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mation mechanisms of all three complexes are elucidated as a function of the ion implantation energy and impact location, suggesting possible routes for selectively synthesizing
these complexes.
 2010 Elsevier Ltd. All rights reserved.

1.

Introduction

Since their first discovery in 1985 [1], the synthesis and properties of metallofullerenes have been intensively studied
because of their unique physical and chemical properties
and potential applications, e.g. as electronic, optic and magnetic
materials, as well as magnetic resonance imaging contrast
agents and radiotracers in medical sciences [2–4]. Three types
of complexes can be distinguished: (i) incarfullerenes, in which
the dopant atom(s) are trapped inside the carbon cage (see,
e.g. [5] and references therein); (ii) metallofullerenes where
the metal atom is bound outside to the cage [6,7]; and (iii)
heterofullerenes [8], in which the metal atom is incorporated
into the cage network by replacing one or more C-atoms.
Common production of metallofullerenes is by a DC electric
arc discharge or a laser furnace method [5].
Alternatively, the ion implantation method has also been
demonstrated to provide a viable route for the formation of
doped fullerenes. In this process, the atoms to be complexed
are ionized, accelerated, and implanted in the fullerene target.
Anderson and co-workers demonstrated the implantation of
rare gas ions and alkali metal ions into fullerene molecules
using implantation energies in the range 0–150 eV [9–13].

Campbell and Hertel [14,15] investigated the formation of
M@C60 by bombarding thin films of C60 with M+ alkali
ions (M = Li, Na, K, and Rb). The formation of endohedral
133
Xe@C60 was reported by Watanabe et al. [16]. The implantation of Cs+ in C60 was accomplished by Kaplan et al. using low
energy ions (35–220 eV) [17]. The possibility to produce alkali
metal or rare gas doped fullerenes by (low energy) ion implantation is therefore established experimentally.
To the authors’ knowledge, only a few experimental papers
are devoted to the study of the formation of first row transition
metal doped fullerenes [18–21], in contrast to the abundant
literature on the formation of complexes using rare earth
metals and alkali and alkaline earth metals (see, e.g. [5,17,22,23]
and references therein). The formation of the heterofullerene
C59Ni from NiC60 was demonstrated experimentally by Branz
et al. [19] and Kong et al. [20,21]. In these experiments, the
heterohedral complexes were formed by photofragmentation
from NiC60. The structure of C59Ni was discussed in simulation
papers by Sparta et al. [24], Changgeng et al. [25], and Alemany
et al. [26]. The structure of the NiC60 complex was studied by
Andriotis and Menon [27] and Alemany et al. [26]. The gas
phase synthesis of an endohedral Ni containing fullerene
has been simulated by Yamaguchi et al. using classical
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molecular dynamics (MD) simulations [28]. Previously, we
have also investigated the formation process of exo- and
endohedral Ni–metallofullerene by classical MD simulations
[29]. In this contribution, we present a more comprehensive
study of the dynamical formation of various Ni-doped fullerenes by self-consistent density-functional theory (DFT) MD
simulations corresponding to an ion implantation setup,
including the first-time demonstration of the formation process of C59Ni (nica(C60-Ih)[5,6]fullerene). Furthermore, new
formation mechanisms of NiC60 (nickel(C60-Ih)[5,6]fulleride)
and Ni@C60 ((C60-Ih)[5,6]fullerene-incarnickel) are also presented.

2.

Methodology

Density-functional theory calculations employing the selfconsistent Kohn–Sham functional were performed using the
SIESTA code [30,31]. The dynamic formation process was simulated by launching a Ni-atom with a predefined kinetic
energy at a C60 molecule as outlined below. Subsequently,
the coordinates of the obtained structures were optimized
using the conjugate gradient (CG) minimization scheme.
In all calculations, a double-zeta basis set including polarization functions (DZP), the Perdew–Zunger local density
approximation (LDA) exchange–correlation functional [32]
and norm-conserving pseudopotentials including scalar relativistic effects according to the Troullier–Martins scheme were
used [33,34]. The quality of the basis set has been carefully
tested on both bulk nickel and on different carbon polymorphs. In each case, the structural and electronic properties
of classical plane-wave simulations were faithfully reproduced. The cutoff radii rc were set to 1.52 bohr for all C-orbitals,
and to 2.67 bohr, 2.35 bohr, 2.13 bohr, and 2.13 bohr for s, p, d
and f Ni-orbitals, respectively. The equivalent plane-wave cutoff for the fast Fourier transform grid (mesh cutoff) was set to
160 Ry. A cubic unit cell of 100 bohr · 100 bohr · 100 bohr was
used to electronically isolate periodic images of the system
and to prevent fast moving atoms to interact more than once
with the target. The Fermi–Dirac occupation function with
an electronic temperature corresponding to the physical system temperature (300 K) was used. The relative tolerance in
the density matrix, taken as self-consistent field (SCF) convergence criterion, was set to 104 eV. The force tolerance in the
minimization procedure was set to 0.01 eV/Å, during which
no explicit symmetry constraints were imposed.
The simulation procedure is as follows. First, a C60 molecule which is thermalized with the Nose thermostat at
300 K is positioned in the simulation box. A Ni-atom is then

