60 (ca. 40%) remains on the support surface even after 5600 min.
his could correspond to the C60 clusters or very small C60 aggre-
ates, which are manifested by the peaks centered at about 260,
nd 335 nm in the DRS spectra (Fig. 2). Thus the kinetics of the C60
xtraction corroborated the picture for the supported C60 drawn
rom the other characterization techniques, mainly from the DR
pectroscopy. However, this kinetics is not sufficiently sensitive
o reveal details concerning the effect of the C60 loading on the
support–supported phase’ interactions.

A more suitable tool to probe these interactions is proved to be
hotoluminescence. In fact, a very interesting observation in the
hotoluminescence spectra is the presence of an additional broad
mission band centered at around 550 nm in the spectra recorded
fter excitation at 340, 350, 476 and 488 nm for the catalysts stud-
ed. A part of these spectra, recorded after excitation at 350 nm,
s illustrated in Fig. 6. The band at 550 nm does not appear in the
hotoluminescence spectra recorded for the �-alumina, C60 and
he mechanical mixtures. Actually, the emission spectrum of the �-
lumina illustrated in Fig. 6 is simply the tail of the band centered
t about 470 nm (see also Fig. 3).

The appearance of the band at 550 nm may be attributed to the
uite strong interactions between the well-dispersed C60 and the �-
lumina surface, which change the local topochemical environment
f the supported C60. It may be seen that these interactions decrease
ith increasing the C60 loading. This observation is in line with the

forementioned finding that the dispersion of the supported C60
ecreases as the C60 loading increases. As we shall see both effects
re important for explaining the intrinsic catalytic behavior of the
upported photocatalysts.

.5. Stability of the supported phase against
ublimation/combustion

It is well known that above a critical temperature the solid C60
s sublimated and/or combusted in air. Thus, another critical point
oncerning the preparation of functional C60-based photocatalysts

s the determination of the temperature range at which the devel-
ped photocatalysts are stable. The differential version of the TGA
urves can help us to investigate this point. These curves are illus-
rated in Fig. 7.

ig. 6. Emission spectra recorded in the range 500–700 nm for the �-alumina, the
olid C60 and the catalysts studied (�excitation = 350 nm).
Fig. 7. Differential TGA curves derived under ambient atmosphere for the catalysts
prepared.

It may be seen that there are two temperature ranges in which
a loss of weight is observed. The first centered at about 70 ◦C
concerns the removal of the surface water molecules. The second
quite wide range (230–750 ◦C) concerns the progressive sublima-
tion/combustion of the supported C60. This shows that the prepared
photocatalysts could be safely used up to 200 ◦C. On the other hand
the broadness of the second range and the appearance of one or two
peaks within this range may reflect the non-uniform distribution
concerning the size of the supported C60 clusters/aggregates and
their interactions with the support surface. An interesting observa-
tion is that the maximum of the differential TGA curves appeared
above 500 ◦C, which presumably correspond to more strongly inter-
acted C60 supported species with the support surface, shifts to
lower temperatures with increasing C60 loading. This is line with
the PL and microelectrophoresis findings that the ‘C60–alumina’
interactions and the C60 dispersion decrease with increasing the
C60 loading.

3.6. On the mechanism of formation of the supported C60

The method used for the preparation of the supported photo-
catalysts involved two steps: the incipient wetness impregnation
and the heating step. It will be interesting to investigate at which
of these steps the deposition takes place. In order to investigate
this point we have selected the sample with the minimum C60
content, because it was the only one prepared by simple incipient
wetness impregnation. The DR spectra of this specimen recorded
after impregnation and after heating are illustrated in Fig. 8. The
corresponding spectra recorded for the support are illustrated in
the inset of this figure.

Comparison of the spectrum of the wet sample with the DR spec-
trum of the support impregnated with the pure solvent and with
the absorption spectrum of the C60 molecules in a solution of 1,2-
dichlorobenzene (Fig. 1a) clearly shows that the DR spectrum of the
wet C60(1) specimen is simply the combination of these two spec-
tra. This strongly suggests that upon impregnation, C60 molecules
or small clusters are simply transferred inside the pores of the sup-
port and that there are not any specific interactions of these species
with the support surface. Thus, in our case the porous of the sup-

port act as simple reservoirs for the fullerene species. It is in the
heating step where the solvent is removed and the C60 species are
deposited on the support surface. These are respectively manifested
by the disappearance of the DR spectrum of the solvent (inset of
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ig. 8. DR spectra recorded for the sample C60(1) after each preparation step (see
he text). The preparation step is indicated. Inset: DR spectra recorded after impreg-
ation of the support with pure solvent (1,2-dichlorobenzene) and after heating at
80 ◦C. The particular step is also indicated.

ig. 8) and the dramatic change of the DR spectrum upon drying
Fig. 8).

