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Abstract. Encapsulation of metal atoms inside carbon single-wall cages or within multi-layer
cells has been realized using molecular precursors and high temperature processes transforming
them into desirable structures. Endohedral fullerenols Fe@Ceso(OH)x with 3d-metal (iron) have
been studied by SANS in aqueous solutions where they form stable globular clusters with radii
Rc ~ 10-12 nm and aggregation numbers Nc ~ 10* This self-assembly is a crucial feature of
paramagnetic fullerenols as perspective contrast agents for Magneto-Resonance Imaging in
medicine. Cellular carbon-metal structures have been created by the pyrolysis of
diphthalocyanines of lanthanides and actinides. It was established that these ultra porous
matrices consist of globular cells of molecular precursor size (~ 1 nm) which are aggregated into
superstructures. This provides retain of metal atoms inside matrices which may serve for safety
storage of spent fuel of nuclear power plants.

1. Introduction

Carbon structures have a great potential for various applications in biomedicine, electronics,
alternative energy sources, ecology etc. that stimulates a progress in their synthesis and chemical
modification [1-5]. Among them it should be mentioned a variety of endometallofullerenes (EMF),
M@Ca (2n = 60; 70; 76; 80; 82 ...), with rare earth elements (M) and especially new structures
encapsulating paramagnetic 3d-elements [6-10]. Presently the EMFs are considered as advanced agents
for Magneto-Resonance Imaging in medical diagnostics to improve its efficiency and spatial resolution
without overdosing and side effects [11]. On the other hand, fullerenes and EMFs promise a progress in
therapy for various diseases including neurodegenerative pathologies also since their water-soluble
forms are able to overcome blood-brain barrier [12,13]. However, there is a substantial limitation for
biomedical applications of carbon structures. It concerns a preparation of very pure fullerenes Cso and
Cro. Recently basic principles and the ways of preparation of high quality fullerenes Cgo and Cyo there
were developed [14,15]. Along with it, these authors pursued the aim to obtain new EMFs with 3d-
metals. Finally, it was synthesized a new complex Fe@Cgo With paramagnetic atom [16]. For a long
time a creation of such molecules was not successful until a special precursor (iron phthalocyanine) has
been found. Further it was embedded into carbon electrodes used for electric arc generating plasma of
ionized carbon and metal which create desirable new compound of Fe@Ceo. In hydroxylation process it
was transformed into water-soluble form of Fe@Ceso(OH)x (X ~ 30) [16].

Advances in synthesis of water-soluble forms of fullerenes and EMFs make possible their
integration into biomedicine. For this purpose it is necessary a fundamental knowledge of structural
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features and behaviours of these objects in aqueous solutions by means of neutron and X-ray scattering
[17-19].

Water-soluble fullerenes and EMFs exhibit different kinds of assembly into fractal structures
(linear or branched molecular chains, globular clusters). The features of such supramolecular
organization at scales of 10° -10? nm depend on molecular concentrations and pH-factor in solutions
[10, 17-21]. Suspected mechanisms of carbon structures ordering in solutions involve the contributions
of hydrogen bonds, van-der-Waals’ and hydrophobic interactions as well as dipole electric and magnetic
forces if paramagnetic atoms are confined in carbon cages. Since the behavior of Fe@Cso(OH)x
fullerenols governed by various interactions is not predictable, this became a subject of present study.

There was carried out the X-ray analysis of atomic structure of Fe@Cg(OH)x powders [16].
Further by SANS we have studied self-assembly peculiarities for fullerenols in aqueous media. In a
series of measurements we increased the concentration towards the threshold of solubility and then
decreased to get initial solution. This enabled us to check a reversibility of fullerenols' assembly.

The second part of experiments is devoted to the structural analysis of carbon matrices built of
tiny cells with metal atoms captured during pyrolysis of diphthalocyanines (DPC). In these molecules
metal atoms (Y, La, Ce, Nd, Th, U) are coordinated between plane ligands [22]. In neutral atmosphere
at high temperatures (800-1700 °C) the molecules in DPC-powders due to destruction have lost light
elements (H, N, O). Such samples are ultra porous matrices where metal atoms are localized inside
carbon cells which are aggregated. The X-ray study was aimed to determine cells' structural features
(dimensions, atoms aggregation numbers) inside matrices at various conditions of pyrolysis [23].

