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In this communication, we report for the first time on the
spherical bilayer vesicle formation of a dendritic Cgp-amphi-
phile-surfactant hybrid in aqueous solutions.

Amphiphilic fullerene derivatives consisting of polar functions,
such as carboxylic acid groups,*-5 amines and ammonium surfac-
tants,6-10 and starlike fullerene derivatives like
Coso[ (CH2),SO3Na]6,11 have a propensity to aggregate in agueous
solutions. In an effort to preserve as many double bonds as possible
and thus retain a high potential for scavenging deleterious radicals
in biological systems,12 a very water-soluble [60]fullerene mono-
adduct which is a methano[60] fullerene dendrimer with 18
carboxylic acid groups as shown in Fig. 1 was synthesized by
Hirsch and coworkers!3 (this molecule will bereferred to asDA2in
the following). This dendritic amphiphilic compound exhibits two
important propertiesinvestigated.2-13 Oneisthe solubility of 8.7 mg
Cso per mL in an aqueous solution buffered to pH = 7.4,13 another
isthefact that it does not form extended aggregatesin water. At pH
> 5 no aggregation at al is observed. Thisisin contrast to many
other water soluble fullerene derivatives.2

In this communication, we report for the first time on the
spherical bilayer vesicle formation of DA—surfactant hybrids in
aqueous solutions. The aims of these investigations were: a) to
modulate the aggregation behavior of DA by interaction with the
added single-chain co-surfactant tetradecyltrimethylammonium
hydroxide (TTAOH) and to study what type of aggregates (micelles
versus spherical bilayer vesicles) are formed; b) to modulate the
solubility of DA which should be different from that in the aqueous
solution buffered to pH = 7.4.13

TTAOH stock solution (pH = 12-13) was prepared from
tetradecy!trimethylammonium bromide (TTABr, 120 mmol L—1)
by strong base anion exchange (lon exchanger 111, Merck) at 40 °C
until no bromide ions could be detected upon precipitation with
AgNOs in excess HNOs. The resulting ion exchange with
hydroxide was >99%. The concentration of the resulting clear
micellar stock solution of TTAOH was 117.4 mmol L-1 as
determined by acid-base titration. The critical micelle concentra-
tion, cmc, of TTAOH was determined to be 1.8 mmol L—2 by using

Fig. 1 The structure of the dendritic methano[60]fullerene octadeca-acid
(DA).13
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surface tension measurements. DA was synthesized according to
the procedure described previously.132 The purity estimated by
chromatographic and electrophoretic methods was higher than
93%.

In order to compare the solubility of DA in TTAOH micellar
solution with that in phosphate buffer solution at pH = 7.4, we
tested the solubility of DA in 10 mmol L—1 TTAOH micellar
solution. We found out that under these conditions the solubility of
DA increases considerably to at least 2754 mg mL—1, which
corresponds to an equivalent of 70.1 mg of Cgo per mL water. The
clear red solutions of DA prepared in this way were stable for at
least two weeks at room temperature (~23 °C).

So far no imaging studies of DA aggregates have been carried
out. Here change in supramolecular ordering of TTAOH micelles
induced by DA was clearly observed by Freeze—fracture Transmis-
sion Electron Microscopy (FF-TEM) and dynamic laser light
scattering (DLLS). Two typical FF-TEM micrographs for 2 and 5
mg mL—1 DA in 10 mmol L—1 TTAOH micellar solutions are
shown in Fig. 2, respectively. The features of the vesicular
structuresin the two samples are apparent. Only perfectly spherical
bilayer vesicles throughout the samples can be seen in these two
representative images. The dimensions of spherical bilayer vesicle
are similar to those of the single-tailed cationic/anionic (catanionic)
surfactants!4 and natural lipids such as lecithin.15 We varied DA
concentration from 0.5 to 5.5 mg mL—1; six samples were used to
characterize the shape and size of the superstructures. The perfectly
spherical bilayer vesicleswere observed by FF-TEM in all samples.
As a consequence the formation of spherical bilayer vesicles is
induced by the DA co-surfactant, whereas under normal conditions
TTAOH forms micelles in water. The unilamellar vesicles have
diameters ranging from about 30 nm to more than 400 nm. The
vesicles completely disperse and do not tend to aggregate with each
other. This is in contrast to the supramolecular nanostructures
formed by an amphiphilic hexakis-adduct of Cgo in phosphate
buffer (pH = 7.4) where vesicles and smaller cylindrica
aggregates of about 5 to 200 nm in length were observed by FF-
TEM and Cryo-TEM;3 no other nanostructures are detected in the
DA/TTAOH hybrid aggregates.

DLLS measurements are carried out for a series of samples,
which reveal the aggregate formation in the DA—TTAOH hybrids.
The sizes of the aggregates with the hydrodynamic radius (R.,) of
the particles from the characteristic line width I" were obtained by
the CONTIN analysis method for the DLL S data.16 The aggregates
have the size distribution consisting of two large peaks with
average R, values about 48 nm with a polydispersity of 0.11 at the
first peak and the second peak around 310 nm with a polydispersity
of 0.12, which could be attributed to the spherical bilayer vesicles
with a variety of different sizes but well-defined shape. Fig. 3
shows plots of the relative intensity contribution I'G(I') as a
function of the apparent hydrodynamic radius Ry, for 1.5 mg mL—1
at scattering angle of 45° and 5.0 mg mL—1 at 60 °C in TTAOH
micellar solution.

