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ABSTRACT: Cg is one of the smallest fullerenes that is able
to encapsulate more than one metal atom, as in Sc,@Cqg, as
well as to get chlorinated at a low level, C4Cl;, or CgCls. We
show here, with the help of computations at density functional
theory level, that these two means of obtaining derivatives of
non-isolated pentagon rule fullerenes are dictated by different
factors. Chlorination takes place at temperatures lower than
2000 K, once the neutral fullerenes are formed. Encapsulation
is, however, mainly governed by the charge transfer, although
the Sc---Sc distance is also playing a role in the stability of

SCZ@C66'

B INTRODUCTION

The rule par excellence governing the stability of fullerene cages
is the well-known isolated pentagon rule, or IPR, according to
which all the cages have the 12 pentagonal rings separated by
hexagons."” The first fullerenes that did not fulfill this rule was
reported in the year 2000, with the simultaneous discovery of
Sc,@Cgs and Sc;N@Cge>* With them, a second factor
governing the fullerene’s stability emerged: the instability of
the non-IPR structures coming from the adjacent pentagons
could be counterbalanced by char_ge transfer from an
encapsulated metal atom or cluster.’~” Using this approach,
many other endohedral non-IPR cages were characterized, such
as S&N@Cyp,” La,@Coy,” S6,S@Coy,'® or GAN@C,, (21 = 78,
82, and 84)."'~'* It was not until 2004, when the first empty
non-IPR cage CgClj, appeared,'® that a second way of
breaking IPR by exohedral derivatization with halogens
appeared. Thus, non-IPR fullerenes can be obtained by
insertion of metallic clusters inside the cavity or by external
addition of halogen (or halogenated) species. Even more,
several C,, families (21 = 60, 66, 68, etc.) have been found to
show one cage hosting a metal cluster and a different cage
exohedrally chlorinated.'®™>'

Among all the non-IPR cages synthesized so far, Cg¢ has
generated significant controversy in the years since its
discovery. In 2000, Shinohara and co-workers synthesized
one of the two first non-IPR isomers, with two Sc atoms inside
a Cg cage. By ®C NMR and synchrotron X-ray powder
diffraction analyses, they concluded that the fullerene
corresponded to the C,,-***® isomer (Figure 1a).” However,
two years after this first publication, Nagase and co-workers
reported a computational study of the same system and,
surprisingly, the structure proposed by Shinohara appeared not
to be an energy minimum.” After an extensive analysis of
several orientations of the metal cluster and other possible
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candidates, they concluded that the most probable cage to
encapsulate Sc, was the isomer C,-"**% (Figure 1b), which
completely agreed with the experimental *C NMR spectrum.
This new structure allows a larger separation between the two
metal atoms, thus reducing their inherent repulsion present in
the first proposal. However, the MEM/Rietveld reanalysis from
the X-ray powder diffraction data performed by Shinohara did
not match Nagase’s choice.”> The two groups also disagree
about the charge transferred from the metal to the cage:
Shinohara proposed the system as Sc,*@Cgs*~, while Nagase
described it as S¢,**@Ce’™.

This controversy about the Cy4 cage was forgotten for several
years, and the experimental assignment was generally assumed.
However, in 2009 Cui et al. reopened the discussion and, based
on theoretical calculations, proposed a third isomer C,-*4%¢ to
capture Sc,>* As shown in Figure lc, this new cage has two
pairs of adjacent pentagons, as the experimental cage, although
its C, symmetry satisfied neither the experimental *C NMR
spectra nor the diffraction results.

Later, in 2010, Xie and Zheng reported a new isomer of Cy
with 6 and 10 chlorine atoms attached on the fullerene
surface.'” This time the cage was undoubtedly characterized
with the crystal structure as the *'¥Cg, isomer (Figure 2a),
which was the first fullerene featuring triple sequentially fused
pentagons (TSFP). This new characterized isomer, which was
different from that assumed to encapsulate two scandiums
Sc,@"*3*Cgs, aroused the curiosity of the fullerene community,
and thus, the experiments to chlorinate #4348 isomer started.
Recently, Xie and co-workers were able to identify by X-ray
crystallography the halogenated *3*¥C(Cl,,, which is shown in
Figure 2b.*° Several months later, Nagase, Akasaka, and co-
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Figure 1. Different cage isomer assignments for Sc,@Cgq since its discovery in 2000 (a) Shinohara et al,; (b) Nagase et al; (c) Cui et al. In orange,

the [5,5] pentalene bonds.

