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ABSTRACT

Three endohedral fullerene systems are simulated
computationally, combining the treatments of quan-
tum chemistry and statistical mechanics. Relative con-
centrations of four isomers of Ca@Cy,, nine isomers
of Ca@Cgs, and four isomers of La@Cgs are evalu-
ated using the Gibbs energy. The results illustrate the
enthalpy-entropy interplay in the systems produced un-
der very high temperatures.
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1 INTRODUCTION

Various endohedral cage compounds have been sug-
gested as possible candidate species for molecular mem-
ories. One approach is built on endohedral species with
two possible location sites of the encapsulated atom [1,2]
while another concept of quantum computing aims at a
usage of spin states of N@Cgo [3]. In this work, three sys-
tems related to the first approach are simulated compu-
tationally, combining the treatments of quantum chem-
istry and statistical mechanics. Relative concentrations
of four isomers of Ca@Cy3, nine isomers of Ca@Cgs,, and
four isomers of La@Cgs are computed using the Gibbs
energy.

2 COMPUTATIONS

The computations started from the structures [4-6]
optimized at the Hartree-Fock (HF') level in a combined
basis set: 3-21G basis for C atoms and a dz basis set
[7] with the effective core potential on Ca (for the sake
of simplicity, denoted here HF/3-21G~dz). Now, the
structures are reoptimized using DFT, namely Becke’s
three parameter functional [8] with the non-local Lee-
Yang-Parr correlation functional [9] (B3LYP) with the
above basis set (B3LYP/3-21G~dz). The analytical en-
ergy gradient was used in the geometry optimizations.
All the reported computations are carried out with the
Gaussian 98 program package [10].

In the optimized B3LYP/3-21G~dz geometries the
harmonic vibrational analysis was carried out with the
analytical force-constant matrix. In the same B3LYP/3-
21G~dz optimized geometries a higher-level single-point
energy calculation was also performed, using the stan-
dard 6-31G* basis set for all atoms (if possible). The

electronic excitation energies were evaluated by means
of the ZINDO method [11,12], known also as the
ZINDO/S method, a semiempirical SCF method com-
bined with the configuration interaction technique and
specifically parametrized for calculation of electron ex-
cited states. Moreover, in some cases the electronic tran-
sitions were also calculated with time-dependent (TD)
DFT response theory [13] at the B3LYP/3-21G~dz
level. Singlet and triplet excited states were evaluated as
they both are relevant for the electronic partition func-
tion of a singlet species under the conditions of thermo-
dynamic equilibrium.

Relative concentrations (mole fractions) x; of m iso-
mers can be expressed [14] through their partition func-
tions ¢; and the enthalpies at the absolute zero tempera-
ture or ground-state energies AHg ; (i.e., the relative po-
tential energies corrected for the vibrational zero-point
energies) by a compact formula:

giexp[—AHg ;/(RT)]
Z;'n:1 qjeacp[—AHg’j/(RT)] ’

where R is the gas constant and 7' the absolute tem-
perature. Eq. (1) is an exact formula that can be
directly derived [14] from the standard Gibbs ener-
gies of the isomers, supposing the conditions of the
inter-isomeric thermodynamic equilibrium. Rotational-
vibrational partition functions were constructed from
the calculated structural and vibrational data using the
rigid rotator and harmonic oscillator approximation. No
frequency scaling is applied as it is not significant [15]
for the z; values at high temperatures. The geometri-
cal symmetries of the optimized cages were determined
not only by the Gaussian 98 built-in procedure [10] but
also by a procedure [16] which considers precision of the
computed coordinates. The electronic partition func-
tion was constructed by directed summation from the
ZINDO or TD electronic excitation energies. In fact,
just a few first electronic excited states matter for the
partition function. Finally, the chirality contribution
[17] was included accordingly (for an enantiomeric pair
its partition function ¢; is doubled).

3 RESULTS AND DISCUSSION

Ca@Cyzy, Ca@Cg,, and La@Cg, are among the first
metallofullerenes to which the combined stability com-
putations have been applied. Ca@Cz, was isolated [18]
though its observed structure is not yet available. It
follows from its very first computations [4,19] that there

(1)

Tr; =
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are four isomers especially low in potential energy. In
fact, Cro has only one [20] isolated-pentagon-rule (IPR)
structure. The endohedral Ca@QCy7, species created by
putting Ca inside the sole IPR cage has been labeled [4]
by (a). The other three Ca@Cyz2 isomers considered in
ref. [4] are related to two non-IPR Cry cages (b) and
(c), and to a Cry structure with one heptagon (d).
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Fig. 1. Relative concentrations of the Ca@Cyy iso-
mers based on the B3LYP/6-31G* energetics and the
B3LYP/3-21G~dz entropy.

The extended computations [21] started from the
four optimized structures [4] derived using ab initio HF
treatment with the combined 3-21G~dz basis set. The
structures were reoptimized at the B3LYP/3-21G~dz
level. In the optimized B3LYP/3-21G~dz geometries
the harmonic vibrational analysis was carried out with
the analytical force-constant matrix. In the same ge-
ometries single-point energy calculations were also per-
formed at the BBLYP/6-31G* level. The electronic ex-
citation energies were evaluated by means of TD DFT
response theory at the B3LYP/3-21G~dz level.

