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Spherical Bilayer Vesicles of
Fullerene-Based Surfactants in
Water: A Laser Light
Scattering Study

Shuiqin Zhou, Christian Burger,’ Benjamin Chu,'*
Masaya Sawamura,? Noriaki Nagahama,? Motoki Toganoh,?
Ulrich E. Hackler,? Hiroyuki Isobe,? Eiichi Nakamura?

The low solubility of fullerenes in aqueous solution limits their applications in
biology. By appropriate substitution, the fullerenes can be transformed into
stabilized anions that are water soluble and can form large aggregated struc-
tures. A laser light scattering study of the association behavior of the potassium
salt of pentaphenyl fullerene (Ph,C,K) in water revealed that the hydrocarbon
anions Ph,C_, associate into bilayers, forming stable spherical vesicles with an
average hydrodynamic radius and a radius of gyration of about 17 nanometers
atavery low critical aggregation concentration of less than 10~ 7 moles per liter.
The average aggregation number of associated particles in these large spherical

vesicles is about 1.2 X 10%.

The extremely hydrophobic C, fullerene can
be made soluble in water by connecting it
with functional chargeable groups such as
carboxylic acids (/-5) or amines (6—8). Hy-
drophilic behavior can also be introduced by
an elegant and less obvious approach, one in
which polarizable phenyl groups are added to
Cgo to stabilize its anion (9-12). Because
these compounds are composed solely of car-
bon and hydrogen atoms, they represent a
rare example of a hydrophobic hydrocarbon
ball linked to a hydrophilic ion, causing the
penta-substituted fullerene to achieve a sur-
factant functionality, as shown schematically
in Fig. 1, that is different from whole-lipid
substituents (/3). The cyclopentadienide an-
ion has intrinsic high stability through delo-
calization of the negative charge toward the
50-m electron system at the bottom of the C,,
cage. This occurs as a result of “endohedral
homoconjugation” (/4) rather than by steric
protection of the cyclopentadienide anion by
the phenyl substituents against the attack of
water or protons (i.e., kinetic stability).

We conducted a laser light scattering
(LLS) study of the association behavior of
Ph,C,K in water. By using a combination of
static and dynamic light scattering measure-
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ments, we have determined the size of
Ph,C K (in terms of both the radius of gy-
ration and the hydrodynamic radius), the size
distribution, and the shape of the associated
particles. We also estimated the critical ag-
gregation concentration and the average ag-
gregation number of the aggregated particles.
A model for the resulting aggregates is
presented.

The cyclopentadienides are readily avail-
able through the fivefold addition of organo-
copper reagent to C, (9-12). A tetrahydro-
furan (THF)-free aqueous solution of the
fullerene cyclopentadienide was prepared un-
der argon atmosphere by addition of a portion
of the dark red THF solution of Ph,C, K
(3 X 1072 mol liter ') into ultrapure water
(THF:water ratio = 1:10 by volume), fol-
lowed by evaporation of THF and repetition
of this cycle four times. At concentrations of
C =5 X 1073 mol liter ', a phase separation
occurred, showing a turbid sample with vis-
ible solid particles so that no light scattering
experiments could be carried out. At a con-
centration of C = 2 X 1073 mol liter ™', only
a small amount of precipitation occurred and
was removed by centrifugation (10 min at
1.5 X 10* rpm), leading to a dark red—colored
clear stock solution that was used for the light
scattering experiments.

A standard laboratory-built LLS spec-
trometer equipped with a BI-9000AT digi-
tal correlator (Brookhaven Instruments)
and a Coherent diode-pumped solid-state
(DPSS) model 532 laser operating at 200
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mW power and 532 nm wavelength was
used to perform LLS studies over a scatter-
ing angular range of 20° to 120°. About 2
ml of the Ph,C K solution was transferred
to a special dust-free light scattering cell
and was centrifuged at 6000 rpm (5.2 X 10°
g) for 2 hours. The scattering cell was held
in a brass thermostat block filled with a
refractive index—matching silicone oil. The
temperature was controlled to within
+0.05°C. The differential refractive index
increment dn/dC value of Ph,C, K in water
was measured with a Brice-Phoenix differ-
ential refractometer (model Bp-2000-V) at
a wavelength of 546 nm and ~23°C.

