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ABSTRACT Using water-soluble hydrated fullerenes embedded in a polyvinyl alcohol matrix, samples were
obtained that demonstrated the presence of optical anisotropy when they were formed in a magnetic field.
Its existence was established in experiments on light scattering in films containing C60(OH)n and C70(OH)m
molecules. The mechanism of the effect is presumably associated with the anisotropy of the shape of these
molecules.
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1. Introduction

Composites, which are polymer matrices with embedded molecules or molecular complexes based on carbon, are
currently being studied from various points of view. The interest in them is dictated by the desire to produce materials with
special properties, for example, for improvement of mechanical characteristics, the need to obtain particular membranes
and many other objectives [1–5]. One of the important trends in this field is fullerene-containing polymers and the possible
creation of such optical media on their basis, the parameters of which could be controlled in one way or another, including
control by the action of external fields.

In this paper, we consider the previously unexplored case of fullerene- and fullerenol-containing composites formed
in the magnetic field H . As an experimental approach used to obtain information about this substance, the light scattering
technique was applied.

2. Samples

The samples were made in the form of films of polyvinyl alcohol (PVA) with C60(OH)n or C70(OH)m molecules
injected in it, solidified on glass substrates. Similar materials, but synthesized without the applying H , were studied by
us earlier [6, 7]. In addition, films of epoxy resin with fullerene C60 were used as control samples.

Fullerene and its derivatives were obtained on the basis of principles outlined in [8]. Soot resulting from the erosion of
graphite electrodes in an electric arc in a helium atmosphere was treated with xylene and separated in a chromatographic
column. After multi-stage purification with a carbon sorbent, a product was formed, which was further hydrated using
sodium hydroxide, and, as an interfacial catalyst, tetrabutylammonium hydroxide solution. At the final stage, drying
was carried out in vacuum at 40 ◦C. According to the data of complex thermal and elemental analysis, the result was
compounds that best correspond to the formulas C60(OH)42·4H2O or C70(OH)52 (hereinafter referred to as C60HyFn and
C70HyFn, respectively).

In the manufacture of samples, the fact that PVA and fullerenols are water-soluble substances was used. To obtain
composite films, their solutions were mixed in different proportions at a temperature of about 90 ◦C, subjected to ultrasonic
treatment for 30 min, applied to a glass substrate and dried in a magnetic field, forming films with a thickness of 30 to
60 µm. The concentrations of the starting compounds varied, but the best quality of the sample (acceptable transparency
with a sufficiently high content of inclusions) was achieved by introducing 10 mg of fullerenol into a five percent solution
of PVA (5 wt. % of dry material by weight of water), and the greatest effect associated with the magnetic field was
observed at the maximum achievable value in the laboratory H = 15 kOe. The results below relate to these values.
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The preparation of control samples was performed differently, since fullerene C60 does not dissolve in water. Initially,
powdered fullerene was added to the epoxy resin hardener (commercially available transparent product Artline Crystal
Epoxy), and this mixture was subjected to ultrasonic stirring for 30 minutes. Then the resulting mass was combined with
the resin in a ratio of 2:1 and sonified for another 10 minutes. The weights of the ingredients were selected so that the
concentration of C60 in the liquid was 1 wt. %. Next, the liquid was deposited on glass and placed in the fieldH = 15 kOe,
in which it hardened to a solid state, while the thickness and visual optical characteristics of the film were approximately
the same as in the case of PVA.

For comparison, samples were also made for all matrices and fillers at H = 0.

3. Measurements procedures and processing of data

The optical measurements performed in this work were experiments on static light scattering carried out according to
the standard scheme. The setup included a semiconductor laser (λ = 650 nm), the radiation of which was directed at the
sample, and a block rotating around the sample on the limb, consisting of a photodetector and a polarizer located in front
of it, which allowed one to separate either horizontally or vertically polarized components of the scattered light.

A horizontally polarized laser beam was formed by a diaphragm with a sufficiently large aperture (more than 1 mm)
and was applied to the sample from the side of the substrate perpendicular to it. The degree of laser radiation linear
polarization P0, which is known to be determined by the expression

P0 =
I1 − I2
I1 + I2

,

where I1 is theintensity of the horizontally polarized light component, and I2 is the intensity of the orthogonal (i.e.
vertically polarized) light component, was about 95 %.

