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ABSTRACT: Thermal contributions to the free energy have
to be taken into account to rationalize the formation of
Gd3N@Cs(39663)-C82, a nitride endohedral metallofullerene
that shows a carbon cage with two fused pentagons which is
not predicted to have the lowest electronic energy among the
isomers of C82. The lower symmetry and the larger number of
pyracylene units of Cs(39663)-C82 with respect to the cage in
the lowest-energy metallofullerene, C2v(39705)-C82, favor its
formation at high temperatures, as seen for other similar cage
isomers that encapsulate metal clusters within the C80 and C82
families. These cages, which share common motifs with the
prototypical Ih(7)-C80, are all related by C2 insertions/
extrusions and Stone−Wales transformations.

■ INTRODUCTION

Endohedral metallofullerenes (EMFs), that is, carbon cages
with one or more metal atoms or metal clusters trapped inside,
have been intensively studied during the past decade because of
their interesting properties that could be of use in different
fields such as medicine and materials sciences.1−3 The discovery
of Sc3N@C80, the third most abundant fullerene after C60 and
C70, by Dorn and co-workers in 1999 represented the
beginning of a new field in the chemistry of fullerenes.4 Since
then, a large number of nitride EMFs with Group 3 metals or
Lanthanides as well as carbide, oxide, sulfide, and classical (M
or M2) EMFs have been isolated and characterized.1,5−7 The
electronic structure of these EMFs can be easily rationalized
using an ionic model of interaction. For instance, in nitride
EMFs there is a formal transfer of six electrons from the metal
cluster to the carbon cage, (M3N)

6+@(C2n)
6−.6,8 Such a charge

transfer changes the relative stabilities of the C2n isomers, and
the cages that encapsulate are usually structural isomers of the
most-stable hollow cages; even in some cases they do not fulfill
the so-called isolated pentagon rule (IPR).9 Predictions of the
isomer cages that are suitable to encapsulate the metal nitride
either by checking the molecular orbital energies of the hollow
cages10,11 or by computing the stability of anionic cages are well
established.8 A topological rule that provides a physical
explanation for the selection of a particular host cage by a
given cluster has been recently formulated.12 The maximum
pentagon separation rule states that the most suitable candidates
to entrap metal clusters are those cages with the largest

separation among pentagons, which localize more negative
charge than hexagons, so as to minimize Coulomb repulsions.
The simple rules derived from the ionic model are able to

explain the relative stabilities and abundances of a large number
of EMFs. However, the electronic energies at 0 K cannot justify
the experimental results for other EMFs. Slanina demonstrated
that the Gibbs energy has to be taken into account to
incorporate the effect of the high temperatures that are used to
synthesize the fullerenes.13 For instance, the amount of the
minor isomer Sc3N@D5h-C80 (between 10 and 20% of the total
Sc3N@C80) relative to Sc3N@Ih-C80 in the electric-arc synthesis
can only be explained by taking into account the thermal
effects.14 We have shown recently that the oxide EMF Sc2(μ-O)
@Cs(6)-C82 is the first example in which the relevance of the
thermal and entropic contributions to the stability of the
fullerene isomer has been confirmed through the character-
ization of the X-ray structure.15 Sc2(μ2-O)@C3v(8)-C82 is
predicted to be the most abundant product at low temper-
atures, but Sc2(μ2-O)@Cs(6)-C82 is more favored when thermal
effects are taken into account and becomes the most abundant
species at higher temperatures (above 1200 K). Analogous
studies with the Cs(6), C3v(8), and C2v(9) isomers of Sc2(μ2-S)
@C82 confirmed the fact that both Cs(6) and C3v(8) cages are
observed.16 Similar results are also predicted for empty
fullerenes. For instance, Slanina found that while the lowest-
energy IPR isomer for C80 is D5d(1), at synthetic conditions the
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D2(2) isomer is the most abundant one,17 as confirmed later by
NMR experiments.18,19

Recently, X-ray diffraction experiments have unambiguously
shown that the carbon cage in Gd3N@C82 is the egg-shaped
non-IPR Cs(39663)-C82 isomer (Figure 1),20 which is neither
the lowest-energy hexaanion nor gives the most stable nitride
EMF for M = Sc and Y, as shown by the computations of
Popov and Dunsch.8 We herein study the different isomers of
Gd3N@C82 to assess the relevance of thermal contributions to
their relative stabilities to understand why Gd3N@Cs(39663)-
C82 is the cage experimentally observed. We also analyze the
relationship between Cs(39663)-C82 and other IPR and non-
IPR cages that encapsulate metal clusters of the C80, C82, and
C84 families.