Cs'#4169C66C110 Clv-#434sc66C110

Figure 2. Computed structures of the experimental (a) *'%C¢Cl,,
and (b) #¥*8CCl,,.

workers reported the crystal structure of Sc,@"***’C; (Figure
1b), the cage isomer proposed by Nagase in 2002.*° This is
how finally the first experimentally proposed and generally
assumed Sc,@"*C4 system was discarded.

In summary, three isomers of Cys have been observed, two
with exohedral derivatization and one with endohedral
encapsulation: #¥*CCl,,, M9C¢Cl o, and *°C¢Cl,, and
Sc,@™°Cgs. In this work we tried to understand (i) why
endohedral metallofullerenes (EMFs) and exohedrally derivat-
ized fullerenes show different cages; (ii) which is the main
property that defines the cage selection in each case; and (iii)
predict if any of the isomers could be functionalized in the two
different ways.

B COMPUTATIONAL DETAILS

All calculations were performed with the combined use of
Gaussian09 and ADF-2013. Optimizations of all the empty
neutral and anionic cages were performed using semiempirical
AMI1 calculations with the Gaussian09 code.”” The most stable
neutral and anionic isomers, as well as the EMFs, were
recomputed with the DFT BP86/TZP level using the ADF
2013 code.”® In addition, for the chlorinated species, the
Grimme Dispersion D3 method was considered.”

To determine the formal charge transfer of the EMFs, orbital
analyses were performed, and the results were confirmed by
fragment calculations with the ADF-2013 code.”®*° We defined
two fragments: the cluster—Sc, or Sc,C,—and the empty
cage—Cgy4 or Cgy. This fragment option in ADF allows us to
tell the program which atoms belongs to each fragment and,
therefore, obtain the contribution of each fragment to the
molecular orbitals of the whole system.

The vibrational frequencies and the corresponding normal
modes were computed using the harmonic approach. Relative
abundances along the range of temperatures were obtained
from the rigid rotor and harmonic oscillator (RRHO) and the
related free-encapsulating model (FEM).*'*? In the FEM

7563

model we consider that if at high temperature the cluster
rotates freely inside the cage, its contribution to the partition
function will be similar for the different cages and will cancel
out.

Molecular dynamics simulations were performed using the
Car—Parrinello Molecular Dynamics (CPMD) program.*>**
The description of the electronic structure was based on the
expansion of the valence electronic wave functions into a plane
wave basis set, which was limited by an energy cutoff of 40 Ry.
The interaction between the valence electrons and the ionic
cores was treated through the pseudopotential (PP) approx-
imation (Martins—Troullier type).** The functional by Perdew,
Burke, and Ernzerhoff (PBE) was selected as density
functional,***” and dispersion corrections (Grimme) were
included. We used a fictitious electron mass of 800 au. The
simulations were performed using periodic boundary con-
ditions in a cubic cell with a side length of 15 A and a time step
of 0.144 fs.

B RESULTS AND DISCUSSION

1. Chlorofullerenes. No possible IPR structures exist
among the 4478 isomers of Cg.” In particular, none of them

Table 1. Relative Energies, Symmetry, and Number of
Adjacent Pentagons (Np) for the Most Stable Isomers of Cgq
and C666_

isomer symmetry N, Cg Eq” (kcalmol™) Cg® E® (keal-mol™)

#3764 C 3 13.5 14.9
#4007 o 3 12.8 28.9
#4059 Cy 4 478 13
#4169 C, 2 0.0 26.5
#4348 Cy 2 0.8 18.3
#4398 o 3 28.9 2.8
#4407 C, 4 52.3 6.0
#4410 C, 3 276 2.9
#4417 (o 4 463 0.0
#4437 C, 4 4.7 3.0
#4454 G 3 253 2.1
#4466 C, 2 73 214

“Computed at the BP86/TZP level.

have one pair of fused pentagons (N, = 1); even more, only
three of the isomers have two pentagon adjacencies: #4348 and
#4169—both obtained experimentally as halogenated full-
erenes (Figure 2)—and #4466—proposed by Cui for Sc,@Cg
(Figure 1c). Most of the cages with 66 carbon atoms (176)
show four pentagons adjacencies (Np =4).

