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In this work, through the technology of producing endohedral metallofullerene in macroscopic quanti-
ties, the process of pressure polymerization of Sc;Co@Cg, and their mechanical properties have been
investigated in detail using a set of experimental and theoretical methods. The crucial role of endohedral
atoms is demonstrated by comparison with pristine fullerenes. It is shown that the embedding of Sc,C,
complex inside a fullerene significantly facilitates the polymerization process which finally leads to the

highly rigid material at high pressures.
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1. Introduction

Even though fullerenes have been discovered more than 30
years ago [1] they still contain a lot of challenges for fundamental
science. Studies of physicochemical, electrophysical and optical
properties of fullerites under the high compressive pressures are
still of significant interest for both experiment and theory. It is
known that under the high pressure and high-temperature
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conditions, buckminsterfullerene Cgp undergoes a series of phase
transitions and transform into the polymer whose final structure
depends on the exact processing conditions [2—4] which extends
the carbon phase diagram by onion-like structures [5]. The poly-
mers obtained from fullerenes are of considerable interest due to
their wide range of applications (from solar cells [6] to ultra-hard
materials [7—9]). At the same time, polymerization itself is a
complex process whose description at the atomic level is a chal-
lenging task. A large number of fullerene isomers [10], the possi-
bility of variable surface functionalization as well as the
implantation of different atoms inside fullerenes, lead to a great
variety of possible structures.

Indeed, shortly after the discovery of the buckminsterfullerene
in the work [11], it has been shown that a cavity within the carbon
frame of fullerene molecules can accommodate a variety of atoms,
both non-metals (He, N, P) and metals, especially from a series of
rare earth, with the formation of endohedral metallofullerene
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(EMF) molecules. Endohedral fullerenes belong to a new class of
compounds which are technologically and scientifically important
owing to their unique structures and optoelectronic properties [12].
In most endohedral metallofullerenes, the introduction of metal
atoms into carbon cages leads to a change of the electron affinity
relative to the corresponding empty cages [13]. Due to the low
ionization potential of metal atoms, in most cases, from them to the
carbon frame of the EMF 2—3 e are transferred. This leads to the
emergence of many new properties that are not inherent to pristine
structures making EMFs a potential candidate for photovoltaic and
optical devices, elements of nanoelectronics and optoelectronics,
biomedical engineering as high-performance contrast agents, etc.
[12].

The transfer of electrons leads to a reduction of the HOMO-
LUMO gap in the EMF and an increase in their chemical activity.
This activity should potentially lead to easier polymerization of
EMF-based fullerites at high temperatures and pressures compared
to the case of Cgg or other fullerites. Polymerized EMF can be a new
material with promising applications in a wide range of scientific
and technological fields. However, despite the promise, the
extreme rarity of EMF makes it impossible to carry out a systematic
large-scale study.

Because we have developed the technology to produce EMF in
macroscopic quantities [14], for the first time we have been able to
study the structural behavior of the Sc contained fullerenes under
extreme conditions. In this study, using diamond anvil technology,
we demonstrate how the endohedral metallofullerenes Sc;Co@Cgy
can undergo polymerization under high pressure. The behavior of
the EMF under the study was compared with empty caged fullerite
which allowed to proceed the differences in the processes of
polymerization of both types of fullerites. The experimental results
were comprehended by density functional and density functional
tight binding theories in which key features of the polymerization
process were studied in detail. Finally, the mechanical properties of
the polymerized material were investigated.

2. Materials and methods

Carbon condensate containing Sc,C,@Cg, was synthesized in a
high-frequency arc discharge plasma by sputtering graphite elec-
trodes with axial holes of 3 mm in diameter containing a mixture of
Sc03 powder and graphite in a 1:1 mass ratio [14,15]. A mixture of
fullerenes was extracted from the obtained carbon condensate
using carbon disulfide in a Soxhlet apparatus. A mixture of
Sc,CG@Cg, and higher fullerenes was obtained using Lewis acids
TiCl4 [16]. Fullerenes Sc,C,@Cg; and Cgq were isolated from solution
by high-performance liquid chromatography using an Agilent
Technologies 1200 Series chromatograph (CosmosilBuckyprep M
column, toluene flow 1.6 ml/min). To obtain mass spectra of ful-
lerenes, a MALDI-TOF Bruker BIFLEX TM IIl mass spectrometer was
used. X-ray photoelectron spectroscopy (XPS) studies were per-
formed on a UNI-SPECS Spectrometer, SPECS Gmbh.

We used a shear diamond anvil cell (SDAC) for our high-pressure
study. This procedure was used for activation of a possible phase
transition by the application of shear deformation to the sample
[17].

