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ABSTRACT The formation mechanism of empty and metal-containing
fullerene was studied through MD (molecular dynamics) simulations and FT-ICR
(Fourier transform ion cyclotron resonance) mass spectroscopy of laser vaporized
carbon cluster. Multi-body classical potential functions for metal-carbon and
metal-metal interactions were constructed based on DFT (density functional
theory) calculations of various forms of small clusters M@d M, (M = La, Sc,

Ni). Using the modified Brenner potential for carbon-carbon interaction, the
clustering process starting from 500 isolated carbon atoms and 5 metal atoms in
gas phase was simulated under the controlled temperature condition at 3000K.
The difference of clustering process of La@Sc@G and NiG, were compared

with empty fullerene formation simulation.

FT-ICR mass spectrometer directly connected to the laser vaporization
cluster beam source was implemented in order to experimentally study the
clustering process. The increase of cluster nozzle pressure roughly corresponded
to the later stage of the molecular dynamics simulation. The FT-ICR mass
spectra of metal-carbon composite clusters were compared for various sample
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materials used for arc-discharge generation of metal-containing fullerene and
SWNT (single-wall carbon nanotube); La, Y, Sc, Gd, Ce, Ca, and Ni-Y. Positive
La-C, Y-C, Sc-C, Gd-C, Ce-C binary clusters commonly showed strong, MC
signal in the range of 36 < 2n with intense magic numbers at,M®IC.," and

MC,,". It was speculated that the even-numbered clusters corresponded to the
annealed random caged clusters observed in the MD simulation.

INTRODUCTION

After the discovery of ¢, by Kroto et al', macroscopic amount of empty
fullerené® metallofullerene¥’, higher fullereneésand carbon nanotubesvere
successively produced and isolated. Recently, the high quality generation of
SWNTs?! has demonstrated new possibilities of applications of this material.
Even though the generation of fullerene is now possible by the arc-discharge
techniqué® or the laser-oven technigtjethe formation mechanism of such
spherical molecules is not clear.

We have performed MD simulations of the clustering process of carbon
atoms to investigate the fullerene formation mechafisinand the temperature
dependence of the cluster structures was obsé&rvénl addition, we have
demonstrated the formation of perfeci, Structure by giving sufficient collision-
free annealing time, and examined the time and temperature scale of the annealing
process through the reaction rate of the network transformations. Based on these
results, a new formation model of empty fullerene including the temperature
effect was proposéd

In spite of possible interesting applications of metallofullerene, it is still
difficult to obtain macroscopic amount of sample because of extremely low yield
of generation. In order to find the optimum generation condition, it is inevitable to
understand the formation mechanism. According to experimental studies, the
metal atoms such as La, Y, Sc, Ca and lanthanide can be enclosed inside the
carbon cage, and the preferred carbon cage structure depends on the metal. On the
other hand, Ni, Co, or Fe, which are not experimentally assigned to be
encapsulated in the fullerene cage, are required to generate the SYWNHiere,
the role of these metal atoms on the carbon cluster growth process is still



unknown. In this paper, the formation process of metallofullerene is studied by
using the MD simulations and FT-ICR mass spectrometry of metal-carbon binary
clusters generated by the laser-vaporization supersonic-expansion cluster beam
source.

MOLECULAR DYNAMICS SIMULATION

The principal technique of the classical MD simulation is the same as our
previous simulationt$*® of pure carbon system using the modified Brenner
potential’. In addition, we have constructed the potential function between metal-
carbon and metal-metal potential functivli based on the calculations of the
binding energy and charge state of various forms of small clustersavi€ M,
(M: La, Sc, Ni). Here the density functional theory (DFT) based on the Becke’s
three-parameter exchange functidhawith the Lee-Yang-Parr correlatih
(B3LYP) was applied with the effective core potentials derived from the
LANL2DZ basis from Gaussian 94

The multi-body potentials between metal-carbon potential functions were
constructed as functions of carbon coordinate number of a metal atom. The total
potential energy was expressed as the sum of binding efgr@y follows.