To analyze the chlorine-functionalized fullerenes, we
evaluated the 4478 isomers at the neutral state (see Table 1,
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Figure 3. Structures of the 12 Cy isomers shown in Table 1.
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Figure 3, and Supporting Information). The relative energies of
the isomers computed at density functional theory (DFT) level
are essentially maintained with respect to the AMI results. We
do not consider the charged species, since there is no electronic
transfer present, but covalent bonding between the carbon
atoms and the chlorines. The results, Table 1, show that the
most stable and almost isoenergetic cages at the neutral state
correspond to the two observed chlorinated isomers #**Cgg
and "1¥C followed by isomer *#%C at 7.3 kcal-mol ™. All
the other isomers appeared at more than 12 kcal-mol™. Note
that the third experimental isomer ***Cz—obtained as an
endohedral fullerene—is placed within the first 100 with a
relative energy of almost 48 kcal-mol™". The results confirm
that the pentagon adjacency penalty rule (PAPR) applies for
the neutral Cgq isomers (see Supporting Information).**3?
The two lowest-energy neutral cages are the ones identified
as Cgs chlorofullerenes. Therefore, we could infer that
halogenation took place once the cages are formed. We wonder
(i) whether, besides these two cages, other competitive
chlorinated fullerenes could be synthesized in the future; and
(ii) if isomer *°Cg, the one present in Sc,@Cgs with N, =4
(see Figure 1c), could also be chlorinated. The two low-lying
isomers with a set of triple sequentially fused pentagons
(TSFP) and one pair of fused pentagons (N, = 3), namely,
#764C ¢ and 07 C o were selected as possible candidates to get
chlorinated. We considered the halogenated positions of the
two experimental systems ***C; and #1°C as the model to
build several CgCly, isomers and evaluate their energy
differences. Structurally, these two fullerenes show N, = 2:
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#398C ¢ has a pair of fused pentagons, while *Cg has a
single TSFP (Figure 4). From deep analyses of the chlorine
positions in these and other non-IPR chlorofullerenes, we
confirm that the main rule governing the halogenation is the
release of surface strain and that it is structurally achieved
through several patterns: (A) several chlorines are placed at the
fused pentagons through one [5,5] bond in a zigzag manner,
four Cl at the pentalene motif and five at the TSFP; (B) the
remaining chlorines are positioned on pentagons near the [5,5]
bonds, and, in general, at (1,4) position one from each other;
(C) finally, a closed belt of chlorines is formed along the
surface.

Taking all these observations into account, we used the
#09C ¢ (Cl,, system to validate them and computed 50 different
chlorine-patterned regioisomers, collected in the Supporting
Infomation. The two most stable regioisomers, separated by 2
kecal'mol ™, satisfy the two conditions A and B: they contain
some of the chlorines crossing the two TSFPs, and the
remaining chlorines are placed near them, generally at (1,4)
positions (see Figure S). In the case of isomer 1, the belt of
chlorines connects the two TSFP motifs. However, condition C
is never achieved in any of the computed regioisomers since
there are not enough chlorine atoms to close the belt on the
carbon surface. Isomers 3 to 18, which lie between 6 and 27
kcal'mol ™', were also drawn following the two first observa-
tions, although in a way to represent different dispositions to
connect the two TSFPs (see Supporting Information). We also
confirmed that the patterns designed according to the
conditions A and B lead to the most stable structures. For
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CZV'#4348C66C110

Figure 4. Schlegel diagrams of the two experimental chlorinated
fullerenes *M®CCl,, (a) and #¥*C.Cl,, (b). The pentagons are
colored in orange; the positions where the chlorines are attached are
highlighted in green.

example, isomers 36 to 46, which contain only two chlorines on
the TSFPs and the remaining ones dispersed on the surface,
show high relative energies between 100 and 150 kcal-mol™*
with respect to the experimental ***CCl,, (see Supporting
Information). Besides, isomers 47, 48, and 49, with no chlorines
on the pentagon fusions, present relative energies at more than
200 kcal'mol™. Tt is worth remarking here that the lowest-
energy "99C(Cl,, isomer 1 still shows much higher energy
than the two chlorofullerenes found in experiment, namely,
#4348C66C110 and #4169C66C110'