launched at the C60 molecule normal to a specific location
on the molecule with a predefined kinetic energy KE = {5 eV;
30 eV; 35 eV; 40 eV}. These energies were chosen based on
our previous classical MD simulations [29]: between thermal
energy and 10 eV, only the formation of NiC60 was observed
in the simulation, while at 30 eV and 40 eV, both NiC60 and
Ni@C60 were formed. The chosen impact locations are (i) an
atom (from hereon referred to as top-site), (ii) the center of a
hexagon (hex-site), (iii) the center of a pentagon (pen-site), (iv)
the center of a bond connecting two hexagons (‘‘6–6 bond’’)
(66-site), and (v) the center of a bond connecting a hexagon
and a pentagon (‘‘6–5 bond’’) (65-site). Each simulation
therefore corresponds to a unique parameter pair {KE,
location}. The trajectories of all atoms were integrated using
the Verlet algorithm with a fixed time step of 1 fs in the
microcanonical ensemble. The total integration time was set
to 1 ps.

3.

Results and discussion

An overview of the formed products is shown in Table 1. The
formation mechanisms are described below. Note that due to
the long calculation times (about 1 month per case), it is currently not possible to determine a probability distribution of
the formed product vs. implantation energy.

3.1.

Formation of NiC60

NiC60 is observed to be formed by two distinct mechanisms:
surface sticking and a push-through mechanism. In the case
of surface sticking, the incoming Ni-atom has insufficient
energy to break or sufficiently stretch any C–C bonds in order
to enter the cage structure. Surface sticking is found to be
operative only at 5 eV impacts, specifically at the pen, 6–6
and 6–5 impact locations. Previously, we have already demonstrated this mechanism by classical MD simulations [29]. At
higher impact energy, however, we find a new mechanism
to be operative, leading to the formation of these complexes.
In this mechanism, the Ni-atom has sufficient energy to open
the cage structure by breaking C–C bonds, travel through the
cage and open the cage again at the side opposite to the impact location. Hence, the Ni-atom can reappear at the surface,
thereby forming the NiC60 complex. The broken carbon–
carbon bonds are swiftly reconnected after the impact. We
term this formation process a push-through mechanism. An
example of this mechanism is shown in Fig. 1 for the {pen,
35 eV} case. This mechanism is responsible for the majority
of the formation of the NiC60 complexes (see Table 1).

Table 1 – Overview of the structures formed after the Ni-impact and subsequent energy minimization.

5 eV
30 eV
35 eV
40 eV

Top

Hex

Pen

6–6

6–5

No complex
Hetero
Hetero
Incar, open

Incar, closed
Exo (pt, 2)
Exo (pt, 2)
Exo (pt, 5)

Exo (st, 5)
Incar, closed
Exo (pt, 6)
Incar, closed

Exo (st, 6)
Incar, closed
Incar, closed
Incar, closed

Exo (st, 5)
Exo (pt, 5)
Exo (pt, 6)
Incar, open

(st) denotes surface sticking, (pt) denotes push-through. ‘‘Exo’’ denotes the complex in which the Ni-atom is bound outside to the carbon cage.
The number indicates the number of bonds formed between Ni and the buckyball.
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Fig. 1 – Push-through formation mechanism of a NiC60 complex for a 35 eV Ni-impact on the center of a pentagon of the
buckyball, representative for all push-through formation mechanisms as listed in Table 1. The carbon atoms are color coded
according to C–C coordination: gray = 0-coordinated; green = 1- or 2-coordinated; red = 3-coordinated; dark blue = 4coordinated. The light blue big spheres represent Ni-atoms. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Structurally, three different complexes can be distinguished. In four cases ({hex, 40 eV}, {pen, 5 eV}, {6–5, 5 eV},
and {6–5, 30 eV}), the Ni-atom binds on top of a pentagon with
five Ni–C bonds of 2.02 Å each, corresponding to the ‘‘HS’ site’’
in [26]. In [26], a bond length of 2.13 Å was obtained. In three
cases ({pen, 35 eV}, {6–5, 35 eV}, and {6–6, 5 eV}), the Ni-atom
binds to all six carbon atoms of a hexagon with a bond length
of 2.07 Å, to be compared to the value of 2.15 Å obtained for
the ‘‘HS site’’ in [26]. Previously, we have already detected
the formation of both complexes [29]. In two cases, however,
({hex, 30 eV} and {hex, 35 eV}), the Ni-atom binds to two carbon atoms only, forming a bridge between two hexagons. This
configuration corresponds to the ‘‘bridge site’’ in [25] and the
‘‘BS site’’ in [26]. The calculated Ni–C bond length of 1.825 Å
lies in between the values of [27] (1.76 Å) and [26] (1.92 Å).