.7. Photocatalytic activity

The activity of the photocatalysts studied has been assessed by
erforming a series of photooxidation experiments in CH3CN using
-methyl-2-heptene (1) as a model substrate:
The activity curves obtained over the different photocatalysts
tudied are shown in Fig. 9. In these curves, the % conversion of 1
s plotted as a function of reaction time. When the model reaction

as run in the presence of pure �-Al2O3 an insignificant oxidation

ig. 9. Conversion of 2-methyl-2-heptene obtained at various reaction times over
he catalysts studied. The corresponding values for unsupported C60 were also eval-
ated for comparison purposes. In this case the concentration of C60 in the reaction
ixture was 2 × 10−4 M, corresponding to that involved in the suspension of the

60(4) photocatalyst.
talysis A: Chemical 316 (2010) 65–74 71

was observed indicating that the �-Al2O3 does not interfere to the
photocatalyzed reaction. We have also verified that no oxidation
products were obtained when blank experiments were run in the
absence of light or catalyst.

It may be observed that under the conditions explored, sub-
strate conversion is achieved in the range of 71–99% for 100 min
of irradiation. More importantly, it may be seen that the activity of
the alumina-supported catalysts is much higher than that obtained
for the unsupported C60. For example, the percentage conversions
obtained after 100 min of irradiation over the C60(4) and C60 pho-
tocatalysts were found to be equal to 95 and 25%, respectively. It
should be mentioned that the same amount of C60 is involved in
both cases.

In all cases the allylic hydroperoxides 1a and 1b were obtained
in a 1:1 molar ratio. Moreover, the photooxidation of 1 in the pres-
ence of well-established 1O2 sensitizers, such as rose bengal (RB)
or tetraphenyl porphyrine (TPP) afforded la and lb in the same
ratio. This result is indicative of a 1O2 formation as the reactive
intermediate in the case of the C60 mediated heterogeneous pho-
tooxidation of 1. Further experiments performed with the addition
in the reaction mixture of 5 mg of 1,4-diazabicyclo[2.2.2]octane,
an excellent 3C60

* and 1O2 quencher [44,45], revealed an almost
complete inhibition of the C60/Al2O3-sensitized photooxidation of
1.

Furthermore, it may be seen that the increase of the C60 load-
ing, upon going from C60(1) to C60(2) and C60(3), is reflected in
the increase of the photocatalytic activity of the corresponding
C60/Al2O3 catalyst. On the other hand, the photocatalytic activity
of C60(4) sample did not follow the same trend, and surprisingly,
exhibited a slightly lower activity than that of the C60(3) catalyst.
Thus, from the practical viewpoint, this work shows that using a
C60/�-Al2O3 photocatalyst with a C60 content of about 3% (w/w)
one may obtain the maximum catalytic activity. The increase in the
activity up to 3% (w/w) seems to follow approximately the increase
in the surface exposed by the supported C60 (Fig. 4). Apparently,
this increased surface provides more active sites for photocat-
alytic generation of 1O2, thus resulting in enhanced oxidation of
2-methyl-2-heptene (1). However, the increase in the C60 sur-
face observed in Fig. 4 cannot explain the inversion in the activity
observed over the sample with the maximum C60 content (C60(4)).
The “volcano” like trend observed in the activity, expressed as a
percentage conversion of (1), implies that the intrinsic activity of
each site is not constant but depends on the C60 loading. In order to
investigate further this point we have calculated the turnover num-
ber (TON) and the turnover frequency (TOF). The variation of these
parameters with time is illustrated in Fig. 10a and b, respectively.
It may be seen that in all cases the TON and TOF values decrease as
the C60 content increases. Therefore, intrinsic activity follows the
opposite trend to that followed by the number of the active sites,
and this may rationalize the observed volcano like trend observed
in the % conversion values.

