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Nanospheres from Polymerized
Lipofullerenes**

Michael Hetzer, Hauke Clausen-Schaumann,
Sibylle Bayerl, Thomas M. Bayerl,* Xavier Camps,
Otto Vostrowsky, and Andreas Hirsch*

We have shown recently that dipalmitoylphosphatidylcho-
line (DPPC) self assembles to multilamellar vesicles (MLVs)
in an aqueous medium with a high content of lipophilic
hexakisadduct of Cg, such as 1, while the incorporated
lipofullerene forms rodlike fullerene nanoaggregates within
the lecithin bilayers.'?] These intercalated lipofullerene

structures are several um long, have diameters up to 30 nm,
and significantly change the micromechanical properties of
these composite membrane systems. As an example, an
increase of the bending stiffness of the bilayers is observed,
and at the same time decoupled lateral diffusion of lipids and
lipofullerenes within the double layer has been found.['*] In
this connection it was of interest as to whether the self
assembling of lipofullerenes within these supramolecular
structures can be used for the formation of stable nano-
architectures based on fullerenes.

Herein we report on the synthesis of filled and hollow
nanospheres formed upon polymerization of lipofullerenes
intercalated into such MLVs. Butadiyne groups have been
chosen as polymerizable structural elements within the lipo-
philic chains. They should allow a covalent linkage between
the lipofullerene molecules!” through a 1,4-addition inside the
aggregates upon UV irradiation.*¢ Tt is known that mem-
branes built up from lipids with butadiyne units can be
polymerized photochemically and give rise to the formation
of an oligodiacetylene network.®l The T, symmetrical hex-
akisadduct 2, which is hyperfunctionalized by its twelve
octadecadiynyl side chains, served as the monomeric lipo-
fullerene element. This hyperfunctionality ensures the for-
mation of a perfect network in three dimensions. To synthe-
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Scheme 1. Synthesis of the polymerizable lipofullerene hexakisadduct 2. a) LiAlH,, diethyl
ether; b) CICOCH,COCl/pyridine, CH,Cl,; ¢) C4, DMA, CBr,, DBU, toluene.

size 2 (Scheme 1), 10,12-octadecadiy-
noic acid (3) was reduced and the
corresponding alcohol 4 formed. The
latter was then treated with malonyl
dichloride to give dioctadecadiynyl
malonate (5). The 7, symmetrical
hexakisadduct 2 was obtained from
ester 5 by template activation! with
dimethylanthracene (DMA) and 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU)
and subsequent exhaustive cyclopro-
panation'® 1 of 2 (Scheme 1), and
characterized (Table 1).

To investigate the photochemical
networkability of 2 a film coating of
the neat monomer on a glass plate was
irradiated (300 W lamp) for two days.
While the yellow monomer 2 melts at
42°C, the shiny red-brownish and
insoluble photolysis product 6 did

Table 1. '"H NMR, “C NMR, IR, UV, and MS data of 2.

'H NMR (400 MHz, CDCl;): 6=0.90 (t, 36 H, /=7 Hz, CH;), 1.35-1.55
(m, 216H, CH,), 1.68 (tt, 24H, J, =J,=7 Hz, CH,), 2.24 (t, 48H, J =7 Hz,
CH,C=C), 4.24 (t, 24H, /=7 Hz, CH,0); C NMR (100.5 MHz, CDCl,):
0=13.84 (CHs;), 19.09, 19.13, 22.09, 25.74, 27.98, 28.31, 28.36, 28.78, 28.99,
29.13,29.31, 30.92 (CH,), 45.33 (methanobridge), 65.23, 65.26 (sp-C), 66.92
(CH,0), 69.06 (Cq sp*-C), 77.43, 77.48, (sp C), 141.15, 145.81 (Cy, sp*C),
163.92 (C=0); IR (KBr): #=2930.8, 2856.4, 2256.1, 2155.5, 1746.3, 1465.1,
1264.4,1215.8, 1080.2, 715.7, 529.3 cm™'; UV (CH,Cl,): 4,,,, =270.5, 280.5,
318.0, 336.0, 383.0nm; MS (a-cyano-p-hydroxycinnamic acid (CCA),
MALDI): m/z: 4267 [M*]

not exhibit any phase transition up to 280°C. The *C solid-
state NMR analysis (MAS) as well as the IR spectra of 6
revealed newly formed endiyne units (6 =90-140; 7 =2230
(C=0), 1600 cm~! (C=C)) as well as intact butadiyne funtions
(0 =65, 77). This means, that for steric reasons only two, or
very few, monomeric elements might cross-link together by
formation of short endiyne units.

