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Abstract The C, fragmentation energies of the most stable
isolated-pentagon-rule (IPR) isomers of the Cgy and Cg,
fullerenes were evaluated with second-order Meller-Plesset
(MP2) theory, density-functional theory (DFT) and the
semiempirical self-consistent charge density-functional
tight-binding (SCC-DFTB) method. Zero-point energy,
ionization energy and empirical C, corrections were
included in the calculation of fragmentation energies for
comparison with experimental C, fragmentation energies of
the fullerene cations. In the case of the most probable Stone-
Wales pathway of C, fragmentation of Cg, the calculated
Dy (C80+) agree well with experimental data, whereas in the
case of Cg, fragmentation, the calculated D (ng) exceed
by up to 1.2 eV the experimental ones, which suggests that
other IPR isomers may be present in sufficient amounts in
experimental samples. Computer-intensive MP2 calculations
and DFT calculations with larger basis sets do not yield
much improved C, fragmentation energies, compared to
those reported earlier with B3LYP/3-21G. On the other hand,
semiempirical approaches such as SCC-DFTB, which are
orders of magnitude less intensive, yield satisfactory frag-
mentation energies for higher fullerenes and may become a
method of choice for routine calculations of fullerenes and
carbon nanotubes.
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Figure: C, fragmentation energies of Cgy and Cg, full-
erenes have been calculated with B3LYP/6-31G* model
chemistry, with semiempirical self-consistent-charge density-
functional tight-binding (SCC-DFTB) method and with the
more rigorous MP2 method. The influence of basis set
extension and level of theory on the resulting fragmentation
energies is discussed.
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Introduction

The kinetic stability of fullerenes, i.e. their stability with
respect to fragmentation, has been a topic of considerable
interest among both experimentalists and theoreticians
during the last decades [1-7]. This is due to the fact that
the major isolated-pentagon-rule (IPR) isomers of full-
erenes have relatively large C, binding energies and, as a
result, lose C, fragments only at high impact energies.
However, the fragmentation process of fullerenes has only
been characterized for the most well-known and commer-
cially available fullerenes, and actual values of the
dissociation energies D(C,) of the C, — C,_, + C, reac-
tions have still not been determined precisely for higher
fullerenes (C,, n>70). Experimentally-deduced C, frag-
mentation energies of the most well-known fullerene, Cg,
were first reported to be much lower (around 7-8 eV [7-9])
than computed values (11-12 eV [10-12]), but careful
consideration of the pre-exponential factor 4 [13] in the
Arrhenius decay law and the effect of radiative cooling in the
fragmentation process eventually yielded D(Cg") values
around 10.0+0.2 eV [14, 15], in agreement with calculated
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values, and those obtained from recent metastable-fraction
measurements [2].

Although the unimolecular C, fragmentation of higher
fullerenes has been the subject of fewer experimental and
theoretical investigations than that of Cgg, the interest in
their kinetic stability has been recently rekindled [2, 5, 16—
20]. Of particular interest is the fragmentation of the Cgq
and Cg, fullerenes, since the recent experimental data by
Peres et al. [5] and Gluch et al. [17] indicate that the value
of D(Cg,") should be smaller by ~ 0.9 ¢V than that of
D(C80+), in contradiction with earlier metastable-fraction
measurements of Radi et al. [6] and Barran et al. [21], and
with abundance spectra [17] and D(C, ) values calculated
on the basis of computed heats of fullerene formation [22].
This discrepancy may be associated with the possible
contamination of the measured signal by the presence of other
fullerenes, containing a different but close number of carbon
atoms in their cages, as well as by the presence of other IPR
isomers of a given fullerene in the sample.'

We have recently reported density-functional-theory (DFT)
calculations of the possible pathways of unimolecular C,
fragmentation of the Cgy [19] and Cg, [20] fullerenes, and
compared calculated fragmentation energies with available
experimental data. We previously used the hybrid Becke3
Lee-Yang-Parr (B3LYP) functional [23-25] together with the
relatively small split-valence 3-21G basis set [26], since it
was shown to yield fairly good results for geometrical and
energetic parameters of fullerenes [18, 22, 27]. The choice of
this small basis set was based on a compromise between
computational efficiency and accuracy of the calculations,
and the resulting fragmentation energies agreed well in
general with experimental data. In this work, we investigate
the influence of larger basis sets with polarization functions
more commonly used in conjunction with the B3LYP
functional as well as employ a more rigorous ab initio level
of electronic structure theory. Finally, we also explore the use
of semiempirical DFT methods.