E, =V, +V, +V, (1)

Vo= 10) 2 exd pyzS6, -R) 2)

V== 1(5) By o exif- 4427S(r, - R)) ®)
Ve ==1(;) 476;0 % (4)

Here,r;, Vx andV, denote the distance between metahd carborn, Morse-type

ij
repulsive and attractive terms, respectively. The Coulomb rm applied only

to the La-C and Sc-C interactions that were calculated to be strongly ionic due to
the electron transfer from the metal to carbon atoms. The coordinate number of
the metal atonN® is defined and both the additional tei®; and electric charge

c. and ¢, of carbon and metal are expressed as functions of the coordinate

number. Here, the cut-off functiof(r) and parameter constant$ S Re are
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FIG. 2. Collision of La attached clusters.

described elsewhere® Metal-metal interactions were constructetlin the same
formula as in eq. (1). In this case, the equilibrium binding en&gsnd the bond
lengthR, are expressed as direct functions of the metal coordinate number instead
of using the additional terrB’; in eq. (3). The temperature control method and the
integration techniques were fully described in our previous réport

RESULTS OF MOLECULAR DYNAMICS SIMULATIONS
Lanthanum-carbon system

Five hundred carbon atoms and 5 La atoms in gas phase with random
positions and velocities were distributed in a 342 A cubic box with fully periodic
boundary condition. The system was controlled toward a control tempef&atafe
3000K. These parameters corresponded to the condition in whiglar@ G,
caged clusters were obtained in the simulation without including metal &oms



FIG. 1 shows the growth process of typical La attached clusters in the
simulation; (a) a La containing caged cluster Lagdbserved at = 3000 ps, and
(b) a La attached cluster LaCobserved at = 1600 ps. The vertical width and
horizontal length denote the cluster size and time, respectively. For example, in
FIG. 1(a), the Lagand G, cluster independently existed each other, coalesced at
about 530 ps, and the La{wvas formed after the addition of a carbon atom at
about 550 ps.

The remarkable difference from our simulation for empty fulleténeas
clearly observed in the precursors in the size range of i aC,,. Since the La
atom can be a nice nucleation site of carbon atoms, it can attract carbon atoms by
Coulomb force in very much organized manner. The open-cap appearance of
carbon cluster form resembles to the ‘pentagon road’ fullerene formation fodel
proposed for empty fullerene. The cluster grew larger with closing the open-cap
structure after Lag;. In this case, however, a collision with a large cluster gf C
prevented gradual growth and resulted in the formation of a caged cluster larger
than La@@G,, and the La atom was almost encapsulated in the carbon cage.
Considering the difference of time and temperature scale between the real
phenomena and simulatidnthese hollow caged structures could have sufficient
collision free annealing interval to form more sophisticated structures.

FIG. 2 shows a collision process of two clusters each of that has a La atom. In
this case, two lanthanum atoms could not attach on the same face of the flat
structure during the coalescence process due to the Coulomb repulsion, and that
resulted in the encapsulation of only one La atom: La(La@C

Scandium-carbon system

Clustering process with Sc atoms was simulated under the same condition as
the previous section. FIG. 3 shows the growth process of a;$tGerved at =
4000 ps. A remarkable difference of the process from La-C system is apparent for
the structures of MC (20<n<40) because of the weaker Coulomb force. The
cluster annealed to the 3-dimensional open cage structure aroung \Bo€re the
scandium atom moved around the open edge. The Sc atom slipped into the caged
structure just before closing at around Sc@The random caged form of carbon
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FIG. 4 Growth process of a Ni attached cluster NiC

clusters is almost the same as the case of our empty fullerene simtflaliba
effect of Sc atom is relatively weak to change the carbon structure.

In addition to this final stage of encapsulation, the flat structures aroungl ScC
maybe related to the possibility of catching another Sc atom, which is in good
agreement with experimentally observed prominence of di-metallofullerene for
Sc-C system.

Nickel-carbon system

Nickel atom, which is not experimentally assigned to be encapsulated in the
fullerene cage so far, is also examined. As shown in FIG. 4, the growth process is
very similar to that for Sc attached cluster. However, at the final stage, the Ni
atom preferred to attach at the large defect of the caged structure such as large
rings of more than 7 or 8 membered, and frequently moved in and out of the
carbon cage. FIG. 5 shows the similar motion also observed for a larger caged
cluster of NiGg obtained for another Ni atom. Moreover, when two Ni atoms



(b) Ni,Cs,

FIG. 5 Structures of Ni attached cage clusters: (a),Ne@d (b) NjC,.

were enclosed in the host cage as shown in FIG. 5 (b), the Ni atoms remained
inside the cage more stably than the case of single Ni atom, and that can be a hint
of a new endohedral form of metallofullerene.