To achieve a matrix controlled polymerization 2 was
intercalated into multilamellar phospholipid vesicles. Subse-
quent deuterium solid-state NMR (*(H NMR) and freeze
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fracture electron microscopy analyses revealed
that 2 exhibited the same tendency for self
aggregation as was observed with the analogous
saturated and nonpolymerizable, lipofuller-
enes.l'2 An aqueous dispersion of multilamel-
lar DPPC vesicles containing 15 mol % of 2 was
subjected to UV irradiation (8 W, 256 nm) for
5 12 h at 50°C (fluid lipid phasel*?!) in a quartz-
glass cuvette. In control experiments with neat
DPPC-MLVs no indication of thermal degra-
dation or irradiation damage of the DPPC was
observed by differential scanning calorimetry
(DSC) under the experimental conditions ap-
plied. In contrast the polymerizable lipofuller-
ene - DPPC system showed significant changes

/4

after the UV treatment with respect to the dynamic properties
of the lipids. Figure 1 shows the deuterium NMR spectra of
the lipofullerene —- DPPC system (chain perdeuterated DPPC)
prior and after polymerization under fluid bilayer conditions.
The change of the signal line shape is explained by an

I T I T I I 1
30 200 -10 0 10 20 30

vikHz —
Figure 1. 2H NMR spectra of perdeuterated multilamellar DPPC vesicles
[Dg;]DPPC containing 15 mol % lipofullerene 2 prior (top) and after UV
irradiation (bottom) at 50°C.
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enhancement of the membrane bending modulus.['! Further-
more, the polymerization is manifested in a significant
reduction of the 2H NMR transverse relaxation time ¢, of
the perdeuterated DPPC chains by more than 10%. This
reduction in ¢, of the lipid chains can be explained by the
presence of rigid structures in their immediate vicinity.
Relaxation control experiments revealed that the polymer-
ization was finished after an irridiation period of 12 h and that
analogously treated neat DPPC—-MLVs did not exhibit any
reduction in ¢,.

An investigation of the fluid phase samples by freeze
fracture electron microscopy showed that the rodlike struc-
tures at the MLV surface observed prior to polymerization
(Figure 2a) had vanished. Instead, perfectly spherical objects
made up from polymerized lipofullerenes with diameters
ranging from 100 nm up to several pum were obtained (Fig-
ure 2b). The smaller spheres with diameters of less than
150 nm were hollow and transparent, and the replica back-
ground below them was visible through the objects. The larger
beads were filled and their centers inpenetrable to the
electron beam. The DPPC was removed after polymerization
by extraction with organic solvent. As a consequence vacuum
dried nanospheres were accessible to inspection by trans-
mission electron microscopy (TEM) in the absence of the
freeze fracture replica (Figure 2¢). Atomic force microscopy
(AFM) analysis of single Cq, balls sticking out from the bead
surface revealed a medium Cy—Cg, distance of 16 nm (Fig-
ure 3). An average surface coarseness of 0.9 nm with max-
imum hight amplitudes of 1.5nm was determined after a
computational smoothing of the surfaces. The filled beads
seem to exhibit an unusually high strength and did not reveal
any mechanical damage inspite of the considerable forces
they were subjected to (one to two orders of magnitudes
greater than the 1 nN chosen for the AFM in Figure 3). The
fact that no edge darkening was observed in the transmission
electron micrographs of the transparent small hollow spheres
indicates that the wall thickness of the beads is below the
resolution limit of the microscope used (namely, below 10 nm).

The polymerization presented here can be seen as a special
kind of emulsion polymerization, where the monomer in an
aqueous solution is polymerized in the presence of a
detergent.'”) From the fact that the formation of round and
three-dimensional spheres is observed from the fluid MLV
phase, where only a quasi-two-dimensional lateral mobility of
the monomeric elements should be allowed, it can be
concluded that the vesicles serve an essential template
function during polymerization.