Computational procedure

The molecular geometries of the most stable IPR isomers of
Cso (of D> symmetry) and Cg, (of C5(3) symmetry)® as well
as those of the products of C, elimination from their cages,
have been optimized with B3LYP [23-25] using the
standard 6-31G(d) basis set [26] without symmetry
constraints. Single-point energy calculations were also

! Echt O., personal communication

2 The IPR isomer notation follows that of Fowler and Manolopoulos
[28].

@ Springer

performed with second-order Maller-Plesset (MP2) theory
and the 6-31G(d) basis set for B3LYP optimized geometries.
C, fragmentation energies D(C,) were calculated as the
difference between the sum of the product energies and the
energy of the initial fullerene isomer. Zero-point energy cor-
rections were evaluated on the basis of the B3LYP/3-21G
harmonic frequencies. Calculations were also performed with
the approximate self-consistent-charge density-functional
tight-binding (SCC-DFTB) method, which has been de-
scribed elsewhere [29, 30]. Calculations were performed for
the neutral species since analogous calculations for cations
are associated with many problems (especially in the case of
wave-function-based methods), namely, finding an appro-
priate guess wave function, possible difficulties in achieving
self-consistent field convergence, and the influence of spin
contamination. The fragmentation energies of the cations
were then obtained from those of the neutral species, using
known experimental ionization energies [31], for compari-
son with experiment. All B3LYP and MP2 calculations have
been carried out employing the Gaussian 03 software [32],
whereas SCC-DFTB ones have been performed using the
code of M. Elstner and coworkers® [29, 30].

Results and discussion

As was already shown in previous studies, C, fragment
excision from the fullerene cage may proceed via either
Stone-Wales (SW) transformation [33] followed by C,
elimination from the adjacent pentagon edge [34], or via
C, elimination from the pentagon-hexagon bond with
formation of a seven-membered-ring C,, isomer [4]. The
fragmentation of the most stable isomers of Cgy and Cg,,
with D, and C,(3) symmetry, respectively, via both C, loss
mechanisms, and leading to the most stable fragmentation
products (cf. Fig. 1) [19, 20], is first considered in this work.

In order to compare the results of our calculations with
those deduced from experimental studies, one needs to
include three types of corrections to the calculated
electronic D,(C,) values: a) the zero-point energy correc-
tion (AZPE), as the difference between the product and
reactant zero-point energies; b) the experimentally-derived
[31] ionization energy correction (AIE), as the difference
between the ionization energies of the C,, and C,
fullerenes, since all experimental data refer to the cations:

Do(C,") = Do(C,) +IE(Cy—2) — IE(Cy),

>Due to the limitations of the code, SCC-DFTB calculations for
electronic states other than singlet cannot be performed, and thus, it is
not possible to directly calculate the fragmentation energies of the
fullerene cations nor to estimate C, empirical correction (see below)
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Fig. 1 Main C, fragmentation
pathways of D, Cg, (top) and
C5(3) Cg, (bottom), and
corresponding products follow-
ing C, extraction. The isomer
notation follows that from Ref.
[19] for Cgq and Ref. [20] for
Cgy. The SW bond is identified
by a short single line perpen-
dicular to the bond, whereas the
5-6 bond from which the C,
fragment is extracted upon for-
mation of a seven-membered-
ring isomer is identified by a
double line. Also shown are the
C, symmetry axes (dot-dashed
lines)

Cgo, isomer B

where D, (Cn+) and Dy(C,) are the ZPE-corrected C,
fragmentation energies of the cationic and neutral fullerene
C,, respectively, and IE(C,,) and IE(C,) are the ionization
energies of the C,, and C,, fullerenes; and c) an empirical
correction to account for the poor description of the C,
fragment (C, corr) at a given level of theory [18].