In a dynamic LLS experiment, the in-
tensity-intensity time correlation function
GP(t,q) in the self-beating mode is mea-
sured. G®(¢,q) can be related to the electric
field time correlation function g*(¢,q) as

GA(tq) = Al + BlgVtll (1)

where A is the baseline, B is a parameter
depending on the coherence of the detection,
and t is the delay time. g‘'(t,q) is further
related to the characteristic linewidth (T") dis-
tribution G(I') by

gt = jG(F) exp(~T'ndl’"  (2)

G(T') can be calculated by a Laplace inver-
sion of g¥(t,q) using the CONTIN program

Fig. 1. Chemical structure of the penta-substi-
tuted fullerene potassium salt. In the present
work, only the compound with R = Ph
(= CgHs) has been studied.
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(15). The first and second moments of G(I')
are (I = [5 T GI') dI" and p, = [§
(' = (I'))?> G(T') dT, respectively. The value
of p, X T')? is a measure of the polydispersity.
If the relaxation is diffusive, I' can be related
to the translational diffusion coefficient D as

T/¢* = D(1 + kC)1 + f+ (Ré)qz)

where k, is the diffusive second virial coef-
ficient, R, is the radius of gyration, and f'is a
dimensionless number related to hydrody-
namic draining, internal motion, polydisper-
sity, and solvent quality (/6). If the transla-
tional diffusion coefficient D is known, the
hydrodynamic radius R, can be obtained
from the Stokes-Einstein equation

_ kBT 4
~ 6mmD 4)

Ry

where kg is the Boltzmann constant, 7T is
absolute temperature, and m is the solvent
viscosity.

Static LLS measures the angular depen-
dence of the excess absolute time-averaged
scattered intensity, known as the excess Ray-
leigh ratio R (g). In the limit of a dilute
solution, the reciprocal R (g) follows the
relationship

HC 1
Rq) M,

2
(l + <I§g> q2> + 24,C

(5)
where H = 4w?n*(dn/dC*/(N \?*), g = 4mn\~!
sin(6/2), » is the solvent refractive index, dn/dC
is the specific refractive index increment, N, is
Avogadro’s number, A is the wavelength of the
incident beam in vacuo, 6 is the scattering angle,
M, is the weight-average molar mass, and 4, is
the second virial coefficient.

Figure 2 shows the apparent hydrodynamic
radius (R, ) distributions as obtained from
dynamic LLS of the Ph,C K aqueous solu-
tions at different concentrations and at different
scattering angles. At a highly dilute concentra-
tion of C = 1 X 1077 mol liter !, the scattered
intensity was so low that only one measurement
at a scattering angle of 20° was performed.

At a concentration of C = 2 X 103 mol

liter ' (Fig. 2A), the size distribution consists
of only one large peak with an average hydro-
dynamic radius (R,) of about 16.5 nm and a
polydispersity of p,/AI')* ~ 0.32, which is fair-
ly broad. The size and the size distribution do
not show an apparent angular dependence.

For diluted solutions, similar results were
observed. At C = 2 X 107° mol liter™' (Fig.
2B), the size distribution peaked around (R,) ~
17.5 nm with p,AI")* = 0.15 to 0.20, again with
no apparent angular dependence. Furthermore, a
very small peak around (R, ) ~ 1 nm appeared in
the size distribution that could possibly be at-
tributed to dissociated Ph,C,; unimers. At C =
1 X 1077 mol liter ™' (Fig. 2C), a size distribu-
tion with (R,) =~ 16.9 nm and p,AI)* =~ 0.12
was observed, together with a small rudiment of
“unimers.” These results were reproducible after
the Ph,C K aqueous solutions were settled at
room temperature for 1 month.

The results from dynamic LLS can be sum-
marized as follows: The Ph,Cg, anions are
associated into large aggregates with an average
hydrodynamic radius of ~17 nm. This aggre-
gation behavior is essentially independent of
the concentration and occurs even in a very
dilute solution of C = 1 X 1077 mol liter™'.

To perform the static LLS measurements,
we measured the differential refractive index
increment dn/dC of Ph,C K in water over a
concentration range of 4.6 X 107% to 7.6 X
10~* g ml™" at a wavelength of 546 nm and at
room temperature. A large dn/dC of —0.234 ml
g~ ! was obtained. A Zimm plot is shown in
Fig. 3 over a scattering angular range of 30° to
120° and a concentration range of 1.4 X 107
to 2.3 X 107¢ g ml~ ! at 25°C. From the ex-
trapolations of lim,_, ~_oHCR;.!(8), we de-
termined the weight-averaged molar mass
M, =14 (%0.2) X 10" gmol ', the radius of
gyration R, = 17.3 (*2.5) nm, and a second
virial coefficient 4, = —6.5 (£2.0) X 107'°
ml mol g2

Atomic force microscopy measurements
(17) of the same system showed the aggregates
to be spherical in shape, with the same radius
(~17 nm). For solid spheres, the ratio of radius
of gyration to hydrodynamic radius, R /R,, is
about 0.774. A value of R/R, close to unity