2. Experimental

2.1. Endofullerenes, synthesis and attestation

The synthesis of endofullerenes was carried out in electric-arc (current of 130 A, helium
atmosphere, pressure of 380 mm Hg) by the evaporation of carbon electrodes filled with a mixture of
graphite and iron phthalocyanine pyrolysate (iron content ~ 10% wt.). To remove residual iron not
involved into endohedral complexes, fullerene-containing soot was etched in dilute hydrochloric acid.
First, empty fullerenes (Ceo, C7o and higher homologues) were extracted from the soot in o-xylene.
Second, the EMFs were isolated from the soot by extraction in N,N-dimethylformamide containing
reducing agent to enhance the process efficiency.

After solvent evaporation and drying, solid EMF-extract was examined by X-ray fluorescence
analysis (XRF) which showed iron amount (2.4 — 4.8 % wt.). Further this product was hydroxylated in
dilute aqueous solution of hydrogen peroxide (65° C) and mixed with a tenfold volume of precipitating
mixture (isopropyl alcohol and hexane, ratio 9:1). Finally the precipitate separated by centrifugation was
dried under vacuum (80°C, 3 hours). The concentration of iron in resulting product was of 3% wt. (XRF
data).

The amount of hydroxyl groups attached to a fullerene cage, X = 30 + 2, was found by thermo-
gravimetric analysis (TGA)[24]. The prepared sample contained 70 % of Fe@Ceo(OH)30 and empty
fullerenols Ceo(OH)3 in the remainder and had a solubility of 46 mg/ml.

The molecular structure of the powders of Ceo(OH)3o (reference sample) and Fe@Cego(OH)s0 has
been studied by X-Ray diffraction [16]. Chemical bonding hydroxyl groups was confirmed by Fourier
Transform Infrared Spectroscopy (FTIR). The FTIR-spectrum of carbon-metal structure showed
characteristic frequencies for chemical bonds in molecules of Fe@Ceso(OH)so (figure 1), i.e. broad band
at 3412 cm for stretching mode of OH groups and other peaks at 1620 cm™* (C=C), 1390 cm* (C-OH)
and 1150 cm™ (C-OH).
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Figure 1. FTIR absorption spectrum for Fe@Cgo(OH)30.

Eventually the detailed analysis enabled us to identify the endohedral structure of new carbon-
iron compound [16]. In following SANS experiments fullerenols’ ordering in aqueous media has been
studied taking into account actual scientific and practical aspects for biomedical applications.

2.2. SANS on fullerenols in aqueous solutions

In light water Fe@Cgs(OH)30 molecule has a good contrast in neutron scattering. This provides the
SANS-measurements even at low concentrations. Varying the concentrations (C = 0.24 — 3.9 % wt.),
we started from dilute solutions and moved to the threshold of solubility (46 mg/ml). In a series of
experiments we collected the SANS-data at ambient temperature in the range of momentum transfer q
= (4n/4)sin(6) = 0.04-0.8 nm (scattering angles 260, neutron wavelength 4 = 0.3 nm, 44/4 = 0.25,
“SANS-Membrane”, PNPI). Next measurements we carried out using dilution from maximum to
minimum concentration to test reversibility in fullerenols’ ordering (figure 2).