FT-ICR STUDIES OF LASER VAPORIZED CLUSTERS
FT-ICR mass spectroscopy

The FT-ICR is the unique mass spectroscopy based on the ion-cyclotron
motion of clusters in a strong magnetic field. In principle, extremely high mass-
resolution at high mass-range such as resolution of 1 amu at 10,000 amu range
can be obtain€d Furthermore, since the ions can be trapped in the vacuum for a
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few minutes, it is possible to perform laser photo-fragmentation experifanis
chemical reaction experimeftsWe have built a FT-ICR spectrometer with a
5.87 Tesla superconducting magiebased on the similar design concept as our
previous version at Rice University The schematics of the whole apparatus are
shown in FIG. 6. The ICR cell 42 mm I.D. 150 mm long cylinder was placed in a
stainless tube (SUS316) of 84 mm |.D. which penetrated the homogeneous 5.87
Tesla superconducting magnet commercially available for NMR. Two turbo-
pumps (300 /s) fore-pumped by a smaller turbo-pump of 50s were placed at

the floor in order to avoid the effect of strong magnetic field. The typical
background pressure wasB)*° Torr.

The atomic cluster beam was generated outside of magnetic field by the
laser-vaporization cluster beam source shown in FIG. 7. The design principle of
this cluster source was similar to our previous versiofis A pulsed gas valve,
the sample motion mechanism and a skimmer were installed in a 6-inch 6-way
UHV cross. A solid sample disk was vaporized by the focused beam of Nd:YAG
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FIG. 7 Supersonic laser-vaporization cluster beam source



laser (2nd Harmonics) while timed pulsed gas was injected to the nozzle. In the
atmosphere of helium gas, vaporized atoms condensed to clusters, and then, were
carried and cooled by the supersonic expansion of helium gas. An important
feature of this cluster source nozzle design is the properly size-adjusted “waiting
room” which keeps clusters at relatively high pressure for aboupugOThe
cluster beam was directly injected to the magnetic field through a skimmer with
the opening diameter of 2 mm and a deceleration®ube

Laser vaporized carbon clusters

Examples of carbon mass spectra measured by the direct-injection FT-ICR
apparatus are shown in FIG. 8. Here, a graphite sample was vaporized by the
laser and the positive carbon clusters were trapped. FIG. 8 (a) is very much
similar to the well-known positive carbon mass distribution, which lead to the
discovery of spherical & structures We can observe completely different
aspects of mass spectra for less amount of source helium gas in the nozzle of the
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FIG. 8 Dependence of Helium gas pressure on the carbon cluster cation mass
distribution.



laser-vaporization cluster source. The driving current of the pulsed nozzle, which
was roughly proportional to the nozzle pressure, was changed in FIG. 8. At the
condition of FIG. 8 (b) almost only &g was observed and the even less pressure
lead to the odd number of carbon atoms, which could be regarded as the non-
closed structures of positive carbon clusters. These findings of intermediate stage
of the fullerene formation must be very important for understandings of the
fullerene formation mechanism. FIG. 8 implies that the decrease of pressure in the
nozzle corresponds to the earlier stage of the formation process. It should be
noticed that G, C,, and G, were observed to be special magic numbers in FIG. 8

().