We could attribute the decrease in the intrinsic activity with
the C60 content in the photocatalysts to both the decrease in the
“supported C60–alumina” interactions, manifested by photolumi-
nescence (Fig. 6) and differential TGA (Fig. 7), and/or the decrease
in the C60 dispersion (Fig. 4). Further studies, however, are neces-
sary before the role of these interrelated parameters on the intrinsic
catalytic activity can be confirmed.

3.8. Stability under working conditions and reusability of the
catalysts
The catalyst over which the maximum conversion has been
observed, that is C60(3), was selected as representative example.
To test the catalysts’ stability, a solution of C60(3) (3.6 mg in 1 mL
CH3CN ca. 1.5 × 10−4 M C60) was irradiated for 100 min under
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ontinuous oxygen bubbling at 0–5 ◦C. The catalyst was kept in
uspension by magnetic stirring. After irradiation the suspension
as centrifuged and the supernatant solution was subjected to
V/vis spectral analysis indicating that no C60 had been released

nto the solution. This result indicates that the contribution of the
omogeneous reaction to the heterogeneously catalyzed reaction

s actually negligible and confirms the aforementioned finding that
uite strong chemical interactions developed between supported
60 and the �-Al2O3 surface upon heating at 180 ◦C. To further
onfirm our results on the leaching of the catalysts, C60(3) was
ixed with acetonitrile in a separate experiment and stirred for
h at 22 ± 1 ◦C. Then the catalyst was filtered-off and 2-methyl-
-heptene (1) was added into the filtrates (0.03 M). The resulting
olution was irradiated for 100 min in the presence of molecular
xygen. Only a small amount of hydroperoxides 1a and 1b (ca. 4%)
as detected by gas chromatography. The above control experi-
ent corroborates the previous conclusion that leaching did not

esult in any considerable removal of the supported C60 from the
upport surface. As expected, in view of the negligible solubility of
60 in CH3CN [46], the leaching of C60 sensitizer into the reaction
olution is not favoured in this solvent. On the other hand, when
he same experiments were carried out in hexane or CHCl3, instead
f CH3CN, it was found that a considerable amount of C60 had been
ost from the alumina surface. In particular, the UV/vis spectra of
he supernatant solutions were compared with a standard solution
f C60 (4.5 × 10−5 M C60 in CHCl3 or 3.5 × 10−5 M C60 in hexane),
ndicating that 20% and 30% of C60 catalyst had been lost from the
lumina surface, when hexane or CHCl3 was used as the reaction
olvent, respectively. Accordingly, polar solvents such as acetoni-

rile are the most suitable for maintaining strictly heterogeneous
onditions.

Reusability is one of the most important advantages of hetero-
eneous catalysts and its study may also provide important insights

ig. 10. TON, and TOF values achieved at various reaction times over the catalysts
tudied.
Fig. 11. Catalytic performance of recycled C60(3) photocatalyst in the heterogeneous
photooxidation of 2-methyl-2-heptene. The various runs are indicated.

into the catalyst stability during the catalytic cycle. Herein, the
C60(3) catalyst performance has been evaluated in three consec-
utive runs, to verify its potential recycling. Thus, 1 (0.03 M) was
irradiated for 100 min in the presence of 3.6 mg C60(3) (1.5 × 10−4 M
C60) in oxygen saturated CH3CN, at 0–5 ◦C. The resulting solution
was centrifuged, the supernatant was removed, and the solid cata-
lyst was rinsed thoroughly four times with CH3CN. The catalyst was
then reused in the presence of 0.03 M of (1). The initial conversion
of 1 at 100 min of irradiation, decreased slightly from 99 to 94%.
When the catalyst rinsed again with CH3CN followed by the addi-
tion of 0.03 M (1), an efficient oxidation was performed for a third
time with 71% conversion (Fig. 11) indicating that the catalyst was
gradually deactivated over time. A reasonable explanation for this
effect is that the contact of the solid catalyst with the liquid phase
brings about a progressive decrease in the ‘supported C60–support’
interactions, thereby reducing the active surface.

3.9. Effect of catalyst amount on the photocatalytic activity

The dependence of the photocatalytic activity on the amount of
catalyst was also investigated. The results from the time-course of
the conversion of 1 with various amounts of catalyst are shown in
Fig. 12. Typically, a higher concentration of the supported C60 in the
reaction mixture is expected to increase the percentage conversion.