In both series, the scattering intensities 1(q) demonstrate a huge grow (figure 2) at low
momentum transfer, g < 0.4 nmL. This testifies a strong molecular clustering at the scales ~ 2z/g > 10!
nm. The data in the first series showed a similarity of SANS-profiles shifted in logarithmic scale with
concentration rise. The experiments by a dilution exhibited qualitatively the same results. In the first
approximation all the data obey the scattering law

2
1(q) = I0[1+(qRC)2} : (1)

The parameters I, and Rc denote forward intensity and correlation radius of molecular clusters. Taking
into account a proportionality of intensity parameter I, ~ CNc to concentration and aggregation number
(Nc), we used normalization 1,/C ~ Nc to reveal the concentration dependence of fullerenols’ aggregation
degree (figure 3).
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Figure 2. SANS from
Fe@Cso(OH)x aqueous solutions
(20°C) by the increase of
concentration (C, wt.%):1 - 0.24;
2-0.67;3-14;4-25;5-3.9.
Lines are fitting functions (1).
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Figure 3. Concentration dependencies of scattering
” == function (1) parameters in solutions with increasing
I =h=a (1) and decreasing (2) fullerenols’ content: (a) -

. forward intensities normalized to concentrations,
, 1,(C)/C; (b) - correlation radii Rc(C) vs. fullerenols’

The parameters 1,/C and Rc come upward when concentration increase and achieve saturation
at C > 1 % wt. A reverse dilution of concentrated system does not provide a complete repeat of the
parameter 1,/C ~ Nc being a measure of aggregation. The aggregation humbers still remain greater (~ 3
%) by dilution comparatively to concentrating process. Hence, a weak hysteresis in aggregation
numbers’ behavior exists (figure 3). The Nc magnitudes were computed using the parameters I, and
taking into account the contrast of fullerenols in water and their volume fractions. These high
aggregation numbers cover the range of Nc = (1.1-1.6)10*. Meanwhile the correlation radii of clusters
demonstrate a moderate growth, Rc ~ 10-12 nm, without a hysteresis.

Summarizing the results it is worth to note that iron containing fullerenols in aqueous solutions
are ordered into stable clusters. Their dimensions and aggregation degrees are not sensitive to strong
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changes in molecular concentrations. Therefore, these stable small-sized structures with paramagnetic
metal atoms seems to be attractive for biomedical applications with dosing variations in living organisms
without substantial risks of irreversible sedimentation.

Another kind of carbon structures with metal has been created by the pyrolysis of molecular
compounds that provides a formation of porous matrices which strongly hold heavy metals and nuclides
[26].

2.3. Pyrolysates of diphthalocyanines of metals, synthesis and structure by X-Ray scattering

Pursuing the aim of reliable isolation of nuclides inside solid matrices, there were developed chemical
methods to bond radioactive elements [27]. For preparation of carbon matrices to encapsulate metal
atoms, the precursors on the base of diphthalocyanines of metals (M =Y, La, Ce, Nd, Tb, Sm, U) have
been synthesized. The methods of their preparation, structure and properties are described in detail
[27,28].

A molecule of diphtalocyanine PcoM is composed of two ligands (Pc) connected via a metal
atom (Figure 4). Pyrolysis of diphtalocyanine (argon atmosphere; temperature 800—900°C) causes
molecular destruction with a release of hydrogen, nitrogen and other gases. As a result, in a molecule
the carbon atoms at the edges of ligands can be linked via free bonds into a cell similar to fullerene cage.
In such a cell (size ~ 1 nm) even ten metal atoms can be easily placed. Upon pyrolysis of
diphtalocyanine, monomolecular cells create ultra porous metal—carbon structure, MCx (X ~ 30-35),
with molecular-sized and larger intermolecular voids (~10°-10° nm) [23]. The incorporation of nuclides
into the voids of matrix can provide their safe storage. Because of small-sized size holes, a carbon matrix
is penetratable only for atoms with radius less than 0.12—0.13 nm. The most of nuclides can leave carbon
cells only under their destruction or strong deformation at the temperatures above 1400°C. Below
1000°C a confinement for almost all studied radioactive elements in matrices is close to 100% [27].

Figure 4. Structure of diphtalocyanine molecule with
metal atom (M) between ligands. Nitrogen and carbon

o—N atoms are shown.

In X-ray experiments we have studied the structures of carbon cells in pyrolysates with various
elements (Y, La, Ce, Nd, Th, Sm, U) synthesized at 800—1700°C [27]. The powders of pyrolysates were
examined at ambient temperature (Diffractometer “Dron-3M”, CuK, radiation, wavelength 1 = 0.154
nm) in the interval of scattering vector modules q = (4n/A)sin(d) = 7-80 nm™* at the degrees 26 = 10-
150°.