Once it was verified that the chlorines placed according to
the conditions A and B lead to the most stable chloroisomers,
we designed the chlorination patterns for isomers #3764,
#4007, and #4466 by connecting the two adjacent-pentagon
motifs while placing the chlorines at the fused pentagons
(condition A) and at the pentagons near them at 1,4 position
(condition B). Once again, none of the three isomers reach a
number of chlorines sufficient to close the belt around the cage
(condition C). A complete list of the energies of the computed
isomers can be found in the Supporting Information. At this
point, it must be noted that in all the cases studied, including
the isomer #4059, the pentagon-fused motifs are not as close as
in #4348, and thus there are many possibilities to connect them
with chlorines. We found three energy-equivalent chlorine
patterns for #4007 within 2 kcal'mol™' of each other; the
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difference between them is only the position of one of the
chlorines (see Figure 6). For isomer #3764, we obtained the
most stable regioisomer by almost 4 kcal-mol ™. As mentioned
above, isomers #4007 and #3764 have a pentagon pair and a
TSFP motif in their carbon structure, so, at first glance, one
should expect the same addition pattern for them (see Figure
6). However, the same pattern appears only in the TSFP
motifs, with at least four chlorines attached. Isomer #3764 has
only two chlorines at the pentagon pair, while the three lowest-
energy regiochloroisomers of #4007 have three or four of them.
This fact indicates that, when more than one [5,5] bond is
present, the relative position of the pentagon-fused motifs, and
thus the connection between them by means of chlorines is, in
some sense, an important factor that drives the chlorine
addition. On the other side, *#°C,Cl,, has also one low-lying
regioisomer by 11 kcal'mol™'. Unlike the experimental
#88C(Cly,, only two chlorines are attached at each fused
pentagon pair, allowing the structure to release surface strain
and connect the two pentalene bonds (see Figure 6). So, once
again the relative position of the fused-pentagon junctions plays
a key role to determine the number of chlorines attached at
each pentagon motif.

Table 2 collects the relative energies of both the experimental
and the low-lying computed chloroisomers. As for the neutral
pristine cages, the experimental *3*3C,Cl,, remains the most
stable isomer among all of those calculated. Surprisingly, the
second most stable isomer at 8.3 kcal-mol™ is the computed
#4466C <Cl,o. Above them, between 19.5 and 23.6 kcal-mol™! a
set of chlorofullerenes includes the *7¢*C¢Cl,,, the exper-
imental *%CCl;, and the regioisomers of **CgCl,,.
Quite higher, the #059C (<Cl o lays at more than 38 kcal-mol ™.
Such results are not conclusive enough to discard the possible
formation of other CgCl,, species. For that reason, we also
evaluated the molar fractions of the lowest-energy isomers as a
function of the temperature. We used the ri§id rotor and
harmonic oscillator (RRHO) approximation.®”** As shown in
Figure 7, the C,,-"3*3CgCl}, is the most abundant
chlorofullerene up to 1000 K. At 2000 K and higher
temperatures, isomer "#%C¢Cl,, achieves abundances up to
80%. The remaining isomers increase slightly their relative
abundances with the temperature, although none of them
exceed the 10%. It is surprising that, according to these results,
the experimentally synthesized *'®CCl,, should have never
been obtained, and that #%°C,Cl,, should be observed
instead. This could indicate either that isomer *#°CCl,, is
also feasible for halogenation, and it will be synthesized, or that
the halogenation of the cages takes place at relatively low
temperatures; thus, the principal driving force to produce
halogenated species is the formation of the pristine cages—
note that the experimental ***C; and *19C isomers are the
most abundant neutral cages in the whole range of temper-
atures as shown in Figure 7. We are currently performing
further studies in this direction.

Car—Parrinello molecular dynamics (MD) simulations were
also performed to provide more insight into the motion of
chlorines at high temperatures. The trajectories at 2000 K for
the experimental C,,-"**CgCl,, cage show that chlorine atoms
are lost after the first 4 ps. This result indicates that chlorination
of fullerenes does not take place at 2000 K but at lower
temperatures. Trajectories at 1000 and 800 K confirm that
chlorines remain at their original positions at the rather short
time scale simulated here (~50 ps), as shown in Figure 8.
Detachment and subsequent attachment of a single chlorine
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Figure 5. Schlegel diagrams of the two lowest-energy chlorinated structures for the *°CgCl,, system. The pentagons are colored in orange; the

positions where the chlorines are attached are highlighted in green.

atom are rarely observed in some of these simulations, keeping
the fullerene the total number of chlorines at the end of the
trajectories. Therefore, chlorination is expected once the
temperature in the arc is reduced (much lower than 2000 K)
and the empty cages formed.

2. Endohedral Sc,@Cgq Isomers. Since the discovery of
one of the first non-IPR fullerenes Sc,@Cg, a lot has been
speculated about the carbon cage that encapsulates the
dimetallic cluster. First, Shinohara proposed the isomer
C,,-"*, based on experimental data; later, Nagase demon-
strated that this first guess did not correspond to the
thermodynamically favorable isomer, so he proposed cage
C,,-M%% to encapsulate the two Sc atoms. Fourteen years after
the first detection of Sc,@Cgg, the crystal structure was finally
resolved as Sc,@"***Cyg. There might be still a thought that
the experiments performed in the years 2000 and 2014 to
synthesize Sc,@Cgys do not lead to the same fullerene mixture
and each isomer, namely, C,,-*3** and C,,-*%° can be found
experimentally. Here we confirm that the most likely cage for
Sc,@Cys is the C,,-"%% isomer. In addition, we demonstrate
that there is a formal transfer of six electrons from the
encapsulated atoms to the carbon cage, (Sc,)™*@Cg®~, and that
the minimization of electrostatic repulsion between the two
Sc* ions is playing a major role in the final selection of cage
C,, 059,