The results of our calculations are depicted in Fig. 2
together with the available experimental data. Inspection of
the data presented in Fig. 2 reveals that the D, (C,) values
remain almost unchanged upon extension of the basis set
from 3-21G to 6-31G* within the DFT framework, most

Stone-Wales (SW) d isomer

Stone-Wales (SW) d isomer
of C»(3) Cy,

Css, seven-membered-ring (7mr)
isomer d

Cso, seven-membered-ring (7mr)
isomer #26

likely due to the cancellation of errors in the description of
the C, and C,_, species. This is not too surprising, since
DFT methods are known to be less sensitive to basis set
than ab initio methods [35, 36], and is consistent with the
results of previous DFT studies by Boese and Scuseria of
the C, fragmentation of Cg, [27].

The largest correction to the final Dy (Cn+) values is the
C, empirical correction, and the latter is found to decrease
significantly with the extension of the basis set from 3-21G
to 6-31G* (by 0.37 eV with B3LYP). Furthermore, this
correction becomes negligible with MP2/6-31G*, which is
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Model chemistry or reported experimental data
Fig. 2 Comparison of the calculated and experimentally measured C,
fragmentation energies of (a) Cgy and (b) Cg,. The experimental data
refers either to kinetic-energy-release-distribution (KERD) or metastable-
fraction (MF) measurements; the corresponding C, fragmentation energies

have been re-normalized to the Dy(Cgo ™) value of 10.0 eV [14, 15].
Fragmentation energies with and without corrections are denoted as D,
and D,, respectively; AZPE, AIE, and C, corr. represent the zero-point
energy, ionization energy, and C, empirical corrections, respectively
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consistent with the overall improvement of the C, molecular
properties obtained with single-reference methods upon
inclusion of electron correlation (up to CCSDT [37]), even
though the corresponding wave function has considerable
multi-reference character. However, the calculated C-C bond
length of the C, fragment (1.265 A) is still 0.022 A larger
than the experimental one (1.243 A [38]), and MP2/6-31G*
overestimates the value of the 'Zg —>3Hu C, energy gap
(1.45 eV), compared to the experimental value (0.089 eV
[39]). For the 6-31G* basis set, the final Dy(C,") values
obtained with B3LYP agree within 0.2 eV with those
obtained with the MP2 level of theory.

After taking into account all corrections, the final values
of Dy (C80+), calculated for the SW pathway with B3LYP
and MP2 and the 6-31G* basis set, lie close to the lower
bound inferred from KERD experiments, and are in perfect
agreement with the value obtained from the metastable-
fraction measurements of Barran et al. [21]. In the case of
Cgo, the calculated SW pathway fragmentation energy is
about 1 eV larger than the corresponding KERD values,
and is even larger (by 0.2-0.3 eV) than the metastable-
fraction value reported by Barran et al. [21]. We believe
that this discrepancy could arise from the presence of other
Cg, IPR isomers in experimental samples, leading to the
decrease of measured Dy (Cy,") values. This may be caused
by the fact that the relative concentrations of the less stable
Cg> IPR isomers become important during the fullerene
synthesis at high temperatures [40], and for purely kinetical
reasons, they probably do not have enough time to
interconvert to the most thermodynamically stable isomer.
In this context, one cannot also exclude the possible
formation of non-classical fullerene isomers (i.e. those
containing one heptagon and 13 pentagons), which have
been shown to play an important role in the growth of
fullerenes [41]. However, a careful consideration of the
comparative stability of one-heptagon isomers versus
classical ones is still a challenging task (mainly because
of the large number of fullerene structures involved) and
goes beyond the scope of the present work.