■ COMPUTATIONAL DETAILS
The calculations were conducted using density functional theory
(DFT) methodology with the ADF 2009 program.21,22 The exchange-
correlation functionals of Becke23 and Perdew24 (BP86) were used for
geometry optimizations and frequency calculations. Relativistic
corrections were included by means of the ZORA formalism. Slater
TZP basis sets were employed to describe the valence electrons.
Frozen cores consisting of the 1s shell for C and N and the 1s to 4d
shells for Gd were described by means of single Slater functions. All
the Gd3N@C82 systems have been computed in their high spin
electronic state (21 unpaired electrons). The revPBE25 and B3LYP26

functionals as well as the D3 dispersion corrections by Grimme27 were
also used to compute the relative energies of Gd3N@Cs(39663)-C82
with respect to C2v(39705)-C82 at 0 K. Frequency calculations for
Y3N@C82 models, using the B3LYP functional and a TZP basis for Y
(with the Stoll−Preuss pseudopotential)28 and all-electron DZP basis
sets for C and N, were also done (Turbomole code, version 6.3).29

The numeration of the different isomers within a C2n family follows
the spiral algorithm proposed by Fowler and Manolopoulos.9

■ RESULTS AND DISCUSSION
We have computed the free energies using the rigid rotor and
harmonic oscillator approximation (RRHO) at different
temperatures as well as their molar fractions derived from the
free-energy calculations as done by Slanina and co-workers.13

We have analyzed three isomers of Gd3N@C82, the non-IPR
Cs(39663)-C82 and C2v(39705)-C82, and the IPR C2v(9)-C82
cages, which are the three lowest-energy structures predicted by
Popov and Dunsch for Y3N@C82,

8 a system that has been
shown to be a good model for Gd3N@C82.

30 Isomer Gd3N@
C2v(39705)-C82 has the lowest energy at 0 K, with a difference
of 6.2 and 8.0 kcal·mol−1 (BP86/TZP) compared to Gd3N@
Cs(39663)-C82 and Gd3N@C2v(9)-C82, respectively. The
contribution of the zero-point energy vibrational correction
to the relative stabilities is not very important (Table 1, second

row). The C2v(39705)-C82 isomer is the most stable EMF even
when the thermal and entropic effects are taken into account
within the RRHO approximation. A modified treatment based
on the idea that the encapsulated cluster can exercise large
amplitude motions, especially at high temperatures, was also
used.13 Within this approximation, called the free, fluctuating or
floating encapsulated model (FEM), which better reproduces
the experimental results,14−16 the stability of the Gd3N@
Cs(39663)-C82 isomer increases at high temperatures, becom-
ing the most abundant isomer at around 3400 K (see Table 1
and Figure 2). Although the predicted crossing temperature for
the predominance of Gd3N@Cs(39663)-C82 is somewhat high,
the important result is that the experimentally observed
Gd3N@Cs(39663)-C82 is the favored isomer at high temper-
atures. The use of other density functionals, for instance those
that include the exact exchange or additional dispersion

Figure 1. Structures of the three isomers of Gd3N@C82, with the non-IPR Cs(39663)-C82 (a), the non-IPR C2v(39705)-C82 (b), and the IPR C2v(9)-
C82 (c) cages. The pentalene unit in the two non-IPR structures is highlighted in black.

Table 1. Relative Stabilities for the Three Isomers of Gd3N@
C82

a,b

Cs(39663) C2v(39705) C2v(9)

ΔE (0 K) 6.2 0.0 8.0
ΔH (0 K) 6.1 0.0 7.3
ΔG (1000 K) 4.4 0.0 7.1
ΔG (2000 K) 2.6 0.0 6.4
ΔG (3000 K) 0.8 0.0 5.6
ΔG (4000 K) −1.0 0.0 4.9

aRelative energies are in kcal·mol−1. bThe FEM model is considered to
compute the free energies.

Figure 2. Plot of the computed molar fractions within the FEM model
for Gd3N@Cs(39663)-C82, Gd3N@C2v(39705)-C82 and Gd3N@
C2v(9)-C82 isomers.
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corrections, to optimize the geometries and/or to compute the
frequencies may provide lower crossing temperatures, in better
agreement with experiments than the BP86/TZP results, but
probably with the same qualitative information predicted here,
that is, the inclusion of thermal effects are compulsory to
understand the formation of Gd3N@Cs(39663)-C82, which is
the favored isomer at high temperatures.
We have also estimated the relative energies at 0 K, ΔE (0K),

between the two lowest-energy isomers using other density
functionals (Table 2). The revPBE functional, also of the GGA