Metal-carbon binary clusters

The FT-ICR mass spectra of metal-carbon composite clusters were studied
for sample materials used for the arc-discharge generation of metal-containing
fullerene and SWNT; La: 0.8%, Y: 0.8%, Sc: 0.8%, Gd: 0.8%, Ce: 0.8%, Ca:
0.3%, and Ni:4.2% & Y: 1%. FIG. 9 shows the positive clusters from various
samples. It should be noticed that only a part of the mass range was trapped in the
ICR cell. Positive La-C, Y-C, Sc-C, Gd-C, Ce-C binary clusters commonly
showed strong M¢;" signal in the range of 36 < 2n with intense magic numbers at
MC,,’, MC,," and MG,,". The mass-spectroscopic result was very surprising for
La-C and Y-C cases, since there was only a trace of pure carbon clustgrs (C
FIG. 9. All other clusters had only one metal atom. In the case of Sc-C, on the
other hand, the bare carbon clusters exhibited almost the same intensity as binary
clusters. If we ignore the metal-composite clusters, the distribution of bare carbon
clusters was almost the same as typical positive ion clusters. Almost all of metal-
carbon composite clusters had only one metal atom and even number of carbon
atoms: MG, in the range of 36 < 2n, with special magic nhumbers of M®C,
MCy, (M = La, Y, Sc, Gd, Ce). For C-Ca case, this feature was still valid but
CaG,, was very much enhanced. The cases of Gd-C and Ce-C were almost the
same as La-C case. These features resembled to the magic number feature
observed in FIG. 8 (c) for pure carbon but enhanced with an addition of a metal
atom.
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FIG. 10 shows the cluster distributions generated with higher pressure
condition at the cluster-source nozzle. Di-metallic clusters were observed only
for Y-C and Sc-C systems. There is the clear minimum size of these di-metallic
clusters as S€;, and Y,C,,.

Hypothesis of cluster forms observed in mass spectra

Comparison of MD results and mass-spectroscopy is not straightforward
because the time-compressed MD lacked the realistic annealing process, and
because the cluster mass-distribution of cluster source is not a snapshot of MD but
is reflecting cluster ions surviving the additional collisions with He and each other.
In addition, the distribution observed in FIG. 9 and 10 for positive ions are
different from those for negative or neutral clusters in general. Nevertheless,
some hypothesis can be drawn through comparisons. The complete lack of odd
numbered carbon clusters for MGvith n > 36 can be ascribed to the
enhancement of clustering process due to the metal atom. The even number of
carbon atoms strongly suggests that all of these composite clusters have closed
caged structure: according to Euler's theorem for a closed polyhedron, the number
of atoms must be even when all atoms have three Badndg/e believe that these
composite clusters should have imperfect fullerene caged structure with metal
atom inside of the cage. The appearance of minimum size of di-metallic clusters
in FIG. 10 also supports this hypothesis.

The 44, 50, 60 magic number features foradd MG, are probably related to
the stable closed form. MD results in FIG. 1 shows that the carbon cage can be
almost closed at about M{range. This closure is enhanced with the effect of a
metal atom that works as the center of organization of the structure.

Role of metal atoms in the generation of SWNT

The Ni-Y-C composite material with 4.2% Ni and 1% Y used for the very
high yield arc-discharge generationf SWNT was tested by the cluster source as
shown in FIG. 9 () and FIG. 10 (f). The positive mass spectra were
unfortunately exactly the same as for Y-C binary case (FIG. 9 (c), 10(c)). We
could find no trace of Ni in positive clusters.



CONCLUSIONS

Multi-body potential functions of metal-carbon and metal-metal system
were constructed based on te initio calculations of small MCand M, (M: La,

Sc, Ni) using the density functional theory. By applying the potential function to
the molecular dynamics simulation, the clustering processes starting from
randomly distributed carbon and metal atoms were simulated and the formation
process of metal attached caged carbon clusters were examined. When La atoms
were applied, the stable open-cap structure surrounding the La atom resulted in
the lanthanum-containing caged cluster. For Sc-C system, the Sc atom was
encapsulated into the host cage at the final stage of the growth process. For Ni-C
system, the Ni atom finally stayed on a face of large ring of the caged structure.

We have successfully implemented the FT-ICR mass spectrometer with
direct-injection cluster beam source. For bare carbon positive clusters, we found
the special condition where the odd-numbered clusters were observed in the range
of C;, to G, and the continuous change te;@dominant condition and 'normal’
even-numbered distribution.  The metal-composite clusters showed magic
numbers of MG, MC,, MC,, (M = La, Y, Sc, Gd, Ce). The even-numbered
carbon atoms for metallofullerene and the minimum size of di-metallic fullerene
strongly suggest that all of these clusters have the caged form with one or two
metal atoms inside.
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