Fig. 2. Apparent hydro- A U T T B Ty T T T
dynamic radius distribu- 1.0+ —e— 45°, <R;>=16.5nm ﬁ“f S <Ryp> (nm) <Ry> (nm)
h . iy o mers aggregates L. R
tions of Ph,C K in wa- & —o— 60° <R,>=16.3 nm LOr o 50 14 68 g 1.0 funimers ag;grggates
'ter.l sA) C1 =d 2k>< d10_l3 5 —a— 90°,<R,> = 14.8 nm —o— 45 11 16.8 05 6
mol liter ™', dark red col- > —a—60° 09 16.8
or;(B)C=2X10"%mol 8 —o— 90° 06 17.4
liter ", colorless; (C)C= &
1 X 107 mol liter!, & 05 { 051
colorless. >
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Fig. 3. Zimm plot of 8 x 108
Ph.C K in water, ob-
tained at T = 25°C over
a concentration range of
14X 107%t02.3 X 1076
gml~—
o
g
= 7x 108
)
"é 4
5
-
6x 10®

1/M =6.9 x 108 mol g'!
M,, = 1.4 x 107 g mol!
Ry =173 nm
Ay =-6.5x 10"10ml mol g2

1.4 x 10-6
1.8x 106

2.3x106g ml-!

4 8 12 16 20
sin2(6/2) + 6 x 106 C

Fig. 4. A bilayer vesicle model, consisting of N,

outer

= 6693 molecules in an outer shell of radius R, =

outer

17.6 nm plus N,,.... = 5973 molecules in an inner shell of radius R, ... = 16.7 nm. A sector has been
cut out for enhanced visibility. The hydrophobic fullerene bodies are shown in green, the hydrophilic-
charged cyclopentadienide regions are in blue, and the five substituents are schematically represented

as yellow sticks.

suggests the presence of spherical shells.
Information on M, Rg, and R, of the aggre-
gates, together with the molecular weight of the
modified fullerene, enables us to develop the
following model: Let us first estimate the aver-
age aggregation number N (ie., the average
number of single Ph,C, anions per aggregate).
The molecular mass of a single Ph,Cg, ion is
M = 1105 g mol™! (where we have assumed
that the K* cations are dissociated, but even if

they are localized in or near the aggregates, the
error should be small). Together with M,,, of the
aggregate = 1.4 X 107 g mol™!, the average
aggregation number should be N = M, /M =
1.27 X 10% By assuming the thickness of the
shell of a hollow sphere to be small with respect
to its radius, we consider a hollow sphere of
radius R ~ R,. In the limit of an infinitely thin
shell, this approximation would be exact. Even-
ly distributing N = 1.27 X 10* molecules in the

surface of such a spherical shell with a radius of
R = 17.3 nm provides an average area of 0.296
nm? per molecule, not enough for a fullerene.
Thus, if the aggregate is a hollow sphere, its
shell could be composed of several layers
stacked in an onion-like fashion. By considering
the spherical shell to be a bilayer and neglecting
the difference between the inner and the outer
radius, R, ~ R, =R~ Rg, the average area per
molecule is 0.592 nm?, twice the value of the
single layer. Assuming a two-dimensional
hexagonal arrangement of the fullerene bodies
inside a single layer leads to a distance of 0.83
nm between two individual molecules. Exper-
imental studies of Langmuir-Blodgett films
formed by carboxylic acid-substituted Cg,
molecules (/8) resulted in an average area per
molecule of 0.78 nm? and an interfullerene
distance of 0.95 nm, both in good agreement
with our calculated values. Within all the
approximations involved, a bilayer vesicle
(Fig. 4) can satisfy all the experimental ob-
servations and parameters.

On the basis of experimental values for
M,, R, R,, the aggregation number N, and
the aggregate shape as well as the known size
of C,, we have shown that Ph,C, K, a mod-
ified fullerene molecule, can self-assemble to
form unique bilayered vesicles. In contrast to
lipid membranes or liposome vesicles, the
well-defined fullerene-based “surfactants™
have a distinct feature: Instead of the flexible
hydrophobic tails, the modified C, has a
rigid hydrophobic ball with a dominant in-
trinsic geometric constraint. Furthermore, or-
ganic chemistry permits rational design on
the chemical nature of these modified
fullerenes, in terms of hydrophobicity (e.g.,
by varying the R group, as shown in Fig. 1),
geometric constraint (size and shape), and
charge (cationic, anionic, or neutral; univa-
lent or multivalent) as well as spacing be-
tween the charges and the hydrophobic part.
The modified fullerenes have also been found
to be relatively nontoxic; that is, the toxicity
does not come from the C, part but from the
charged (e.g., cationic) part that can be chem-
ically removed. Because of its close control
of the modified structures, this versatile syn-
thetic vesicle-membrane system might find
diverse applications in biology and medicine
as an alternative to lipids and liposomes (/9).
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Nanobelts of Semiconducting
Oxides

