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Abstract

We study the adsorption behaviors of dodecahydroxylated-fullerene C4o(OH);, at the air-water interface. With the
hydrophilicity imposed by the 12 hydroxy groups randomly bounded on the Cg¢, cage, Cs0(OH);, can dissolve in water
slightly. Surface pressure-area isotherms, Brewster angle microscopy, and neutron reflection results for the aqueous
solutions of C4c(OH),, provide consistent evidence of adsorbed C40(OH);, monolayers at the air-water interface.
A Langmuir-Blodgett film of Cgo(OH),,, prepared from the sample solution with the vertical dipping method, is
examined using atomic force microscopy. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Langmuir films consisting of fullerenes or fullerene-
derivatives attract attention both for their potential ap-
plications and as model two-dimensional thermodyn-
amic systems [1]. These two approaches are based on,
essentially, the wunique physical characteristics of
fullerenes [2] and the high coherent scattering for X-ray
or neutron from a single fullerene molecule. The latter is
a special advantage in characterizing two-dimensional
surface structures using grazing incidence X-ray and/or
neutron scattering [3].

In the spreading of C4o or C,, fullerenes on aqueous
surfaces, multilayered films are often obtained due to the
strong aggregation of fullerenes [4,5]. In an attempt to
reduce the high hydrophobicity of fullerenes to facilitate
the formation of a molecular monolayer at the air-water
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surface, fullerene-derivatives functionalized with various
polar groups have been synthesized. These Cg-deriva-
tives have varying degrees of success in the Langmuir-
monolayer formation, depending on their enhanced
amphiphilicity [4,6,7]. In comparison with these Cgg-
derivatives, the fullerene derivative Cgo(OH){, which we
synthesized has a considerably improved hydrophilicity
due to the 12 hydroxy groups randomly bounded on the
Ce¢o cage, and can dissolve in water slightly [2]. We
expect that C¢o(OH);, molecules may form stable Lang-
muir monolayers on water surfaces as well [8,9]. Fur-
thermore, the spherical shape of C¢o(OH);, may be
advantageous in depositing Langmuir-Blodgett (LB)
films of well-organized multilayers of fullerene-deriva-
tives.

Polyhydroxylated-Cg, (fullerenol) has many other po-
tential applications due to the physical and chemical
properties of the Cgo cage and the hydroxy groups chem-
ically bonded on the cage [2]. With the variation of the
hydroxy number, fullerenols can be selectively dissolved
in water or organic solvents for biochemical re-
searches or polymer engineering. In synthesizing the
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fullerenol-cross-linked poly(urethane-ether) elastomers
[10], a good solubility of C4o(OH);, in an organic solu-
tion containing prepolymers can facilitate an isotropic
distribution of fullerenol-cross-linkers in an elastomer
cast from the solution [11]. In another direction of ap-
plication fullerenols of a high hydroxyl number, for in-
stance Cg0(OH), 3, have a high water solubility and can
serve as free radical scavengers or antioxidants in biolo-
gical systems [12,13].

In this report, we study the adsorption of C4o(OH);,
at the air-water interface from bulk solutions using sur-
face pressure-area (m — A) isotherms [ 14], neutron reflec-
tion [15], and Brewster angle microscopy (BAM) [3]. An
LB film of Cgo(OH);,, prepared with the Langmuir
technique, is also examined using atomic force micro-
scopy (AFM) [9,14].

2. Experimental

The preparation of dodecahydroxylated-fullerenes was
described in Ref. [2]. Sample solutions of 0.22 mM
Cs0(OH);, in H,O, a concentration few times higher
than the solubility, were made and sonicated thoroughly
for n-A isotherms, BAM, and neutron reflection measure-
ments, respectively. The neutron reflectivity measure-
ment was performed on the NG7 reflectometer at the
Institute of Standards and Technology, Gaithersburg,
USA [16]. An LB film of two C¢o(OH);, layers was
deposited on a mica substrate, of size of 1 x 3 cm?, from
the sample solution. The 100% and 30% transfer ratios
for the first and second layer, respectively, were achieved
by vertically dipping the mica substrate in and out of the
sample solution subsequently at a constant surface pres-
sure of 5 dyn/cm (see Fig. 1) and an ambient temperature
of 25°C [14].

3. Results and discussion

Although the 7n-A isotherm measured immediately
after the fill of the sample solution into the Langmuir
trough showed a featureless flat line, the isotherm re-
measured few hours later (squares in Fig. 1) displayed
similar characteristics as that for other fullerene-deriva-
tives monolayers mentioned previously [6,7,17], and was
reproducible. This result demonstrates clearly the ad-
sorption characteristics of C¢o(OH);, to the air-water
interface from the bulk solution, which, is likely, a slow
thermodynamic equilibrium process between the surface
and the bulk [18]. The adsorption behaviors were also
observed using BAM, which exhibited images of numer-
ous blinking points on the sample surface right after
filling the sample solution into the Teflon trough for
BAM. These blinking points diminished gradually, im-
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Fig. 1. The isotherm (squares) measured for the aqueous solu-
tion of Cgo(OH);, at 25°C. A linear extrapolation (dashed line)
of m, in the region corresponding to a condensed phase of the
surface monolayer [14], intercepts zero surface pressure at
70 cm? where Cgo(OH);, in the monolayer are close to packed

[4,9,18]. Inset shows the relaxation of m at a surface area of
50 cm?.

plying, presumably, the reaching toward an equilibrium
state.

The inset in Fig. 1 shows the relaxation of 7 at a sur-
face area A4 =50cm?, after 4 being compressed to
50 cm? from 500 cm? at a compression rate of 2 cm?/min.
Rapidly dropping below 20 dyn/cm within the first few
minutes, the measured surface pressure relaxed in a form
of m oc exp( — t/t) (solid curve) with a relaxation time
T &~ 40 min, and stabilized at 5 dyn/cm.