3.2.

Formation of Ni@C60 and Ni@C59

Incarfullerenes are found to be formed upon impact on all sites
and at all energies. The formed complex can consist of either
an open cage or a closed cage. Again, two mechanisms can be
distinguished. In all cases except {top, 40 eV}, the impinging
Ni-atom breaks at least one C–C bond, creating a large ring
big enough for the Ni-atom to enter the cage structure. Due
to the initial bond breaking, the Ni-atom has lost sufficient energy such that it cannot escape the cage, thereby forming an
incarfullerene. In all cases where this mechanism is operative,
except the {6–5, 40 eV} case, the cage structure is regenerated

after the initial impact. Fig. 2 shows the {hex, 5 eV} case as an
example. In this particular case, the Ni-atom breaks three
C–C bonds of the hexagon on which it is impinging, while
leaving the other three intact. After the Ni-atom has entered
the cage, the three broken C–C bonds are reconnected.
This mechanism corresponds to the deformation/destruction
mechanism described by Hirata et al. [35] for La-ion implantation in C60. Note that bond breaking is already required for
implanting ions as small as Na+ and Ne+ [10,11].
In the {top, 40 eV} simulation, a different, previously
unobserved process is found. In this case, the impingement
of the Ni-atom causes all three C–C bonds of the targetted
C-atom to break. The targetted C-atom travels at high velocity
through the cage, and in turn ejects another C-atom from the
structure. Finally, the initially targetted C-atom replaces the
ejected C-atom, while the Ni-atom binds to the inside of
the damaged cage. The final structure is a defected Ni@C59
complex, with two adjacent pentagons and an octagon.

3.3.

Formation of the heterofullerene C59Ni

The new mechanism described above for the formation of the
incarfullerene Ni@C59 complex is very similar to the mechanism for the formation of the heterofullerene C59Ni and is
shown in Fig. 3. The Ni-atom pushes the targetted C-atom
into the cage which in turn ejects a C-atom from the buckyball and replaces it. In the {top, 30 eV} and {top, 35 eV} simulations, however, the Ni-atom does not move into the cage, but

Fig. 2 – Formation mechanism of the incarfullerene Ni@C60 for a 5 eV Ni-impact on the center of a hexagon of the buckyball.
The color coding corresponds to the color coding in Fig. 1. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 3 – Formation mechanism of the heterofullerene C59Ni for a 35 eV Ni-impact on top of an atom of the buckyball. The color
coding corresponds to the color coding in Fig. 1. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
binds with the three C-atoms that were initially connected to
the targetted C-atom. This targetted C-atom is replaced by the
Ni-atom, leading to the formation of the heterofullerene
C59Ni. The resulting cage structure has the characteristic drop
shape typically seen for heterofullerenes. This leads to the
two Ni–C(6,5) bonds of 1.82 Å and one Ni–C(6,6 0 ) bond of
1.79 Å. These values are comparable to the values of 1.84 Å
and 1.81 Å, respectively, by [25], 1.88 Å and 1.86 Å, respectively, by [26], and 1.87 Å and 1.85 Å, respectively, by [24].
The drop shape is further characterized by the deviation from
planarity, which is calculated to be 56.8. The shortest and
longest C–C(6,5) bonds are calculated to be 1.43 Å and
1.46 Å, respectively, to be compared to the reported values
of 1.45 Å and 1.49 Å, respectively. Likewise, the shortest and
longest C–C(6,6) bonds are calculated to measure 1.38 Å and
1.40 Å, respectively, to be compared to be values reported by
Sparta et al. [24] of 1.41 Å and 1.42 Å, respectively.

4.

Summary and conclusions

In summary, we have performed self-consistent DFT molecular dynamics simulations to explore the possible dynamical
formation mechanisms of Ni-doped fullerenes in an ion
implantation setup as a function of ion implantation energy
and impact location. NiC60 is found to be formed by either
a surface sticking process or a push-through mechanism.
Incarfullerenes can be formed by ring opening upon impingement and subsequent ring closure. Finally, our calculations
also demonstrate the formation of the heterofullerene C59Ni
by replacement of a C-atom from the structure by the
impinging Ni-atom, and the ejection of a second carbon atom
by the initially Ni-replaced C-atom. The presented results
demonstrate the applicability of an ion implantation source
to produce externally doped fullerenes, heterofullerenes,
and incarfullerenes.
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