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A specific fullerene derivative, Cqo(CHCOOH),, was introduced into the matrix network of well-ordered hexago-
nal mesoporous silica (SBA-15) via a chemical bond interaction. The methods included aminosilylation of the surface
silanols within SBA-15 channels by 3-aminopropyl(trimethoxy)silane (APTS) and a subsequent amide reaction between
amino groups of APTS/SBA-15 and carboxylic acids of C4(CHCOOH),. The final material C¢o(CHCOOH),/APTS/
SBA-15 was confirmed by XRD, TEM, and BET techniques, FT-IR and UV-vis spectra. The [60]fullerene carboxylic
derivative molecules were uniformly distributed in the channels of SBA-15, while pure [60]fullerene molecules

remained as clusters or larger aggregate states.

Since the discovery of Cgp and the improvement of its pre-
parative methods, fullerenes have attracted much attention for
a wide range of potential applications in optical, electronic,
magnetic, physiological, and even medical usage.' Recently,
“single molecular chemistry” taking place in nanostructure en-
vironments has caused much interest in the chemical commun-
ity. Reactions in which molecules are spatially restrained could
lead to a new fundamental understanding about the use of the
local environment to control chemical reactions.®’ The incor-
poration of fullerenes and their derivatives in inorganic host
matrixes to fabricate organic—inorganic nanocomposites is
very important and has promising applications especially in
material usage.® Up to now, fullerenes are have usually been
introduced into the matrix network by a postpreparation ap-
proach, no attempts to graft fullerene derivatives to the back-
bone have been reported to our knowledge.’ Several difficul-
ties have challenged scientists in developing this type of nano-
composite materials,”!? such as the insolubility of fullerene in
polar organic solvents and the difficulty in controlling the ag-
gregation state of fullerenes and their derivatives. The proper-
ties of the material appear to be affected by the state of the
fullerenes. It has been shown that when Cgy molecules aggre-
gate, the formation of the triplet state considerably decreases,
thus reducing the optical limiting capability of such aggregate
molecules.!! Therefore, if fullerenes are incorporated as isolat-
ed molecules, rather than clusters or larger aggregates, the
properties should improve.

In this work, isolated fullerene carboxylic derivative mole-
cules were incorporated into the channels of mesoporous
silica (SBA-15) via chemical bonding with the matrix network.
The solubility of fullerene in polar organic solvents was im-
proved by functionalizing the fullerene with a polar carbonyl
functional group. At the same time, the fullerene derivative
molecules were prevented from aggregating by their direct
chemical bond with the matrix network in mesoporous silica
(SBA-15). The resulting surface modification of SBA-15

should maintain or improve the optical properties of the graft-
ed fullerene derivative.!!

Experimental

Characterization Instruments. X-ray diffractometer (XRD)
patterns were recorded on a Bruker D8 Advanced X-ray diffrac-
tometer using Cu Ko radiation. FT-IR spectra were measured on
Nicolet FT-IR-50-X. Diffuse reflectance UV-vis spectra were
recorded on a JASCO Corp. V-550. Thermal gravimetric analyses
(TGA) were performed on a Perkin-Elemer Pyris 1 DTA-TGA
instrument under nitrogen with a heating rate of 10°Cmin~'.
Transmission electron microscopy (TEM) experiments were con-
ducted on a JEOL2011 microscope operated at 200kV. Photolu-
minescence excitation data were obtained on a Cary Eclipse
fluorescence spectrometer. The Nitrogen adsorption—desorption
isotherms were measured using a Micromeritics ASAP 2000
system, the samples were degassed at 473 K overnight on a vacu-
um line.

Synthesis of Materials. The synthetic route of Cgo(CHCO-
OH),/APTS/SBA-15 is described in Scheme 1.

Ceo?~ anion was prepared in THF solution according to the pre-
viously described method.!? To the above Cgy>~ anion solution in
THF (20 mL, 0.50 mmol) was added dibromo-reagent of fumarate
(80 mg, 0.50 mmol) while stirring, and the mixture was refluxed at
333 K. After reacting for 4 h, an air-stable brown powder precipi-
tated from the solution, was centrifuged and washed twice with
THF. Solvent residues were removed by freeze drying under vac-
uum for several hours. Dilute hydrochloric acid (15 mL, 6 M) was
added to the above solid. After acidification for 6 h, the mixture
was centrifuged and the solid was washed twice with water. Final-
ly, the product was dried at 333-343 K to remove the remaining
water under high vacuum for 24 h, the obtained Cgo(CHCOOH),
was confirmed by FT-IR, FD-MS, THNMR, and UV-vis spectra.13