Characteristic data for La-pyrolysates (figure 5) illustrate scattering patterns for the specimens
completely amorphous (low-temperature synthesis, 7 < 1000 °C) and for high temperature materials (7
> 1000 °C) containing La-carbide precipitates and crystalline graphite domains coexisting with
amorphous phase [28]. The scattering intensities 1(q) for low-temperature pyrolysates (800-900 °C)
demonstrate broad peaks at q; ~ 15-20 nm?, g ~ 25-40 nm™* and gs ~ 45-60 nm™*. In the case of high-
temperature pyrolysis (1020 °C), peaks’ positions are defined more exactly, qim = 19 nm?, g2m = 30 nm
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! gsm = 50 nm™. This enables us to estimate the periods L1 = 2n/qim= 0.33 nm, L.~ 0.21 nm and Lz =
0.13 nm.

The smallest parameter Lz corresponds to the length of carbon-carbon bond, while the others
should be attributed to the distances between atomic planes. The Lz is close to the period of graphite
hexagonal lattice a = 0.246 nm, and the L1~ dooz = ¢/2 = 0.335 nm is a half of c-period [29]. Thus, the
data for high temperatures (7> 1000 °C) testify atomic order in pyrolysates like in crystalline graphite
(figure 5).

In this study we tried to detect subtle structural features of amorphous phase which is not
amenable to ordinary X-ray diffraction analysis. Therefore we subtracted the contributions Ic(q) of
narrow peaks related to crystal order and approximated by Gaussians. The data were corrected also for
background, Is(q) = 1(q) — Ic(q) — Bg. Further we used final data to evaluate short range correlations of
atoms in these ultra porous structures.
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2.4. Atomic correlations in pyrolysates
For pyrolysates the spectra of atomic correlations [25] are given by Fourier-transform of
scattering intensities 1s(q),

sin(qR),, 24
@R P 2

1 3
YR)~<20e(0)- 20 R)> | - [ T15 (@l

As usual, the y(R) is defined by local deviations of electron density, Ape(0) and Ape(R), from a middle
level in the sample when two points are separated by a certain distance R and there is averaging over all
possible positions of pairs in sample’s volume. For our isotropic samples the spectra are presented in
the form G(R) = R%y(R) which shows spatial correlations between a scattering center and surrounding
centers at spherical surface (radius R) (figure 6).

For low-temperature structures (figure 6a) it is visible that the edge of the intense peak quite
exactly corresponds to the distance doo2 between graphene planes in graphite crystal. Indeed, if the atoms
belong to neighboring planes with spacing dooz, their cross-correlations start at R > dgo2. In frames of a
simple model [30] for uniform thin parallel planes (discrete positions of atoms neglected) the G(R)
increases up to the maximum at Rmax = (4/3)%? doo2 = 0.39 nm. Really, the position of maxima (Rmax ~
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0.4 nm) in spectra for low-temperatures pyrolysates are in agreement with this model. Meanwhile, only
a rough accordance with characteristic periods in graphite crystal (dioo, 2doo2) is 0bserved since the peaks
are shifted to lower radii (figure 6a). This can be interpreted as a result of curvature of plane fragments.
Such fragments are formed of diphthalocyanine ligands (figure 4) which lost light atoms (H, N) by
destruction. After partial destruction a molecule of diphthalocyanine probably is a structure like a carbon
cage when ligands’ edges are linked via free bonds. It means a transformation of plane ligands into
curved structures which can be combined in multi-layer stacks. The high-temperature treatment
stimulates a growth of compact (globular) structures when single-layer fragments become cross linked.
As a result, in spectra neighboring partial peaks overlap and form a broad common hump (figure 6b).
Its center position R ~ 0.6 nm indicates a characteristic radius of globules which are comparable in size
to precursor molecules.