In the SDAC, controlled shear deformation was applied to the
compressed sample by a rotation of one of the anvils around the
anvil's symmetry axis [5]. The pressure was measured from the
stress-induced shifts of the Raman spectra from the diamond anvil
tip [18]. The Raman spectra were recorded with a Renishaw inVia
Raman microscope (excitation wavelength 532 and 405 nm).

Besides experimental research, theoretical DFT calculations
were performed within the generalized gradient approximation in
the Perdew—Burke—Ernzerhof (GGA-PBE) parameterization. A
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periodic structure including 4 Sc,C,@Cs, molecules in the unit cell
was investigated. We used the projector augmented wave (PAW)
method [19] approximation with periodic boundary conditions
implemented in Vienna Ab-initio Simulation Package (VASP)
[20—23]. Plane-wave energy cut-off was equal to 550 eV. A struc-
tural relaxation was performed until forces acting on each atom
became less than 1072 eV/A. Non-local van der Waals functional
was used for correct describing intermolecular interactions as
implemented in the vdW-DF1 method [24].

The relative stability of the polymerized phases of fullerite at
finite pressure and temperature can be qualitatively determined by
a simple compression with the calculation of their Gibbs free en-
ergies, G = E + PV — TS. The phonon spectra and phonon contri-
butions to the entropy S were calculated by the frozen phonon
method using DFTB+ package [25]. As a result, we were convinced
that the change in the specific contribution of the phonon contri-
bution of the entropy TS into the Gibbs free energy G with a change
in the structure per atom is significantly less than the change in the
total energy per atom when forming new C-C bonds during poly-
merization; therefore, in what follows, the contribution of TS to the
free energy was not considered. So, our DFT calculations were
performed at zero temperature and the Gibbs free energy was
replaced by the enthalpy H = E + PV.

Additionally, a set of subsequent molecular dynamic (MD)
simulations were performed within the framework of NCC-DFTB
(non-consistent charge version of density functional-based tight
binding) method [26,27] using DFTB+ package, standard trans3d
[28] and compatible mio [29] parameter sets. MD simulations allow
modeling the process of scandium EMF structural transformation
under the external pressure emulating SDAC conditions.

Though the actual polymerization takes place at room temper-
ature, it can't be explicitly modeled via MD simulations due to the
limits of computational resources. This may be overcome by
increasing the temperature of the system. This, in turn, accelerates
the structural transformation providing a qualitative understand-
ing of the main polymerization features. First, the optimized
ScyC@Cg; unit cell taken from DFT calculations described above
was heated up to 3000 K without any external pressure using the
following temperature profile: 100 fs thermalization at 298 K, then
heating from 298 to 3000 K within 5 ps and 10 ps structural evo-
lution at 3000 K. Next, the pressure was increased stepwise from 5
to 30 GPa. For the sake of comparison, the same procedure was
applied to the identical Cg; unit cell without Sc;C, dimers inside the
fullerene cage.

3. Results and discussions

We have synthesized, extracted, and isolated Sc;C,@Cg; and Cgg.
The mass spectra of the chromatographic fractions are shown in
Fig. 1. The molecular weights 1098 m/z (Fig. 1a) and 1008 m/z
(Fig. 1b) as well as isotopic distribution of this peaks correspond to
ScaCo@Cg; and Cgy, respectively. In Fig. 1a, molecular weights 1080,
1104, and 1128 m/z conform to Cgg, Cgy, and Cg4, respectively
whereas 1032 m/z (Fig. 1b) corresponds to Cge.

XPS was used to analyze samples of chromatographic fractions
containing Sc;C,@Cg, and Cgyq before and after pressure treatment
in the SDAC. The analysis results for sample Cg4 are shown in Fig. 2a.
In the sample, after the pressure treatment, two peaks appeared
corresponded to C—C sp?- (284.8 eV), and sp>-hybridized bonds
(285.5 eV). The estimation of the quantity of the latter bonds yields
the value of 23.9% whereas in the initial sample only sp>-hybridized
bonds were observed.