In buffer solutions at pH = 7.4, the electrostatic repulsion
between the deprotonated carboxylic acid groups is strong enough
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to preclude major formation of aggregates and the hydrophilic—
hydrophobic interaction plays an important role in the vesicle and
smaller cylindrical aggregate formation. However, the current case
in the absence of electrostatic repulsion stabilizes the DA-TTAOH
hybrid aggregates. Closed spherical bilayer vesicles form sponta-

Fig. 2 FF-TEM images of two samples: 2mg mL—1 (top) and 5.0 mg mL—1
(below) DA in 10 mmol L—* TTAOH micellar solution. In the top image
(the bar represents 0.140 um), bilayer vesicles with diameters ranging from
30to 340 nm; in the lower image (the bar represents 0.583 um), unilamellar
vesicleswith diameters ranging from 30 to about 480 nm. Freeze from room
temperature in liquid propane cooled by liquid Np; further details are
analogous to ref. 17
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Fig. 3 Apparent hydrodynamic radius distributions of Spherical bilayer
vesiclesinwater. cpp = 1.5mgmL—1and cpa = 5.0mgmL-1in TTAOH
micellar solution.

neously. The driving force for the self-assembly processin solution
could be the hydrophilic—hydrophobic interaction like the behavior
of salt-free surfactant solutions!8 but the architecture of the system
studied here is significantly different from those of traditional
chain-based surfactant systems because their flexible hydrocarbon
chains are replaced by the rigid fullerene core.

To conclude, the solubility of DA in a micellar solution of
TTAOH increases and the supramolecular nanostructure transition
was induced by the dendritic Cgo-amphiphile, whereas TTAOH
forms usually micellesin the presence of DA induced assembly of
spherica hilayer vesicles. This concept of mixing traditional
surfactant aggregates used as a primary framework with Cgo-
amphiphiles to give new altered nanostructures in water could
provide a rapid one-step entry to hybrid nanoarchitectures, whose
size regimes are inaccessible by traditional methods. Therefore,
anal ogous surfactant self-assembly templating routes may broaden
the scope of functionaized fullerenes and attract considerable
interest from both structures and applications.

Supported by the NFSC (20243007), by the Deutsche For-
schungsgemeinschaft, by the Program of Hundreds Talent of the
Chinese Academy of Sciences, and by Shandong University (J. H.
and A. H.). Supported by the NSFC (50275142) and by MST
(2202AA302609) (W. L.).

Notes and references

1 D. M. Guldi and M. Prato, Acc. Chem. Res., 2000, 33, 695-703.

2 A. Quaranta, D. J. McGarvey, E. J. Land, M. Brettreich, S. Burghardt,
H. Schonberger, A. Hirsch, N. Gharbi, F. Moussa, S. Leach, H.
Gottinger and R. V. Bensasson, Phys. Chem. Chem. Phys., 2003, 5,
843-848.

3 M. Brettreich, S. Burghardt, C. Béttcher, T. Bayerl, S. Bayerl and A.
Hirsch, Angew. Chem., Int. Ed., 2000, 39, 1845-1848.

4 T.D. Ros and M. Prato, Chem. Commun., 1999, 663-669.

5 F. Diederich and R. Kessinger, Acc. Chem. Res., 1999, 32, 537-545.

6 A. M. Cassdl, C. L. Asplund and J. M. Tour, Angew. Chem,, Int. Ed.,
1999, 38, 2403-2405.

7 V. Georgakilas, F. Pellarini, M. Prato, D. M. Guldi, M. Melle-Franco
and F. Zerbetto, Proc. Natl. Acad. Sci. USA, 2002, 99, 5075-5080.

8 H. Murakami, M. Shirakusa, T. Sagaraand N. Nakashima, Chem. Lett.,
1999, 815-816.

9 V. Georgakilas, K. Kordatos, M. Prato, D. M. Guldi, M. Holzinger and
A. Hirsch, J. Am. Chem. Soc., 2002, 124, 760-761.

10 M. Maggini and G. Scorrano, J., Am. Chem. Soc., 1993, 115,
9798-9799.

11 U.S. Jeng, T.L.Lin,C.S. Tsao, C. H. Lee, T. Canteenwala, L. Y. Wang,
L. Y. Chiang and C. C. Han, J. Phys. Chem. B, 1999, 103,
1059-1063.

12 P.J.Krusic, E. Wasserman, P. N. Keizer, J. R. Morton and K. F. Preston,
Science., 1991, 254, 1183-1185.

13 (@) M. Brettreich and A. Hirsch, Tetrahedron Lett., 1998, 39,
2731-2734; (b) N. Gharbi, M. Brettreich, C. Crowley, S. Tamisier-
Koralak, C. Herrenchnecht, M. A. Molina-Duran, R. V. Bensasson, H.
Szwarc, A. Hirsch and F. Moussa, in Recent Advances in the Chemistry
and Physics of Fullerenes and related Materials, ed. K. M. Kadish and
P. V. Kamat, ECS, Pennington, NJ, 2001, vol. 10, pp. 240-243.

14 E. W. Kaler, A. K. Murthy, B. E. Rodriguez and J. A. N. Zasadzinski,
Science., 1989, 245, 1371-1374.

15 J. M. Gebicki and M. Hicks, Nature., 1973, 243, 232-234.

16 S. W. Provencher, Biophys. J., 1976, 16, 27-41.

17 J. Hao, H. Hoffmann and K. Horbaschek, J. Phys. Chem. B., 2000, 104,
10144-10153.

18 Th. Zemb, M. Dubois, B. Demé and Th. Gulik-Krzwicki, Science.,
1999, 283, 816-819.

Chem. Commun., 2004, 602-603

603