SBA-15'% was synthesized under acidic conditions using tetra-
ethyl orthosilicate (TEOS 98%, Aldrich) as a silicon source
and the tri-block copolymer poly(ethylene oxide)—poly(propylene
oxide)—poly(ethylene oxide) (EO,0PO70EO,, Aldrich) as a tem-
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Scheme 1.

plate. A solution with the mass ratio of EOPO79EO,¢:2MHCI:
TEOS:H,0 = 2:80:4.25:15 was prepared, stirred for 4h at 313 K,
and then heated at 373 K for 24 h. The solid product was filtered
and calcinated at 823 K for 5h. The SBA-15 obtained has a mean
pore diameter of 8.14nm, a pore volume of 1.21cm’g~!, and a
BET surface area of 577m?g~! was determined by N, adsorp-
tion—desorption measurement at 77 K. Before the aminosilylation
reaction, the SBA-15 sample was dried at room temperature for
8 h under vacuum.

Aminosilylation reaction of SBA-15 was performed according
to the literature method with minor modification."> In a typical
preparation, SBA-15 (1 g) was refluxed for 12h in ethanol solu-
tion (25 mL) containing 1wt % 3-aminopropyl(trimethoxy)silane
(APTS). The resulting material, APTS/SBA-15, was collected
by filtration, washed twice with ethanol, and dried at room tem-
perature for 24 h under vacuum to remove the remaining solvent.
To directly bond the fullerene dicarboxylic derivative on the
matrix network in mesoporous silica (SBA-15), APTS/SBA-15
(0.5 g) was stirred and refluxed in a THF solution (20 mL) contain-
ing of fullerene derivative {Co(CHCOOH),} (10 mg) at 70 °C for
3h. After the stirring was stopped for 20 min, the color of the
solution turned from brown to colorless, and the precipitate of
APTS/SBA-15 changed color from white to light brown. The re-
sulting solid, C¢o(CHCOOH),/APTS/SBA-15, was collected by
filtration, and washed twice with THF to remove the unanchored
Ce0(CHCOOH),. Finally, the remaining solvent was removed
from product under vacuum.

Fullerene samples Cgp/APTS/SBA-15, C¢o(CHCOOH), /APTS
and Cgo/APTS were prepared for comparison. APTS/SBA-15
(0.5 g) was stirred and refluxed in a toluene solution (20 mL) con-
taining fullerene Cgp (10 mg) at 120 °C for 3 h. The resulting solid,
Ce0/APTS/SBA-15, was collected by filtration and washed twice
with toluene. Finally, the remaining solvent was removed under
vacuum.

APTS are dropped into THF solution of Cg(CHCOOH), and
toluene solution of Cgg, respectively, with a molar ratio of 2:1.
After stirring and refluxing for 2 h, the solvent was removed under
vacuum. The obtained solids, Cg(CHCOOH),/APTS or Cg/
APTS, were washed twice with hexane, and dried at room temper-
ature for 24 h under vacuum.
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Fig. 1. XRD patterns of (a) C¢o(CHCOOH),/APTS/SBA-

15, (b) APTS/SBA-15, and (c) SBA-15.

Results and Discussion

In this work, we report that fullerene derivative Cq(CHCO-
OH), could be immobilized inside the channels of mesoporous
silica SBA-15 and bonded with amino groups of the matrix
network in mesoporous silica (SBA-15) after the SBA-15
was aminosilylated by using 3-aminopropyl(trimethoxy)silane
to form APTS/SBA-15. It was obvious that C¢(CHCOOH),
anchored to the basic amine groups of APTS/SBA-15 through
acid-base neutralization.

Figure 1 shows the XRD patterns of three solid samples
SBA-15, APTS/SBA-15, and Cg)(CHCOOH),/APTS/SBA-
15 in the 260 range of 0.6-5°.

All samples exhibited three peaks that were indexed as the
characteristic (100), (110), and (200) reflections of hexagonal
mesoporous SBA-15, indicating that these samples consisted
of well-ordered packed channels.'® Thus, the primary structure
of SBA-15 was maintained during aminosilylation of SBA-15
and chemical bonding of Cg(CHCOOH), with APTS/SBA-
15. Meanwhile, the intensity of the three reflections of APTS/
SBA-15 and C4(CHCOOH),/APTS/SBA-15 were nearly the
same as those of pure SBA-15. The chemical bonding between
Cg(CHCOOH), and APTS/SBA-15 may prevent the aggrega-
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tion of fullerene derivative Co(CHCOOH),, thus keeping the
SBA-15 channels unblocked and making the fullerene deriva-
tive exist predominantly in monomeric form. This results
could be observed via diffuse reflectance UV—-vis spectra (dis-
cussed later).