The XPS spectrum of Sc contained fullerite is more complex and
contained peaks corresponded not only to C—C but also to 0—C=0
bonding (Fig. 2b). The distribution of the binding energy of the Cls
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Fig. 1. Mass spectrum (+) of chromatographic fraction of extracted fullerites. a) Sc,C,@Cs, and b) Cga.

line in the initial sample of EMF before pressure treatment made it
possible to determine the degree of carbon sp?- (58.43% of the area
of the C 1s line) and sp>-hybridization (11.56%). Also, we estimated
the degree of 0—C=0 bonds as 10.36% (288.5 eV) and Si—C bonds
as 19.65% (283.2 eV). The latter signal was probably originated from
the non-volatile micropowder. We can speculate that due to the
very small sample volume and the small diameter of the focusing
spot, the micropowder was trapped in the spot area during several
measurements. The Si—C line disappears after etching with
Ar" ions, which confirms this surface contamination, but the
fullerene also begins to decompose, and this leads to the trans-
formation of the entire spectrum. After pressure treatment, the
contamination disappeared and the final degree of sp>-hybridiza-
tion reached 30.19%, while the degree of sp>-hybridized bonds was
57.98%, and O—C=0 was 11.84%.

Decomposition of the Sc 2p line showed the presence of Sc**
according to the literature [30]. It should be mentioned that in 2006
the assignment of the main isomer ScyCgq to Sc;Co@Cg;, was carried
out using NMR spectroscopy [31]. Later, this fact was confirmed by
powder synchrotron X-ray diffraction with Rietveld analysis [32].
Analysis showed that the Sc 2p line remained unchanged after
pressure (Fig. 2c). Thus, it was shown that in Sc;C,@Cg, after
treatment with quasistatic pressure, the proportion of carbon with
sp3-hybridization increased, while the Sc* line did not change.

According to the results of the experimental synthesis where
ScaC2@Cgy were obtained we designed the corresponding model
which can form chemically connected atoms in the periodical
supercell and does not require considering a large number of
atoms. The last is especially important because it allows us to carry
out a thorough analysis via DFT and DFTB calculations. Although in
the experiment the behavior of Sc,C,@Cg, under the pressure was
compared with pure Cgq4 fullerenes behavior, in the calculations a
comparison of Cgy with and without guest atoms was carried out to
obtain clarity about the role of the Sc,C; complex. A large number
of isomers for fullerenes larger than buckminsterfullerene Cgg al-
lows us to assume that the experimental samples can contain
various isomers. Under this assumption, we have designed the
model consisting of three isomers Cgy Cy, which have the lowest
shell curvature energy, and one Cg, C3, with the symmetry allowed
to construct a dense polymerized cell. We found that Cgy C3, and Gy,
isomers bond with each other with the formation of a dense
polymer with maximal a sp>-bonding fraction of 65% (Fig. 3a). The
bonds between fullerenes in a polymer are differ depending on the
type of isomer. Each fullerene is surrounded by 12Cg;. Cy, isomer
bonds with 11 fullerenes by cycloaddition reaction type (3 + 3),
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(4 +4),and (2 + 2) (see Fig. 3b) whereas Cs, isomer connects with 9
surrounded fullerenes by (2 + 2) and (3 + 3) bonding. The Cs,
isomer bonding with other fullerenes only threw hexagon rings
and did not involve 5-membered rings, in contrast to the Cy, iso-
mers. The other 3 Gy, fullerenes are connected differently. One of
them forms 2 bonds with Cs, fullerene by (5 + 4) cycloaddition
reaction type (see Fig. 3b), the second forms only one bond and the
third is not connected.

In the next step, we determined the positions of the guest
groups ScpC; inside the Cgy molecule. Due to the complexity of the
potential hypersurface of Sc;C; inside a fullerene, we performed a
multi-step search for its favorable position. First, initial relaxation
of the structures was performed by using simulated annealing
based on ab initio molecular dynamics, to evaluate a large number
of starting structures. For each simulation, the temperature was
increased rapidly up to 1500 K and lowered gradually to 1 K, with a
time step of 0.5 fs during 1 ps (Fig. 3c). The resulting C3, and Cyy,
ScyC@Cg; structures obtained by molecular dynamics were finally
relaxed. It was obtained that the Sc,C; molecule behaves similarly
in both isomers. The scandium atoms always tend to fix above the
hexagonal rings on opposite sides while the C; molecule is located
in the cavity center with a typical bond length of 1.27 A.

The polymerization of fullerenes can be represented as a phase
transformation from an unbound molecular form to a chemically
bonded polymerized state. It is convenient to consider this process
through the enthalpy H dependences of the corresponding phases
on the pressure. They were obtained by structural optimization of
molecular and polymerized fullerites with a gradual increase of the
isotropically applied external pressure. It is obtained that both Cgy
and Sc,C,@Cg; are not able to reach maximal polymerization but
their behavior under the pressure has a fundamentally different
character.