Zheng Wei Pan,’ Zu Rong Dai," Zhong Lin Wang"2*

Ultralong beltlike (or ribbonlike) nanostructures (so-called nanobelts) were
successfully synthesized for semiconducting oxides of zinc, tin, indium, cad-
mium, and gallium by simply evaporating the desired commercial metal oxide
powders at high temperatures. The as-synthesized oxide nanobelts are pure,
structurally uniform, and single crystalline, and most of them are free from
defects and dislocations. They have a rectanglelike cross section with typical
widths of 30 to 300 nanometers, width-to-thickness ratios of 5 to 10, and
lengths of up to a few millimeters. The beltlike morphology appears to be a
distinctive and common structural characteristic for the family of semicon-
ducting oxides with cations of different valence states and materials of distinct
crystallographic structures. The nanobelts could be an ideal system for fully
understanding dimensionally confined transport phenomena in functional ox-
ides and building functional devices along individual nanobelts.

Binary semiconducting oxides, such as ZnO,
SnO,, In, 05, and CdO, have distinctive proper-
ties and are now widely used as transparent
conducting oxide materials (/) and gas sensors
(2). For example, fluorine-doped SnO, film is
widely used in architectural glass applications
because of its low emissivity for thermal infra-
red heat (7). SnO, nanoparticles are regarded as
one of the most important sensor materials for
detecting leakage of several inflammable gas-
es owing to their high sensitivity to low gas
concentrations (2). Tin-doped indium oxide
(In,O5:Sn, ITO) film is an ideal material for flat
panel displays because of its high electrical con-
ductivity and high optical transparency (/), and
ZnO is regarded as an ideal alternative material
for ITO because of its lower cost and easier
etchability (/). The current studies of semicon-
ducting oxides have been focused on two-di-
mensional films and zero-dimensional nanopar-
ticles, which can be readily synthesized with
various well-established techniques such as
sputtering (for films) and sol-gel (for particles).
In contrast, investigations of wirelike semicon-
ducting oxide nanostructures are cumbersome
because of the unavailability of nanowire
structures.

As stimulated by the novel properties of
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carbon nanotubes, wirelike nanostructures have
attracted extensive interest over the past decade
because of their great potential for addressing
some basic issues about dimensionality and
space-confined transport phenomena as well as
applications (3). Besides nanotubules (4, 5),
many other wirelike nanomaterials, such as car-
bides [SiC (6—8) and TiC (6)], nitrides [GaN (9,
10) and Si,N, (11)], compound semiconductors
(12, 13), element semiconductors [Si (14-16)
and Ge (/4)], and oxide [Ga,O, (/7) and MgO
(18)] nanowires, have been successfully fabri-
cated. In geometrical structures, these nano-
structures can be classified into two main
groups: hollow nanotubes and solid nanowires,
which have a common characteristic of cylin-
drical symmetric cross section. Here, we report
another group of distinctly different semicon-
ducting oxide nanostructures that have a rectan-
gular cross section, in correspondence to a belt-
like (or ribbonlike) morphology. The oxides
with the nanobelt morphology cover cations
with different valence states and materials with
different crystallographic structures, and it
seems to be a common structural characteristic
for the family of semiconducting oxides.

Our synthesis is based on thermal evapora-
tion of oxide powders under controlled condi-
tions without the presence of catalyst (19). The
desired oxide powders were placed at the center
of an alumina tube that was inserted in a hori-
zontal tube furnace, where the temperature,
pressure, and evaporation time were controlled.
In our experiments, except for the evaporation
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temperature, which was determined on the basis
of the melting point of the oxides used, we kept
the following parameters constant: evaporation
time, 2 hours; chamber pressure, 300 torr; and
Ar flowing rate, 50 standard cubic centimeters
per minute. During evaporation, the products
were deposited onto an alumina plate placed at
the downstream end of the alumina tube. The
as-deposited products were characterized and
analyzed by x-ray diffraction (XRD) (Philips
PW 1800 with Cu Ko radiation), scanning elec-
tron microscopy (SEM) (Hitachi S800 FEG),
transmission electron microscopy (TEM) [Hita-
chi HF-2000 FEG at 200 kV and JEOL 4000EX
high-resolution TEM (HRTEM) at 400 kV], and
energy-dispersive x-ray spectroscopy (EDS).
Thermal evaporation of ZnO powders (pu-
rity: 99.99%; melting point: 1975°C) at 1400°C
for 2 hours resulted in white woollike products
that formed in high yield on the surface of the
alumina plate. SEM observations reveal that the
products consist of a large quantity of wirelike
nanostructures with typical lengths in the range
of several tens to several hundreds of microm-
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Fig. 1. Ultralong nanobelt structure of ZnO
(with wurtzite crystal structure). (A) SEM image
of the as-synthesized ZnO nanobelts obtained
from thermal evaporation of ZnO powders at
1400°C. (B) XRD pattern recorded from the
ZnO nanobelts.
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