Fig. 1 presents the temperature development of the
relative concentrations of the four Ca@Cro isomers in
a high temperature region. At very low temperatures
(not shown in Fig. 1) the structure lowest in the AHg ;
scale must be prevailing. However, already at a tem-
perature of 226 K (that has no practical meaning) the
relative concentrations of the (c) and (b) structures are

interchanged and beyond the point the (b) structure is
always somewhat more populated. Even more interest-
ing is the behavior of the IPR-satisfying (a) structure.
As the structure is the highest in the potential energy,
it must be the least populated species at low tempera-
tures. However, later on the entropy contributions (low
symmetry, some lower vibrational frequencies and some
lower electronic excitation energies) elevate the (a) iso-
mer into the status of a minor isomer that could also
be observed. On the other hand, the (d) isomer has the
least chances to be detected. Interestingly enough, the
concentration order at high temperatures for Ca@Cgz,
is quite similar to that previously computed [22] for
Mg@C72.

The second illustrative system, Ca@Cgs, exhibits the
richest isomerism among the Ca endohedrals [23-28].
Shinohara et al. [25] isolated four isomers of Ca@Cg,
and labeled the isomers by (I), (II), (III), and (IV). Den-
nis and Shinohara concluded [29] from the *C NMR
spectra of Ca@Cgy(III) its symmetry as Ca. The ul-
traviolet photoelectron spectra measured by Hino et al.
[30] support the finding; a similarity with Tm@Cg, (II)
was also noted [31]. Very recently, Achiba et al. [28]
measured the 13C NMR spectra of the all four isomers
and assigned the symmetry of isomers (I), (II), (III),
and (IV) as Cs, C3y, Co, and Cs,, respectively.
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Fig. 2. Relative concentrations of the Ca@Cgy iso-
mers based on the B3LYP/6-31G* energetics and the
B3LYP/3-21G~dz entropy.
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The Ca@Cg,y structure-energetics relationships were
also computed [5] and a qualitative agreement with
the experiment found [2]. The computations were per-
formed at the HF and DFT levels and in both cases the
Cs, structure was the lowest isomer in the potential en-
ergy. There were still three other low energy species -
Cs, Csy, and C3,. The combined stability computations
are now also available for the full set of nine isomers of
Ca@Cyg, considered in Ref. [5].

The nine Cga IPR structures [20] produce nine
Ca@Cgsy cages with the following symmetries recognized
[5] at the HF level: Cs,(a), C3y(b), Ca2y, Ca(a), Ca(b),
C>(c), Cs(a), Cs(b), and Cs(c). It has turned out for the
structures reoptimized at the B3LYP/3-21G~dz level
that in five cases the original HF structures after the
DFT reoptimizations within the same symmetry lead
to saddle points with imaginary vibrational frequencies,
not to the required local energy minima. When the five
saddle points are relaxed and reoptimized, the following
local minima are obtained: Cj,(b) — Cs, Cy, — Cs,
Cz(a) — Cl, Cz(b) — Cl, Cs(b) — Cl.

Fig. 2 presents the temperature development of the
relative concentrations of the nine Ca@Cg, isomers in a
wide temperature region. At very low temperatures the
structure lowest in the AHg,; scale must be prevailing.
However, at a temperature of 1700 K the relative con-
centrations of the Cs, — C;s and Cs(c) structures are
interchanged and beyond the point the Cs(c) structure
is always somewhat more populated. The Cs(c) isomer
and also Cs(c) exhibit a temperature maximum. Then,
there are still two other structures with significant pop-
ulations at high temperatures: Cs,(b) — Cs and Cs(b)
— (. Although the former species is a bit more pop-
ulated, their concentrations are rather close. Fig. 2 is
in a reasonable agreement with the qualitative popula-
tion information [25,28] in a relatively wide temperature
interval though the fifth isomer has not been observed
yet.

The third illustrative case deals with La@QCsgs, i.e.,
an electronic open-shell system. The La@Cgy metallo-
fullerene is one of the very first endohedrals that was
macroscopically produced [32] and solvent extracted.
La@Css has attracted attention of both experiment [33-
42] and computations [43-49]. Recently structures of
two its isomers were clarified [41,42] using *C NMR
spectra of their monoanions generated electrochemi-
cally. The major isomer [41] was thus assigned Cy, sym-
metry and the minor species [42] Cs. The Cy, structure
was moreover confirmed by an X-ray powder diffrac-
tion study [40]. Two isomers could also be extracted
[34,36,50] for Sc@Csgy and Y@QCgy. The findings stand
in a contrast to Ca@QCgs with four known isomers. Com-
putations at ab initio HF and DFT levels pointed out
[6] just three IPR cages with a sufficiently low energy
after La atom encapsulation: Ch,, Cs,(b), and Cs(c).
The fourth lowest La endohedral species, Ca(a), is ac-
tually already rather high in energy to be significant in
experiment.

An agreement with experiment can be reached (Fig.
3) for temperatures roughly from 1000 to 1300 K when
the Cs, species is the major isomer followed by an isomer
that undergoes C3,/Cs symmetry reduction while the
genuine C; species comes as a still less populated third
product. It is possible that the C3, isomer is suppressed
in the condensed phase by higher reactivity, however,
some additional data are needed.
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Fig. 3. Relative concentrations of the La@Cgy iso-
mers based on the B3LYP/6-31G*~dz energetics and
the B3LYP/3-21G~dz entropy.
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