Thus, in the case of pristine fullerenes, we found that the en-
thalpies of fully polymerized structure and molecular fullerite (red
line in Fig. 4a) intersect at 23 GPa which allows us to propose the
stepwise increase in sp>-hybridized bonds at this pressure. Before
that, at 15 GPa, only rare sp> bonds begin to form in the molecular
phase (Fig. 4a, inset). With further increase in pressure the per-
centage of these bonds increases, however, it does not exceed 6%
until 23 GPa. The minimization algorithm of DFT does not allow
spontaneous transformation from partial to full polymerization at
23 GPa and, thus, it is possible to study the intermolecular bonding
in the partially polymerized state also at higher pressures.

In the case of the EMF, we got a completely different behavior of
the structure under pressure. It is obtained that pressure
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Fig. 2. X-ray photoelectron spectroscopy analysis of fullerite sample before and after the pressure treatment. XPS of Cl1s line of a) Cg4 and b) Sc,C,@Cg, before (left) and after
pressure treatment (right); c) XPS of Sc,C,@Cg, Sc?* after the pressure treatment.

application leads to a gradual increase of sp> bonds in the structure Fig. 4b). The increasing of pressure leads to a smooth incremental

without the appearance of a phase transition into a fully poly- formation of the polymerized structure from 12.5 GPa with a sp>-
merized structure, which is clear from the asymptotic behavior of hybridization degree increasing until 23% at 27.5 GPa (Fig. 4b,
the enthalpy difference with pressure increasing (blue line in inset). This result allows us to conclude that Sc encapsulation
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with thin sticks while the inner C and Sc atoms are gray and pink balls, respectively. (A colour version of this figure can be viewed online.)
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smooth and relieve the polymerization process. The Bader charge
analysis shows that in molecular Sc,C,@Cg, each scandium gives
1.54e in total, 1.21e is taken by the inner C; (0.48e and 0.73e), and
the remaining 1.87 electrons transfer to fullerene framework,
causing its slight polarization, the region near the scandium is more
negatively charged compared to the remaining fullerene atoms. In
the case of polymer formation, the polarization becomes slightly
less, the charge on Scy decreases by 0.2e (1.45e per scandium) with
transferring of 1.66e to fullerene framework. This allows us to
conclude that the presence of scandium inside the fullerene po-
larizes the carbon bonds, which leads to an increase in their
chemical activity and facilitates polymerization. The presence of
scandium within the fullerene makes the (4 + 4) cycloaddition
reaction more uniform. Almost all fullerenes bind through (4 + 4)
bonds, although individual ones are also present (Fig. 4b). Unlike
pristine fullerite, not all fullerenes bond with each other.

The polymerization process of the pristine fullerenes Cg; or in
EMF Sc,C,@Cgy was theoretically investigated by DFTB MD calcu-
lations. The use of the semiempirical approach allows long term
molecular dynamic simulation, however, since this approach is less
accurate, only a qualitative agreement with DFT and experiment
can be expected. Within this approximation, dynamic polymeri-
zation was traced with a gradual increase of pressure up to 30 GPa
at fixed temperature T = 3000 K. As in the above, we observed
rising the number of sp> bonds with increasing pressure (the
chemical bonds of inner Sc;C, group and fullerene cage was not
taken into account), see Fig. 4c. In agreement with DFT calculations,
in the EMF case, polymerization up to a pressure of 25 GPa proceeds
faster, then the number of sp> bonds between pristine fullerenes
increases and overlaps the corresponding value for EMF at 30 GPa.
The final structures are significantly deformed, but the carbon
framework is preserved, which suggests the successful completion
of the polymerization process in both considered cases (Fig. 4d).

The predicted behavior was studied in the experiment. The
Sc,C@Cg, samples are strongly luminescent. The Raman spectra
(Fig. 5a) lack the narrow modes characteristic of fullerenes in the
region of breathing, intermediate and tangential frequencies usu-
ally observed, in particular, for higher fullerenes [13,33]. Never-
theless, a 1436 cm~' mode is present on the spectra which is
assigned to the pentagonal-pinch mode (involved tangential dis-
placements of carbon atoms with pressing pentagons and widening
adjacent hexagons) [1]. This mode is centered at 1469 cm™! in the
Raman spectra of the fullerene Cgp [1]. The position of the
maximum of the pentagonal-pinch mode depends on a curvature
of the fullerene-type onion shell and a particular arrangement of
surrounding hexagons [1,34]. The spectra also show broad bands
around 1273, 1363, and 1602 cm™, the appearance of these bands
can be explained by the broadening of the Sc,C,@Cg;, lines. The
reason for this smearing and broadening of the lines is not clear,
since the metal encapsulated fullerenes retain distinguishable
peaks corresponding to phonon modes [13,33].