Along with it, the spectra are still modulated that indicates a multilayered structure of globules
(figure 6b). In order to find the amount of atoms m (aggregation number) in globular entities we have
taken into account the scattering lengths of atoms. Such a length is proportional to atomic number of
element (Z). However, in dense matrix a length for each atom should be corrected for scattering length
density of matrix. Thus, we used effective lengths (Zec, Zeia) for carbon and lanthanum to estimate
atomic incoherent scattering intensities for the samples,

lgg =475 ~DZg| 12 +(@-VZg:?]
Here parameter S; is the integral area under the first peak in G(R)-spectrum. The integral represents the
contributions of lanthanum and carbon atoms with atomic share v and (1-v) to the incoherent scattering

cross section. Such a peak (maximum at R ~ 0.1 nm, figure 6) describes the scattering from electrons in
single atoms.
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Meanwhile, it is overlapped with a peak arisen due to chemical bonds with neighboring atoms. The
contribution of this incoherent scattering was found using approximation of G(R)-spectra by a sum of
Gaussians in the limited range of radii (0 <R < 0.3 nm).
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For each spectrum the incoherent intensity lo; was compared to coherent one defined by the total
area under the profile of G(R)-function,

lg~mhZg , +A-V)Zgc1?

Here the parameter m is a total atomic aggregation number for the structures observed in the
experimental range of radii R < 1 nm. For matrices prepared at different temperatures we estimated this

parameter from the ratio
2 . 2
o Ii0 .[VZELa +(1 V)ZEC ]
lo1] pzZg, . +@1-v)Z

]2
ELa EC

Additionally, the integrals over G(R)-spectra give the gyration }adii of aggregates (Rg) by formula [25]
1 2
~[G(R)R“dR
) ,J6R)

Rg =4
JG(R)dR

The gyration radii and aggregations numbers for La-carbon structures are presented in figure 7 as
dependent on synthesis temperature. The rise of pyrolysis temperature above 1000 °C induces a huge
growth in aggregation degree, m(T) ~ 100. At the same time, the gyration radii of structures demonstrate
only a weak increase, Ry ~ 0.4-0.5 nm. It means a formation of dense globules at high temperatures.
Indeed, comparison of their masses ~ m and volumes ~ Rg® has shown that the density of high-
temperature globules approaches to this parameter for graphite but yet remains lower by 16 %.
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In general, these structures can be considered as fractal clusters with dimension
__In(m)
Dg (T)=

R
"{ﬂ

fa
where ra = 0.08 nm is carbon atom radius. The obtained parameter Dg(T) ~ 1.9-2.8 strives upward in the
temperature range 800-1600°C although in the upper limit (1800°C) it shows a downturn due to
increased destruction (figure 7 ¢). Such structures may be formed via diffusion limited aggregation
which leads to a growth of mass fractals when it is possible a transition from plane structures, Dg ~ 2,
to branched 3D-aggregates, Dr ~2.5-2.8 > 2. These X-Ray studies have revealed small-sized (~ 1 nm)
structures which serve as the building blocks. Their association creates multi-level aggregates (10°-10?

nm) forming solid matrices. The structural features of various matrices have been analyzed in neutron
scattering experiments [23].

3. Conclusions
SANS-studies of new fullerenols Fe@Cso(OH)x have shown that these paramagnetic endohedral objects
create stable self-assembled globular structures with moderate and reversible changes of parameters in
aqueous solutions in a wide range of concentrations that is crucial for biomedical applications.
Carbon-metal materials prepared of diphthalocyanines and studied by X-ray scattering are
characterized as ultra porous matrices composed of molecular-sized structures. By the increase of
pyrolysis temperature (800-1800 °C) they undergo a transformation when molecular skeletons lose light
atoms and again begin to integrate carbons to form multi-layer globules with high aggregation numbers
~ 100 but their gyration radii ~ 0.5 nm do not exceed the dimensions of diphthalocyanine molecule.
Thus, a combination of X-Ray and neutron scattering together with data treatment complementary
in reciprocal and real space has provided a comprehensive analysis of the mechanisms of formation of
different kinds of carbon-metal primary structures and understanding subtle features of their assembly
into secondary clusters.
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