Using neutron reflection, we also detected a sign of an
adsorbed C¢o(OH),, layer at the air—water interface. In
Fig. 2, we show the neutron reflection data (squares)
measured for the sample solution without surface com-
pression. The data elevate from that for pure water
(circles) gradually as Q increases, indicating the existence
of a thin surface layer on water [19]. Here, Q is the wave
vector transfer of neutrons. A standard model fitting
algorithm [20] for multilayer structures, where a con-
tinuous transition between successive layers of different
scattering-length-density (pb) being accounted by the
Debye-Waller factor, was used to extract the information
of the thin surface layer. It is obvious that the thickness
and pb for the layer are difficult to be determined un-
equivocally from the limited Q-ranged data measured.
Nevertheless, encouraged by the characteristics of the
n-A isotherms and BAM observed previously for the
sample solutions, we fit the measured reflectivity R with
a model consisting of a Cgo(OH),, layer on water.
Considering the partial coverage effect [21], we have
R =/fR,, + (1 — f)R, where fis the fraction for the surface
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Fig. 2. Neutron reflection data (squares) for the Cqo(OH);,
solution in H, O are fitted (long dashed curve) using the scatter-
ing-length-density profile shown in the inset. The reflection data
(circles) for H,O are fitted (short dashed curve) by an H,O
Fresnel reflectivity modified with a surface roughness effect of
3A

covered by the layer, R, the reflectivity for the layer
on the H,O substrate, and R, the reflectivity for the
substrate.

Taking into account, the data-smearing effect due
to the instrumental resolution (the divergence and
wavelength resolution of the monochrome beam used),
we can fit (long dashed curve) the data reasonably well
using the pb profile shown in the inset of Fig. 2 [19]. The
thickness of the surface layer d = 12 + 2 A fitted corres-
ponds well to a monolayer of C¢o(OH);, whose thick-
ness (the dimension of the molecule) is approximately
13 A [22]. The corresponding pb value obtained for the
layer is 1.65 x 10~ ° A~2. Whereas the f value fitted, 0.64,
implies that the monolayer only covers the water surface
partially. For neutron reflection, this is equivalent to
patches of monolayers on the water surface, a picture
that is more close to the observation of BAM. Since the
interfacial widths for the surface layer are not sensitive
parameters, we have assigned a roughness of 2.1 A to the
air-Cgo(OH);,-layer and Cgo(OH);,-layer-water inter-
faces, respectively, in the fitting process. Thus, the total
roughness contributed by the thin Ceo(OH);,-layer is
3 A, which is a typical value for air-liquid interfaces of
a high surface tension (~ 70 dyn/cm) [23].

From the structural parameters obtained above for the
Ceo(OH);, layer, we have the following deductions.
(1) From the pb value 1.65x 10~ ° A~2 obtained for the
monolayer, we deduce a = 190 A? for the area per
Ceo(OH);, molecule in this monolayer using
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Fig. 3. (a) AFM image of the C¢0(OH);, film on mica. The
darker regions (for instance the one on the line AB) are the
defects of the film, which contrast out clearly the existence of the
Ce0(OH),, layer. (b) The depth profile for the C4c(OH), , layer
along the line AB shown in Fig. 3a. The dip around X = 12 um
corresponds to the defect spot on the line. The depth of the dip,
of a size of =~ 13 A, reflects the characteristic thickness of
a C40(OH);, monolayer.

pb = by /ad. In the above calculation, by, = b, + b,, is
the total scattering length in the volume of ad, with
the scattering lengths b, = 427 fm for Cgo(OH),, and
by, ~(a —ao)d(pb), for the water molecules in the
volume. Here, a, ~ 133 A? is the cgoss-section for
Cs0(OH),», and (pb), = — 0.56 x 10" °A~2 is the scat-
tering-length-density for H,O. (2) From the f value
( ~ 0.6) obtained, we presume that the adsorbed mono-
layer of Cgo(OH);, becomes macroscopically uniform
with the uncovered surface ( &~ 40%) being expelled by
surface compression. For further compression, a rise of
7 may be expected. This deduction is roughly consistent
with the isotherm measurement (Fig. 1) which shows
a gradually increase of 7 after 4 ~ 300 cm?, namely, 60%
of the original surface area. (3) X-ray reflection measure-
ment using a brilliant X-ray source from synchrotron
radiation should provide reflection data of a wider Q-
range for a better determination of the structural para-
meters, for instance d, pb, and f, of the C¢o(OH),, layer.
(Note, according to an estimation using the structural
parameters obtained above, the scattering contrast for
neutrons between the Ceo(OH),, layer and the H,O
substrate, 2.21 x 10" %A~2, is about two times larger
than that for X-rays.)

Another indirect evidence for the adsorbed monolayer
of C¢o(OH);, is provided by an LB film of two
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Cs0(OH),, layers prepared from the sample solution.
The AFM images for the LB film (Fig. 3a) manifest
a relatively homogeneous texture for most of the film.
The depth profiles (Fig. 3b) probed show that the undula-
tion of the film surface can be characterized by occasional
dips of a depth of 13 A, which reveals clearly the
Cs0(OH);, monolayer characteristic. These AFM im-
ages reflects that the C4o(OH); , layers of the LB film are
inherited from the adsorbed Cgq(OH),, monolayers at
the air-water interface.

4. Summary and conclusion

We have studied the adsorption of Cgo(OH);, at
the air-water interface from bulk solutions. The results
obtained from 7n-A4 isotherms, BAM, neutron reflection,
and AFM provide consistent and/or complementary
evidence for the formation of Langmuir monolayers of
Ceo(OH),, via adsorption.
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