With increasing pressure (up to 20 GPa), no noticeable changes
were observed in the Raman spectra of the sample (Fig. 5b). At a
pressure of 20 GPa, shear strains were applied to the sample (anvil
rotation angle was 12°). Fig. 5¢ shows the dependence of the most
intense line (1602 cm™! on the original sample) on pressure. Values
related to the sample before shear strain application are marked by
circles, and after shear strain application (pressure decrease) are
marked by crosses.

It can be seen from Fig. 5c that at pressures ~2 GPa, 7 GPa, and
17 GPa the beginning of so-called softening of Raman modes is
observed (pressure increase leads to sharp deceleration of fre-
quency growth with its subsequent decrease). This result correlates
well with the theoretical prediction of a gradually increasing de-
gree of polymerization with pressure. Earlier such phenomenon
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was observed for Cgp, and at the same values of pressures [35].
However, in contrast to Cgp, at pressures below ~5 GPa the reverse
transition to the initial state occurred (Fig. 5c¢), which is also very
well correspond with the theory where gradually polymerization of
EMF without phase transition means possible reverse trans-
formation. Raman spectra of the original sample and the sample
treated with 20 GPa pressure and shear deformation do not differ
(Fig. 5a).

When the sample is unloaded in the pressure range from 20 to
6 GPa the dependence of Raman frequency on pressure is linear.
This makes it possible to estimate the bulk modulus of the high-
pressure phase Bg = 509 GPa according to the approach given in
Refs. [36,37] An indirect confirmation of the By value (exceeding the
bulk modulus of the diamond 443 GPa) is the fact that the diamond
anvil is scraped by the sample while rotating (Fig. 5d) [35]. Ac-
cording to the definition of the ultrahigh hardness introduced in
Ref. [38], trenching is only possible when the hardness (which is
numerically related to the yield strength) of the Sc;C,@Cg, sample
exceeds the hardness (and therefore the yield strength) of the
diamond. Ref. [39] shows that the yield strength (and plasticity
mechanisms) of covalently bonded materials at temperatures
below the Debye temperature are determined mostly by their
elastic moduli. Therefore, the high bulk modulus measured in the
work and exceeding the bulk modulus of diamond confirms the
observed ultrahigh hardness of the sample Sc,Co@Cgy at pressures
from 20 to 6 GPa.

For comparison, the SDAC study of Cg4 samples was carried out.
Samples Cg4 luminesce are significantly stronger than Sc,C,@Cs,.
As a result, the Raman spectra observed only a peak of 1602 cm ™!
(Fig. 6a). The Raman spectrum of the original sample and after
treatment with a pressure of 25 GPa with a shift did not change. The
absence of the D mode indicates that this is not soot (i.e., not
disordered graphene-like layers). Raman spectra of sample Cgq
under pressure are shown in Fig. 6b.

The dependence of Raman frequency on pressure (Fig. 6¢) shows
3 phase transitions with increasing pressure: at pressures ~2 GPa,
~10 GPa, and ~17 GPa. At a pressure of 25 GPa shear strains were
applied (anvil rotation at an angle of 12°). No phase transitions
were observed during unloading.

Similarly, to the ScyC,@Cgy sample, the bulk modulus
Bo = 330 GPa of the high-pressure phase Cg4 was estimated from
the Raman frequency dependence of the pressure. In contrast to the
Sc,C,@Cg; sample, the diamond anvils in this experiment remained
undamaged, which directly indicates a lower hardness than that of
diamond and which is also indirectly indicated by the lower bulk
modulus of compression of the sample. This can be related to lower
fraction of sp> bonds in the sample in comparison with EMF and it
correlates well with theoretical predictions of lower polymeriza-
tion of Cg; structure.

4. Conclusions

The presented work is the first study of the properties of the
fullerite scandium endohedral complex as a bulk material. The
process of fullerene polymerization was studied, and the governing
role of embedded scandium atoms was demonstrated. It was
shown experimentally that guest atoms facilitated the polymeri-
zation process. DFT and DFTB simulations demonstrated that
scandium atoms change the fullerene bonding process completely
by the polarization of the carbon bonds, which leads to an increase
in their chemical activity. The mechanical properties of the
resulting polymerized material were investigated, and its highest
bulk modulus and hardness were observed. The authors hope that
this work will pave the way for studies of fullerite endohedral
complexes as a macroscopic material. This will make it possible to
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consider EMF not only as a nanostructure of only fundamental in-
terest but also as a promising material that may be in demand in
various fields of science and technology in the future.
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