The nitrogen adsorption isotherms (Fig. 2) of Cgo(CHCO-
OH),/APTS/SBA-15, APTS/SBA-15, and SBA-15 showed
type I-V plots with type HI1 hysteresis loops for a typical
mesoporous material with 1-D cylindrical channels.!” The pore
sizes of calcinated SBA-15, APTS/SBA-15, C4(CHCOOH),/
APTS/SBA-15, and Cg)/APTS/SBA-15 were 8.14, 7.34,
7.14, and 7.06 nm, respectively, which were calculated from
the adsorption branch by using the Barrett—Joyner—Halenda
model. Both the BET surface areas and pore volumes
of Cg(CHCOOH),/APTS/SBA-15 and Cgy/APTS/SBA-15
were smaller than those of APTS/SBA-15. The amount of full-
erene loaded on the mesoporous silica was determined by TGA
of pristine mesoporous silica APTS/SBA-15 and the loaded
samples Cg(CHCOOH),/APTS/SBA-15. The experimental
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Fig. 2. Nitrogen adsorption—desorption isotherm plots and
pore-size distribution curves (inset) of SBA-15 and its
functioned materials. The isotherms were measured using
a Micromeritics ASAP 2000 system. The samples were
degassed at 473 K overnight on a vacuum line.

Monodispersed Fullerene Derivative in SBA-15

results showed the amount of fullerenes loaded on the mesopo-
rous silica was above 80 wt % of the amount of added fullerene
derivative. It means that the amount of fullerene Cgy loaded on
the mesoporous silica was about 1.6 wt %. These aspects indi-
rectly proved that fullerene derivative molecules entered into
channels of SBA-15.

From TEM images, we observed that the morphologies
of Ceo(CHCOOH),/APTS/SBA-15, Ce9/APTS/SBA-15, and
SBA-15 were almost similar, which confirmed that fullerene
and fullerene derivative did not destroy the outward appear-
ance of SBA-15 channels.

In order to further prove the chemical bonding of Cg(CH-
COOH); with APTS/SBA-15, we measured the FT-IR spectra
of three solid samples, that is, SBA-15, APTS/SBA-15, and
Ceo(CHCOOH),/APTS/SBA-15. In Fig. 3 curve a, a peak at
1652cm™! belonging to secondary amides -CONH-, which
was formed via chemical reaction between amino of APTS/
SBA-15 and carboxylic acids of Cg(CHCOOH),, was ob-
served. In addition, we observed a weak N-H bending vibra-
tion at 1550 cm™!; its intensity was slightly weaker than that
of curve b, which was attributed to the conversion of primary
amine to secondary amine. Other IR peaks were observed at
528, 572, and 1428 cm™', which were consistent with the char-
acteristic peaks of fullerene,” and suggested that [60]fullerene
molecules maintained their structure. Compared with the IR
spectra of C¢o(CHCOOH),,!? The peak at 1708 cm™' was ab-
sent, indicating that the -COO~ bond becomes —-CONH- in re-
sulting C¢o(CHCOOH),/APTS/SBA-15. In the amino-modi-
fied SBA-15 sample (curve b), the presence of APTS function-
al group on the matrix network was verified by the presence of
the N-H (primary amine) bending vibration at 1550 cm™!.

Comparing the IR spectra of C¢o(CHCOOH),/APTS with
those of Cgy/APTS (Fig. 4), the peak at 1647cm™! corre-
sponded to a secondary amides (—-CONH-), which was formed
via chemical reaction between amino of APTS and carboxylic
acids of C¢o(CHCOOH),, but was shifted 5cm™!. The peak at
1708 cm~!, which corresponds carboxylic groups was also ab-
sent. Cgp and APTS/Cgp had almost the same IR spectra, sug-
gesting that APTS cannot chemically react with Cgy under
such conditions. In other words, different conditions must
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Fig. 3.

IR spectra of (a) Ceo(CHCOOH),/APTS/SBA-15, (b) APTS/SBA-15, (c) SBA-15, and (d) Ceo(CHCOOH),. Water in the

samples was removed by freezed drying at 373 K under high vacuum for 24 h.
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be found for the chemical reaction between C¢y and APTS/
SBA-15.

The diffuse reflectance UV-vis spectrum of [60]fullerene
is known to be sensitive to environmental effects (solvent
and aggregation), and can be used to determine the aggregation
state. Figure 5 shows the UV-vis spectra of four solid sam-
ples SBA-15, APTS/SBA-15, C¢(CHCOOH),/APTS/SBA-
15, and the mixture of APTS/SBA-15 and Cgy(CHCOOH),.