type, leads to the same energy difference as BP86. The energy
difference is somewhat larger (6.9 kcal·mol−1) when the hybrid
B3LYP functional is used. However, when including the
dispersion corrections in the BP86 functional according to
the D3 method by Grimme, the difference is slightly reduced to
6.0 kcal·mol−1. Moreover, we have computed the frequencies at
the B3LYP level for the model compounds Y3N@Cs(39663)-
C82 and Y3N@C2v(39705)-C82. We have made this approx-
imation because of the difficulties (convergence problems,
larger computational cost) to obtain the frequencies at this level
for the Gd endohedral fullerenes. Although one could argue
that Gd (157.25) is much heavier than Y (88.91) and hence
vibrational frequencies of Gd3N@C82 involving metal atoms
must be lower than those in Y3N@C82, we have checked that
this approximation is totally valid. The main reason is that most
of the normal modes of vibration that involve metal atoms,
which show the lowest frequencies, are not taken into
consideration within the FEM approximation (see Supporting
Information for a more detailed explanation).
The predictions for the molar fractions of Gd3N@

Cs(39663)-C82 and Gd3N@C2v(39705)-C82 using the frequen-
cies computed for the Y models at the above-mentioned
computational level combined with the energy difference

obtained with BP86/TZP (6.2 kcal·mol−1) and with BP86-
D3/TZP (6.0 kcal·mol−1) decreases the crossing temperature
to 3090 and 2990 K, respectively.
At this point, it is worth remarking about the structural

resemblance that the two lowest-energy non-IPR Cs(39663)-
C82 and C2v(39705)-C82 cages show. The two structures are
related by a 36-degree rotation of a pentagonal motif, as can be
seen in Figure 3. This small structural change, however, does
not mean that the interconversion between the two structures
is energetically feasible. High-energy barriers would have to be
surmounted to break the C−C bonds to allow this rotation.
Figure 4 shows that each of these non-IPR EMFs is also

intimately related with one of the two observed isomers of
M3N@C80, Ih(7)-C80 and D5h(6)-C80. In fact, Gd3N@
C2v(39705)-C82 can be obtained from a single C2 insertion to
one hexagon of the prototypical Gd3N@Ih-C80, as pointed out
by other authors;8 analogously, Gd3N@Cs(39663)-C82 can be
obtained from Gd3N@D5h-C80. Therefore, it is possible that
these C82-based EMFs form from the C80 cages by C2 insertion
through the recently proposed closed network growth (CNG)
mechanism.31,32

The close similarities between the topologies of the lowest-
energy Gd3N@C80 and Gd3N@C82 EMFs help to understand

Table 2. Relative Energies of Gd3N@Cs(39663)-C82 with
Respect to C2v(39705)-C82 at 0 K, ΔE (0 K), As Computed
with Different Density Functionalsa

Cs(39663) C2v(39705)

BP86 6.2 0.0
revPBE 6.2 0.0
B3LYPb 6.9 0.0
BP86-D3 6.0 0.0

aRelative energies are in kcal·mol−1. bSingle-point calculation on the
BP86/TZP geometry.

Figure 3. Schematic two-dimensional (Schlegel) representations of the Cs(39663)-C82 and C2v(39705)-C82 cages showing the close similarities
between them. The 36-degree rotation of the highlighted C10 pentagonal motif can be also seen as the 36-degree rotation of the C40 fragment (C10 +
30 C around it) that contains the central pentagon and five other pentagons surrounding it. It is the same relationship that exists between Ih(7)-C80
and D5h(6)-C80.

Figure 4. Schematic two-dimensional representations of the relation-
ship between the non-IPR Cs(39663)-C82 and C2v(39705)-C82 with
the IPR D5h(6)-C80 and Ih(7)-C80 cages, respectively. The former can
be obtained by a single C2 insertion to a hexagon of the latter.
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the effect of temperature on the predicted relative abundances
of the isomers. We have computed the molar fractions and the
free energy differences between the two hexaanionic Ih(7)-
C80

6− and D5h(6)-C80
6− cages for the range of temperatures

between 0 and 4000 K. The predicted molar fractions are
analogous (see Supporting Information) to those found by
Slanina for the two isomers of Sc3N@C80,