The experiment is reduced to determining the dependence of the intensity of scattered radiation Is recorded by the
photodetector on the angle θ, measured in the horizontal plane from the optical axis of the system to the direction of the
scattered beam, that is, determining of the indicatrix Is(θ). We also measured the degree of linear polarization of the
scattered radiation given by the formula

Ps =
Is1 − Is2
Is1 + Is2

,

where Is1 and Is2 are the intensities of horizontally and vertically polarized components of scattered light, respectively.
Next, the relative value of Ps/P0 was determined – an important parameter for our study that characterizes the degree of
impact of the substance under investigation to light.

All measurements were performed for two positions of the sample: when the mutual orientations of the field H in
which it was prepared and the polarizations p of incident beam were parallel or perpendicular.

The scattering indicatrices Is(θ) were processed by fitting functions of the form f(θ) = a · cos2(βθ). This was
necessary to estimate the value of Is(0) (of course, measurements are impossible in the region close to θ = 0) and,
thus, to determine the width of Is(θ) at half intensity δθ0.5. It should be noted that this approach is rather rough, but it
introduces a simple unified criterion for all indicatrices (accurate analytical processing is extremely complicated by the
fact that the phenomenon under study is a complex case of scattering on a system of non-spherical and differing in size
objects with internal anisotropy). The lines shown in the figures below are drawn using this fit.

4. Experimental results

Figure 1 shows the Is(θ) indicatrices for two orientations of an epoxy resin-based sample obtained by recording
scattered radiation with a polarization coinciding with the incident one (Fig. 1a) and perpendicular to it (Fig. 1b). It is
noteworthy that these diagrams are rather narrow δθ0.5 ∼= 6 ◦) and practically the same for the geometries of the experi-
ment corresponding to different orientations of the magnetic field. In order to note the not quite exact correspondence of
the chosen approximation to experimental data, an additional curve is shown in Fig. 1a, which is a fit of f(θ) to points
at |θ| > 5 ◦. In Fig. 1b the calculated curve is a scaling transformation of the main diagram in Fig. 1a, that is, the ratio
Ps/P0 within the main peak remains constant at all angles θ and orientations of H .

Figure 2 demonstrates the Is1(θ) indicatrix (Fig. 2a) and the relative degree of linear polarization Ps/P 0 (Fig. 2b),
obtained for C60HyFn film at different magnetic field orientations. The width δθ0.5 ∼= 5.8 ◦ measured from Is1(θ) turned
out to be approximately the same for every H direction (the dots that not described by the main peak function f(θ) were
not recorded here). However, in this case, the approximations of Is1(θ) and Is2(θ) differed not only by the scale factor,
i.e., there was a pronounced angular dependence of the parameter Ps/P 0, which, moreover, was different for different
orientations of the field. As an example, Fig. 2b shows the curves calculated from the above expressions using fitting
functions Is.

Another picture was observed for the C70HyFn sample (Fig. 3). At different orientations of the field, the Is1(θ)
indicatrices were noticeably different in width (Fig. 3a), and the difference in Ps(θ)/P0 became very significant, reaching
a value of about 10–15 %.
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FIG. 1. Indicatrices of epoxy-based sample for registration of scattered light with polarization parallel
(a) and orthogonal (b) to polarization p of incident beam. 1 – Perpendicular orientation of H to p, 2 –
parallel orientation of H to p

FIG. 2. Results of the experiment with the sample C60HyFn: indicatrix Is1(θ) (a) and relative degree
of linear polarization Ps/P 0 (b). 1 – Perpendicular orientation of H to p, 2 – parallel orientation of H
to p
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To display the effect of the magnetic field on the studied composites more clearly, the data obtained for C60HyFn
and C70HyFn are presented together on a separate graph (Fig. 4), where the angular dependences of the relative degree of
linear polarization are shown in the region −5 ◦ < θ < 0 ◦.

In control samples fabricated at H = 0, the effects described above were not observed.