To gain insight into the range of D, (C82+) values for
other Cg, isomers, we have also considered the C,
fragmentation of two less stable C5(5) and Cy(6) Cg,
isomers via the SW pathway. In both cases, the fully
corrected MP2/6-31G*//B3LYP/6-31G* Dy(Cq,") values
were found to be 7.94 eV, which is ~1.5 eV lower than the
corresponding Dy (Cg,") value for the Cx(3) isomer. There-
fore, the influence of other, less stable, Cg, isomers on the
resulting experimentally-deduced C, fragmentation energies
cannot be ruled out, and the experimentally determined C,
fragmentation energies might be those of high-energy isomers
of Cg,. Furthermore, much lower values of C, fragmentation
energies of other, less stable, Cg, isomers could result in
further C, loss from their cages under experimental conditions

until the most stable buckminsterfullerene Cg, is formed, in
agreement with the recently proposed size-down “shrinking
hot giant” road of fullerene formation [42].

Interestingly, the SCC-DFTB method, which is known to
be very efficient for systems consisting of hundreds of
atoms due to some approximations, while yielding geomet-
ric and energetic parameters close to those obtained with
pure DFT and experimental ones [30, 43], produces D.(C,)
values very close to the experimental ones. However,
inclusion of the corrections for zero-point energy and
ionization energy leads to Dy(C,*) values which are 0.2—
0.3 eV lower, and become even closer to the lower bound
of experimental data for the SW fragmentation pathway of
Cgo- This result is in agreement with the recent finding that
the SCC-DFTB method describes well the relative stabil-
ities and geometric features of fullerene isomers [44], and
therefore, not surprisingly, SCC-DFTB D, (C, ") values do
not differ significantly from those calculated with B3LYP/
6-31G*. Interestingly enough, the SCC-DFTB D, (Cy,")
values for the fragmentation of C,(5) and C(6) Cg, isomers
(8.12 eV and 7.94 eV, respectively) agree well with MP2/6—
31G*//B3LYP/6-31G* results.

To summarize, the previously reported [19, 20] B3LYP/3—
21G DJC,) values, corrected only with the C, empirical
correction, are found to differ from the fully corrected
Dy(C, ") ones, determined with B3LYP and MP2 and the 6—
31G* basis set by only 0.1-0.4 eV. This difference generally
does not exceed the experimental errors (cf. Fig. 2), but the
computational time required to perform the calculations
using B3LYP/6-31G* and MP2/6-31G* increases signifi-
cantly (at least by a factor of 6 and 73, respectively). On the
other hand, the SCC-DFTB method, which is 3 orders of
magnitude less computationally intensive than B3LYP/6—
31G¥*, yields fragmentation energies which are within 0.3 eV
of those calculated with B3LYP/6-31G*.

Conclusions

We have performed DFT and MP2 calculations of the C,
fragmentation energies of the most stable IPR isomers of
the Cgo and Cg, fullerenes, employing the 3-21G and 6—
31G* basis sets, in order to estimate the influence of basis
set extension and level of theory on the resulting fragmen-
tation energies. Generally, the previously reported values
[19, 20] of the C, fragmentation energies of the Cgq and Cg,
fullerenes calculated with B3LYP/3-21G and only includ-
ing an empirical C, correction, agree within 0.4 eV with
fully corrected Dy (Cn+) values, calculated using a larger
basis set (6-31G*) and a more rigorous level of theory
(MP2), presumably because of cancellation of errors. For
the most probable Stone-Wales pathway, the most reliable
MP2/6-31G*//B3LYP/6-31G* fragmentation energy of
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Dy(Cqg,") is close to the lower bound inferred from KERD
experiments [5, 17], and is in perfect agreement with the
metastable-fraction data of Barran et al. [21]. In the case of
Cs, fragmentation through the SW pathway, the fully
corrected Dy(Cg,") value calculated using the same model
chemistry exceeds the KERD and metastable-fraction
values by ~1 eV and 0.3 eV, respectively, suggesting that
the presence of other, less stable IPR isomers, in the
experimental samples cannot be ruled out. As a matter of fact,
the C, fragmentation energies of less stable Cx(5) and Cy(6)
isomers of Cg, have been found to be lower by ~1.5 eV than
the corresponding Dy (Cy,") value for the most stable C5(3)
isomer using the same model chemistry and therefore lie at the
lower bound of experimental data. The less computationally
demanding SCC-DFTB method yields fragmentation energies
of Cgp and Cg, within 0.3 eV of B3LYP/6-31G* ones and may
be used in the future for routine calculation of fullerene and
carbon nanotube properties.
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