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The formation mechanism of metallofullerene Y@@as investigated by ab initio calculations with two
theoretical models. The first model is a traditional Y&@@& C, “fullerene-road” growing mechanism, in
which the Y@G: is assumed to form by combining Y @§and G fragments, and the second model involves
formation by an unclosed/and a GY fragment. The calculated results showed that the second mechanism
is much more energetically favorable.

Introduction CsY. In both cases the large clusters are unclosed fullerene cages
and the small clusters are assumed to repair the holes subse-
quently. The calculated results demonstrate that the second hole-
repairing process, i.e., the;£+ CgY mechanism, is more
energetically favorable.

Cso and other fullerenes are usually formed in high-temper-
ature carbon plasma by arc discharging method or laser
vaporizing method in helium atmosphéréThere have been
several models being presented to interpret the fullerene
formation mechanism, e.g., fullerenes assemblage from graphitepetails of Calculations
sheet$ fullerenes assemblage from clustérghe Nautilus

model>6 the fullerene road, crystallization from a liquid The Gaussian 98 program packégevas employed in
cluster® and so on. calculations. Y@@ was considered to grow on the basis of
For endohedral fullerenes, due to the involvement of some either of the following processes

heteroatoms inside fullerene cages, the formation mechanism
becomes more complicated. The production of endohedral
fullerenes is usually through two methods experimentally. The
first one is through introducing heteroatoms into the existing
fullerene cage%:1° For example, inert gas atomic endohedral .
fullerenes He@&/Ne@Go can be produced at He/Ne atmo- The structures of all these fragments, |.§.,.Y@((276, Y Ce,
sphere under high pressufe’® and Li@Go, N@Gso are formed and G, as well as that of Y@& were optlmlzed at thg HF/

by high-energy ion bombardme¥t5In the endohedral fullerene 3-21G* Ie_vel, and _then the chemical reactions were simulated
formation process by this mechanism, small atoms or ions suchPY €hanging the distances of each pair of fragments (¥@C
as H', He may directly penetrate through pentagonal or Czand G¢YCg). For simplicity we supp.osed that the structures
hexagonal rings of fullerene and stay inside the fullerene cage©f @/l fragments are frozen in reactions, and their relative
to form endohedral structuré&For large atoms/ions such as orientations are also fixed. The total energies at each point along
nitrogen and phosphor, the five- or six-membered rings of the reaction paths were calcul_ated with a density functhn theory
fullerene are too small to allow them to pass through the Method (B3LYP)with the basis sets of LANL2BZor yttrium

fullerene cage; thus, before the atom/ion insertion severgf C ~ atom and 3-21G* for carbon atoms. . .

bonds of fullerenes should be broken to create a large opening, B€Sides the energy criterion, frequency analysis provides also
and reclose afterward. information about molecular stability. Since the frequency

The second method to produce endohedral fullerenes iscalculatlons of Y@ at the HF. level are extremely heavy,

throuah vaporizing arachite/metal composite rods in helium V& adopted a molecular mechanics method (universal force field,
atmogpheré% Alth%ugghpmost endohed?al metallofullerenes UFF)° to calculate the vibrational frequencies of the relevant
isolated so.far have been produced by this method theirstrucyure .Of Y@ Thi.s method had been used to investigate
formation mechanism was rarely reported in the Iiteratur’e. AN the vibrational properties of double-walled nanotubes recently

ab initio study had indicated that endohedral metallofullerene and proven to be successfdl.
containing a large encaged atom cannot be formed through atom/R
ion insertion or windowing mechanisms as mentioned aBéve,
so here we take the Y@gas an example and present a hole-  3.1. Y@Ggo + C2 Mechanism.The Y@G, = Y@Cgo + C;
repairing formation mechanism of endohedral fullerenes. The formation mechanism is based on the traditional “fullerene-
model supposes the metallofullerenes to be formed by combin-road” formation mechanism, which suggests that a fullerene
ing one large unclosed fullerene cluster and a small cluster, andgrows by adding gsubsequently. As shown in Figure 1, it is
two fragment-combining mechanisms are considered:; i.e., theassumed that an unclosedoGs first formed in the high-
metallofullerene Y@@ is formed by Y@Go + C, or Crs + temperature plasma by arc-discharging graphite and then the
Cso Ccaptures an yttrium atom into the cage. Finally, the Y@ C
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Y@QCq,=YQCy{ t G, 1)
Y@Cg, = Cys t+ YCq ()

esults and Discussion




Formation Mechanism of Metallofullerene Y@L J. Phys. Chem. A, Vol. 109, No. 17, 2008081

Figure 1. Optimized structures of (a)ds; (b) Y@Gso, (€) G + Y@Cso, and (d) Y@Gz. Y@Cs: is assumed to form from g by capturing an
yttrium atom and a €cluster subsequently.
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Figure 2. Calculated total energies for the two proposed metallofullerene formation mechanisms: (8) ¥@@ Cso + C; mechanism; (b) &Y

+ C76 mechanism. In both cases the zero point in the abscissa axis is defined as the place where the small fragi@grtsegair the opening

of the large fragments (Y@4; Cz6) and form a whole fullerene cage, so the minus value of distances means that the small fragments come into
the interior of the large fragments through the opening.

Figure 3. Optimized structures of (a)#&; (b) GY (top view), (c) GY (side view), and (d) Y@&. Y@GCs. is assumed to form by combining;£
and GY fragments.

a. HOMO of CsY fragment (Ep,=-7.9 eV) b. LUMO of C (Eyp=-5.2 V)
Figure 4. Frontier orbitals of the fragmentss® and G.

closed Go has an eight-membered carbon ring, and the yttrium to form Y@Gs; and then dramatically decreases after the C
atom locates at the interior ofgalong the G axis perpendicular  has gone over the zero point to the interior of the fullerene cage.
to the eight-membered ring plane. To simulate the reaction Obviously, the calculation results indicate that the Y@&
process of Y@& + C,, a G cluster was set to approach C, reaction would lead to the Y@ encapsulating € by
Y@Csp along their shared Laxis. A series of single-point  overcoming an energy barrier of ca. 700 kcal/mol. The endo-
energy calculations along the reaction path were performed athedral structure Y@4; is at the energetic maximum position
the B3LYP/3-21G*(C)/LANL2DZ(Y) level, and the calculated in the reaction path; thus, it is an unstable structure. Frequency
results are shown in Figure 2a. If we defined the point at which analyses of the Y @4 structure reveal one imaginary frequency,

C, is reaching the eight-membered ring plane of Y@&s the confirming that this is not a stable structure.
zero point of the energy curve, it is found that the total energy  3.2. G + CgsY Mechanism. Since the Y@& + C;
of Y@Cgp + C, increases along the,Gpproaching Y@g» mechanism is not an energetically favorable reaction path for

and reaches the peak at the zero point wheree@airs Y @Go metallofullerene Y@g;, we alternately consider the reaction
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path of Gg + CgY. In fact, it had been shown experimentally reaction path. In reality, the metal ion would adjust its

a strong correlation between the existence of \iC> 4) and equilibrium position accompanying with charge transfers from
the formation of M@G,2° and a recent experiment on laser CgM to Cysin the formation of M@G,. For example, for some
ablation of La@G; confirmed the high stability of the {La™ lanthanide metallofullerenes such as Gdgg) e Gd ion even
cluster?? Therefore, it is reasonable to assume thgt & the moves far from the six-membered ring and close to its opposite

main brick in building metallofullerene Y @ together with a C—C bond inside the & cage?®
large-fragment &.
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