Indeed, it can be seen from Fig. 12 that as the catalyst concentration
was increased, the oxidation rate was enhanced. In particular, using
the catalyst concentration of 0.5 × 10−4 M C60 (1.2 mg of C60(3)), the
time required for 80% completion of reaction was 80 min, whereas
using 2.0 × 10−4 M C60 (4.8 mg of C60(3)) it was only 40 min. On the

Fig. 12. Time profiles of the 2-methyl-2-heptene photooxidation catalyzed by C60(3)
in oxygen saturated CH3CN at 0–5 ◦C.
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ig. 13. Plots of Eq. (7) for the photooxidation of 2-methyl-2-heptene over the
nsupported C60 and the C60(x) photocatalysts.

ther hand, another interesting phenomenon was observed: the
ncrease in the catalyst concentration beyond 2.0 × 10−4 M C60 did
ot affect the rate of the oxidation reaction as dramatically as in the

ower concentration region. For example, essentially no increase of
he oxidation rate was observed, upon going from 4.8 to 7.2 mg of
60(3) (2.0 × 10−4 and 3.0 × 10−4 M C60, respectively). Thus, when
he concentration value of the active phase was 2.0 × 10−4 M C60,
he reaction conversion reached almost the maximum value. We
ould attribute this observation to shadow effects. In fact, as the
mount of the solid catalyst increased in the reaction mixture, a
ontinuously higher fraction of the catalyst particles could not be
lluminated being in the shadow of the particles suspended in front
f them.

.10. Formal kinetics

In order to investigate further the photocatalytic behavior of the
60(x) catalysts we studied the formal kinetics of the photooxida-
ion of 2-methyl-2-heptene. The following equation may be written
hich relate the reaction time (t), the rate constant (k) and the

onversion of 2-methyl-2-heptene (x):

· t = − ln(1 − x) (8)

he above equation may be derived assuming first order depen-
ence of reaction rate on the alkene concentration and taking into
ccount that during the photocatalytic reaction the oxygen con-
entration in the reaction mixture remained constant. The linear
ependence of the “−ln (1 − x)” on “t” observed in all cases (Fig. 13)
onfirms the aforementioned assumption and indicates that the
ame kinetics is followed over the unsupported and supported

60.

The values of the rate constant per gram of the catalyst were cal-
ulated by the slope of the linear curves and then the corresponding
alues per mmol of the supported C60.

Table 2
Values of the rate constant (k) calculated per gram of the catalyst and
per mmol of the supported C60.

Catalysts k (gcat min−1) k (mmolC60 min−1)

C60(1) 3.6 260
C60(2) 6.4 230
C60(3) 8.9 213
C60(4) 8.3 150
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As expected, the first values follow the trend followed by the %
conversion whereas the latter values follows the trend followed by
TON or TOF (Table 2).

4. Conclusions

In conclusion, we have demonstrated the application of the
simple and successive incipient wetness impregnation technique
for successful immobilization of varying amounts of [60]fullerene
on the �-Al2O3 surface. It was found that a large portion of the
supported C60 is comprised from C60 clusters or very small C60
aggregates. The remained portion of the supported C60 is comprised
from aggregates of progressively increasing size. This non-uniform
size distribution is reflected to a non-uniform distribution concern-
ing the ‘supported phase–support’ interactions. The high and quite
stable surface exposed by the supported C60 increases with the
amount of the supported C60, while the dispersion of the supported
C60 decreases. The photocatalysts prepared may be safely used up
to 200 ◦C.

All catalysts exhibited good conversion, turnover number and
turnover frequency values, under mild reaction conditions in the
heterogeneous oxidation of olefins via a 1O2 ene reaction. The cat-
alytic activity, expressed as % substrate conversion, increases with
the amount of the supported C60 up to a value of 3% (w/w) and then
decreases. The intrinsic activity expressed in TON or TOF decreases
monotonically as the amount of the supported C60 increases. The
aforementioned catalytic behavior was attributed to the opposite
trends which follow the surface exposed by the supported C60 on
one hand and the ‘supported C60–support’ interactions and the C60
dispersion on the other hand. The first parameter increases with
the C60 content, while the second and third parameters decrease.

The easy separation of the solid catalyst from the reaction mix-
ture, the high dispersion of the supported C60, the high activity
and stability as well as the retained activity in subsequent catalytic
cycles, make these supported catalysts suitable for a small-scale
synthesis.
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