14 that is, the relative
abundance of D5h(6)-C80

6− with respect to Ih(7)-C80
6−

increases with temperature resulting in a 0.15/0.85 ratio at
2500 K. These two isomers, which are also related by a 36-
degree rotation of a pentagonal motif, show the same C40 caps,
and they only differ in the region connecting the two caps (see
Supporting Information), with Ih(7)-C80 showing no pyracylene
motifs and D5h(6)-C80 showing five of them. From these
results, therefore, one could infer that those cages with higher
number of pyracylenes are favored at higher temperatures. The
free energy difference between these two isomers as a function
of temperature is plotted in Figure 5 (blue line). The difference

at 0 K of around 20 kcal·mol−1 is reduced to only 2 at 4000 K
(approximate slope of −4.50 cal·mol−1·K−1). The two related
C82 cages, C2v(39705)-C82 and Cs(39663)-C82, show instead
two and four pyracylene motifs, respectively. The difference at
0 K, around 7 kcal·mol−1, becomes negative, that is, inversion of
relative abundance, at a temperature near 4000 K (approximate
slope of −1.75 cal·mol−1·K−1). Remarkably, the slope per
pyracylene unit is around 0.9 cal·mol−1·K−1 for the two free
energy differences plotted in Figure 5. However, a more
detailed analysis of the contributions to the free energy
differences for these C80 and C82 isomers shows that both the
rotational and the vibrational parts contribute significantly. On
one hand, those isomers with lower symmetries are favored at
higher temperatures, as can be easily understood from an
inspection of the rotational partition function. The rotational
contribution to the free energy difference is mainly a
consequence of the different symmetry of the isomers (see
Table 3 and Supporting Information). On the other hand, we
also observe that there is a correlation between the vibrational
contribution to the free energy difference and the number of
pyracylene units. Those isomers with larger number of
pyracylenes are more favored at higher temperatures (see
Table 3 and Supporting Information). An inspection of the
normal modes of vibration for the different isomers, which are

largely delocalized on the whole cage, does not allow a simple
explanation in terms of characteristic topological patterns
though.
Besides the relationships already mentioned between the IPR

D5h(6)-C80 and Ih(7)-C80 and the non-IPR Cs(39663)-C82 and
C2v(39705)-C82 structures, these four cages are also related to
other C80, C82, and C84 isomers that encapsulate a wide variety
of metal atoms or metal clusters as schematically depicted in
Figure 6. Cages Cs(39663)-C82 and C2v(39705)-C82 convert to
Cs(6)-C82 and C3v(8)-C82, respectively, after a single Stone−
Wales (SW) transformation in one pyracylene motif near the
pentalene, see Scheme 1 and Figure 6. Moreover, the latter two
cages can be interconverted by means of two SW isomer-
izations. The non-IPR Cs(51365)-C84 can be obtained from
Cs(39663)-C82 after a C2 insertion and two SW trans-
formations. The structures shown in Figure 6 represent an
important fraction of all the EMFs characterized so far. These
apparently different structures share a common fragment with
the Ih(7)-C80 cage, which ensures maximum separation between
pentagons,12 and only rather small modifications of this
prototypical structure lead to other stable EMFs.

■ CONCLUSIONS

The incorporation of thermal contributions in the computa-
tions is necessary to explain the formation of Gd3N@
Cs(39663)-C82 at high temperatures, a non-IPR nitride EMF
that was characterized by X-ray crystallography. Therefore, the
formation of this EMF is also thermodynamically controlled as
for other nitride, carbide, oxide, and sulfide EMFs. These
results also show that Gd3N@C2v(39705)-C82 could be also
detected in future experiments. Furthermore, close similarities
exist between the cages of the lowest-energy Gd3N@C80 and
Gd3N@C82 EMFs, which are related by insertion/extrusion of a
single C2 fragment. In fact, several C80, C82, and C84 isomers
that encapsulate a wide variety of metal clusters and share
common motifs with the prototypical Ih(7)-C80 are related by
C2 insertions/extrusions and SW transformations. We also find
that both rotational (different symmetries) and vibrational
contributions (different topologies) are significant to explain
the free energy differences between the isomers within the same
C2n family of EMFs.

Figure 5. Free energy difference (in kcal·mol−1) as a function of
temperature for Cs(39663)-C82

6− and C2v(39705)-C82
6− (red line) and

D5h(6)-C80
6− and Ih(7)-C80

6− (blue line).

Table 3. Slopes of the Rotational (Rot) and Vibrational
(Vib) Contributions to the Free Energy Differences with
Respect to Ih(7)-C80

6− for the IPR C80
6− Isomers (1−6) as a

Function of Temperature, along with the Symmetry Index
(σ), the Number of Pyracylene Units (Pyra), and the Point
Group for Each Isomer (Sym)a,b

Iso Sym σ Pyra Rota Viba

1 D5d 10 20 3.57 13.20
2 D2 4 18 5.38 5.31
3 C2v 2 13 6.75 4.44
4 D3 6 15 4.57 4.42
5 C2v 2 9 6.75 2.91
6 D5h 10 5 3.55 1.08
7 Ih 60 0 0.00 0.00

aUnits for the slopes are in cal·mol−1·K−1. bThe absolute values of the
slopes of the plots in Supporting Information, Figures S5 and S6 are
shown.
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