From Fig. 5 curve a, it was confirmed that the [60]fullerene
derivative existed in the SBA-15 channels predominantly in
monomeric form, which has a characteristic sharp peak at
396 nm.'® Meanwhile, we did not observe any band at 450
nm,'® which is assigned to the formation of aggregates. The
aminosilane absorption band at 300nm?® was observed as
shown in Fig. 5 curve a and b. In Fig. 5 curve a, the long tail
band extending to 700 nm?!' was consistent with the saturation
due to the double bonds of [60]fullerene, resulting from the re-
action of Cgy>~ with dibromo-reagent of fumarate. In addition,
Fig. 5 curve a had other peaks in the range of 240-340 nm. In
a word, curve a is very different from curves b, ¢, and d. In
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Fig. 4. IR spectra of (a) Cg(CHCOOH),/APTS and

(b) Ceo/APTS. Water in the samples were removed by
freezed drying at 373 K under high vacuum for 24 h.
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order to measure the effect of [60]fullerene derivative content
on UV-vis spectrum, Figure 6 shows UV-vis spectra of
Ceo(CHCOOH),/APTS/SBA-15 samples having (a) 2wt %
and (b) 4wt % [60]fullerene derivative content. Curve b was
almost similar to curve a, only the intensity of the former
was stronger than that of the latter, thus suggesting that
[60]fullerene derivative in SBA-15 channels existed predomi-
nantly in monomeric form.

However, for sample Cgqy/APTS/SBA-15, a peak at 449 nm
was observed in Fig. 7b, and the intensity of three peaks (100),
(110), and (200) were weak, as seen in Fig. 8a. For sample
Ceo(CHCOOH),/APTS/SBA-15, a peak at 449nm was not
abserved in Fig. 7a, and the intensity of three peaks (100),
(110), and (200), were stronger in Fig. 8b. Because the loaded
substance cannot be dispersed in the pores of the mesoporous
materials uniformly, it will make the structure of the materials
become less ordered than the blank ordinary SBA-15. So,
the less ordered materials will show broader peaks in the
XRD patterns.

Therefore, we believe that the mono-dispersion of fullerene
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Fig. 6. Diffuse reflectance UV-vis spectra of (a) 2wt %
low and (b) 4wt% high Cgy derivative content of
Ceo(CHCOOH), /APTS/SBA-15.
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Fig. 5. Diffuse reflectance UV-vis spectra of (a) C¢o(CHCOOH),/APTS/SBA-15, (b) APTS/SBA-15, (c) SBA-15, and (d) the

mixture of APTS/SBA-15 and Cgo(CHCOOH);.
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Fig. 7. Diffuse reflectance UV-vis spectra of (a) Cgo(CH-
COOH),/APTS/SBA-15 and (b) Cgo/APTS/SBA-15.
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Fig. 8. XRD patterns of (a) Ceo/APTS/SBA-15 and
(b) SBA-15.

derivatives in the mesoporous materials via chemical bond
may effectively tune the physical properties of the obtained
materials, like surface properties and pore sizes of material
channels, which enable these materials to enjoy wide potential
applications in matter isolation.

The luminescence of pure [60]fullerene is weak, and
[60]fullerene derivatives may exhibit enhanced lumines-
cence.?? In mesoporous materials, surface properties of nano-
structure materials, chemical bonding interaction of [60]fuller-
ene derivatives with mesoporous materials and stored time in
air affect luminescence properties.”>?* We have synthesized
some special fullerene derivatives, and we are currently study-
ing their photoluminescence properties. These properties
may make them have potential applications in optical and elec-
tronic usage.

Conclusion

Cg(CHCOOH),, was chemically grafted to the backbone
of mesoporous silica SBA-15. The channels of SBA-15 was
aminiosilylated by APTS and subsequently reacted with
Co(CHCOOH), via acid-base neutralization. Fullerene deriv-
ative molecules were monodispersed in channels of SBA-15.
The use of mesoporous molecular sieve SBA-15 reported here

Monodispersed Fullerene Derivative in SBA-15

is a novel method for mono-dispersion of fullerene derivatives,
which may make possible to tune in the physical properties of
the obtained materials, like surface properties and pore sizes
of material channels.

This work was supported by the Shanghai Nature Sci-
ence Foundation of China (Project No. 04ZR14016) and the
National Nature Science Foundation of China (Project
No. 20271013).
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