FIG. 3. Results of the experiment with the sample C70HyFn: indicatrix Is1(θ) (a) and relative degree
of linear polarization Ps/P 0 (b). 1 – Perpendicular orientation of H to p, 2 – parallel orientation of H
to p

FIG. 4. Comparison of the dependences of relative linear polarization degree on the scattering angle in
PVA films. 1 – Perpendicular orientation of H to p, 2 – parallel orientation of H to p

5. Discussion

An obvious conclusion from the above data is that in systems containing C60HyFn and C70HyFn molecules, an
external magnetic field induces optically detectable anisotropy. Comparison of the characteristics of the latter with the
characteristics of the control sample shows that the shape of the molecules should play an essential role in this phenom-
enon. Assuming C60 to be a spherically symmetric object, it can be expected that no preferred direction under the action
of H in a substance with “pure” fullerene can appear, which is confirmed by the measurement results of an epoxy-based
composite (Fig. 1). At the same time, the width of the indicatrix (or, more precisely, the part of it that corresponds to the
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most intense scattering) of the C60-containing sample differs little from the value of the same parameter for C60HyFn and
C70HyFn. This indicates that in all cases the scatterers are particles larger than individual molecules. The obtained values
of the δθ0.5 allow us, based on [9] and the references therein, to estimate qualitatively their average size d as units of
microns (d ≥ λ), that is, to assume that we deal with a scattering close to the scattering of Mie (which is not quite strict,
since the shape and structure of the scatterers, as mentioned above, differs from homogeneous sphere). An additional
wide low-intensity line in Fig. 1a, corresponds, most likely, to the existence of a fine fraction of carbon inclusions in
C60-containing sample. The absence of angular dependence of Ps/P0 in the epoxy-based composite, while conserving
the value of this parameter close to the same in incident beam, is a sign of the high symmetry of scatterers associated with
C60 molecules.

In the C60HyFn -containing sample, such a dependence exists (Fig. 1b), and, what is most important, it is different
for different sample orientations, while the change in the width of the indicatrix is not observed also (Fig. 1a). It can be
assumed that in this case, the optical anisotropy induced by the magnetic field mainly is owing to the internal anisotropy
of the clusters formed by fullerenol C60HyFn molecules, which, in turn, is determined by a certain deviation of their
shape from spherical. Of course, there is a question about how noticeable this effect is, since the carbon skeleton of this
molecule continues to remain the same as that of fullerene C60 However, according to the results of the simulation carried
out in [10], the attachment of a certain amount of OH groups to the core of the C60HyFn molecule can form structures
with a fairly well-defined asymmetry.

Figure 3, referring to C70HyFn, shows the most striking manifestation of field-induced anisotropy. Here, in addition to
the very different for the two orientations of H angular dependences of the relative degree of linear polarization (Fig. 3b),
a noticeable broadening of the scattering indicatrix appears (Fig. 3a), which probably reflects both the existence of internal
anisotropy and the non-sphericity of the clusters formed by the molecules of this fullerenol. The difference in the values of
δθ0.5 when light is scattered on extended objects of a different physical nature, but with the same experimental geometries
as in present work was observed, for example, in [11]. Nucleation of structures elongated in the field, the constituents of
which are the C70HyFn molecules, is more obvious than in the case of C60HyFn, since their carbon skeleton is already
has an anisotropy of the shape, which persisting or increasing when the hydrate shell is formed. The significantly stronger
influence of the magnetic field on such samples is illustrated by comparing the plots of Ps(θ)/P0 of composites with
C60HyFn and C70HyFn in a large scale (Fig. 4).

In the cases discussed above, and even if clustering does not occur at all, induced anisotropy required that non-
magnetic molecules should line along the field. Of course, any molecules can be considered non-magnetic only in a
certain approximation; it is more correct to take into account their diamagnetic properties, as is done, for example, when
analyzing the behavior of liquid crystals. Therefore, as a simple explanation for the effects we observed, a mechanism
similar to what occurs in these substances is proposed: non-spherical molecules, due to their anisotropy of dielectric
susceptibility, rotate in the field, minimizing the corresponding energy and forming further larger objects (clusters). Being
hypothetical, this model, of course, can be refined or modified, for instance, taking into account the complicated nature of
the interaction of the hydrate shell of fullerenol molecules with the matrix.

Note that the structure of clusters does not necessarily imply the presence of a large number of closely packed
molecules in them. It is possible, for example, that variations in the density of the additive distribution in the matrix
creates a scattering medium with a spatially varying refractive index, in which fullerenol molecules are separated by PVA.
A certain role in the formation of scattering objects can also be played by PVA crystallites [12], which are usually present
in this polymer.

6. Conclusion

In the work, the light scattering method revealed the effect that a magnetic field can create optical anisotropy in a
composite medium containing inclusions in the form of polyhydroxylated fullerenes molecules.
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