Interestingly, 2 can also be polymerized to spheric polymers
in the absence of DPPC, however, only in very low yields and
in addition to amorphous material. Originally performed as a
control experiment, a solution of 5 mgmL~' of 2 in decane was
irradiated (80 W, 256 nm) at room temperature. The forma-
tion of a shiny brownish precipitate at the vessel walls and
additionally a colloidal suspension of small spherical objects
within the solution was observed after only 30 min. In this
case, however, no hollow spheres were found. To our knowl-
edge, this is the first case reported for an isotropic polymer-
ization, and is likely made possible by the shape and the
hyperfunctionality of the highly symmetrical monomer 2.

1964 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999
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lamellar vesicles a) prior and b) after U V-initiated polymerization. ¢) Lipo-
fullerene polymerspheres after extraction of DPPC and subsequent
vaccuum drying. The bar corresponds to 1 um.
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Figure 3. AFM picture of a lipofullerene polymersphere after extraction of
the DPPC. The bar corresponds to 50 nm.

Only a small part of the twelve groups available for
networking is used up for polymerization because of steric
reasons. The remaining unreacted endiyne functions at the
beads surface cause a dendritic isotropic polymer growth to an
isotropic 3D network by diffusion control of the monomers in
solution. Thus, it acts like a “living polymer” filling the space
available. The polymerization in solution can to some extent
be compared with that in the MLVs. In both cases a medium is
available for the diffusion control: the solvent decane or the
fluid lipid bilayer. The reason for the formation of the small
hollow spheres upon vesicle polymerization can be found in
the stability of small vesicles. Only lateral diffusion is allowed
as a consequence of their shape and small volumes, and hence
an anisotropic and quasi-two-dimensional polymerization to
hollow spheres is enabled. With the same arguments, the
formation of concentrically filled “onionlike” balls could be
expected from the bigger multilamellar vesicles. However, it
seems more reasonable that the single lamellae do not
withstand the polymerization pressure and a rupture of the
membrane might occur. Diffusion of the monomers is now
enabled from outside (and inside) of the membrane layer and
results in the formation of compactly filled three-dimensional
polymer spheres.

Experimental Section

Synthesis of lipofullerene monomeric element 2: 10,12-Octadecadiyn-1-ol
(4) is obtained quantitatively from LiAlH, reduction of commercially
available 10,12-octadecadiynoic acid (3) in diethyl ether. The subsequent
acylation with malonyl dichloride/pyridine in CH,Cl, gives rise to the
formation of di-10,12-octadecadiynyl malonate (5, yield 63%). The
following template-assisted cyclopropanation®!! of Cg (108 mg,
0.15 mmol), DMA (310 mg, 1.50 mmol), 4 (894 mg, 1.50 mmol), CBr,
(497 mg, 1.50 mmol), and DBU (0.448 mL, 3 mmol) in 70 mL toluene
gave, after column (SiO,; hexane/CH,Cl, 1/1) and preparative HPLC
chromatography (grom-Sil 100Si, NP1, 5 uL, 20 mL min~' CH,Cl,/heptane
7/3),  1,2:18,36:22,23:27,45:31,32:55,56-hexakis{[di(10,12-octadecadiynyl-
oxycarbonyl) ]-methano}-1,2,18,36,22,23,27,45,31,32,55,56-dodecahydro-
[60]fullerene 2 (166 mg, 26 % ).

The preparation of the MLV samples for freeze fracture electron micro-
scopy as well as the TEM studies were carried out according to the
technique described in reference [1]. Triafol hole foils were used after
removal of the lipids and directly inserted into the electron beam for the
TEM recordings of the polymer spheres. The dried polymer spheres were
deposited in the holes of the foils.

The AFM measurements (Nanoscope IIla, Digital Instruments, Mann-
heim, Germany) were carried out in the contact mode on mica plates in
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1-propanol at 15°C after removal of the lipids with CH,Cl,. Recording
parameters: constant force (<1nN), silicium nitride cantilever
(30 mNm™), 6.8 lines per sec, 90° scanning angle.

The 2H NMR experiments were carried out as described in reference [1].
For the determination of the transverse relaxation time ¢, the pulse distance
in the quadrupole echo sequence was varied between 30 and 120 s, a half
logarithmical recording of the echo intensity over the double pulse distance
gave (£,)! as the slope of a straight line.
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