To evaluate which isomer better fits the requirement to
encapsulate the Sc atoms, we take into account the ionic model
and make the preliminary assumption (which is later confirmed,
vide infra) that there is a formal transfer of six electrons from
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the metal atoms to the carbon cage. Thus, we analyzed all the
4478 hexa-anionic cages at semiempirical (AM1) level and then
recomputed the lowest-energy isomers at DFT level (see
Computational Details). The results collected in Table 1 show
that the isomers are much closer in energy than in the neutral
state. The most stable hexa-anionic isomer is *#7C,S5,
followed by ™°C. %~ at 1.3 kcal'mol™. Above them, the
cages #4454, #4398, and #4410 appeared in the range of 2—3
kcal-mol™!, and the #4407 at 6 kcal-mol™'. Finally, the most
stable neutral isomers #4348, #4169, #4466, #3764, and #4007
lie at more than 15 kcal-mol™.

To include the metal—pentalene interaction effect,™® as well
as the electrostatic repulsion between the Sc** ions, we
computed the endohedral species for the most stable empty
Ces hexa-anionic cages and the ones under discussion. To
optimize the electrostatic interactions, both between the metals
and the pentalenes and between metal ions, we placed the Sc
atoms near the pentagon junctions and as much separated as
possible between them. Results collected in Table 3 show that
the encapsulation of the cluster produces higher energy
differences among isomers, when compared to the hexa-anionic
systems, due mainly to the different Sc---Sc distances and, to a
lesser extent, to the slightly different metal—pentalene
interaction in each isomer. All the optimized structures are
represented in Figure 9. Isomer #4059 is by far the most stable
one, in agreement with the work of Nagase, and the remaining
ones appear at more than 22 kcal'mol™. Note that isomer
#4417, which was isoenergetic to the #4059 isomer in the hexa-
anionic state, is found at 28 kcal-mol ™!, whereas cage #4348 lies
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#4466(:66(3110

Figure 6. Schlegel diagram of the most stable chlorinated structure for
(a) B7%4C4Clyg, (b) #7Cy(Cl,o, and (c) #4°CCl,o. The pentagons
are colored in orange; the positions where the chlorines are attached
are highlighted in green.

Table 2. Relative Energies for the Lowest C4Cl;, Isomers

CgClyg isomer E,y (kcal-mol™)

#4348 0.0
#4466 83
#3764 19.5
#4169 21.1
#4007—-1 21.6
#4007-2 21.8
#4007—-3 23.6
#4059—-1 38.7
#4059—-2 40.7
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almost at 80 kcal-mol ™. According to Nagase,22 the endohedral
Sc,@"**Cg, as described by Shinohara and drawn in Figure 1,
does not appear as a minimum in the potential energy surface
since the repulsion between the two Sc atoms is too high—the
distance between Sc atoms is ~2.7 A inside the #*C, cage,
while it increases to 4.92 A in the #4059 isomer. Nagase also
analyzed other conformations of the scandium ions inside the
#4348 cage and concluded that a rotation of 90° of the Sc,
results in an energy minimum. This orientation is labeled in
Table 3 and Figure 9 as isomer #4348 (minimum). According
to our results, which agree completely with those obtained by
Nagase, such a simple rotation decreases the energy of the
endofullerene by 40 kcal'mol™', due to the increase of the
distance between the Sc** ions to 4.05 A and, thus, a reduction
of their repulsion. However, this decrease is not enough to
reverse energies with the most stable cage #4059.

In general, we observe that the higher the repulsion between
the Sc atoms, that is, the shorter the Sc---Sc distance, the lower
the stability of the whole system (see Figure 10). Since the
metal ions carry considerable positive charge, the repulsive
electrostatic interaction between them is rather strong, as
pointed out by Nagase® and also seen in other works with
dimetallic endofullerenes, such as La,@D,;-Cg."' Therefore,
we confirm that one important factor that drives the stability of
these endofullerenes is the Sc:--Sc separation; see Figure S8 for
a plot of the relative energies of the Sc,@Cg4 isomers as a
function of the Sc--Sc distances. If we assume that the relative
stabilization of EMFs AE comes from (i) the stabilities of the
anionic cages (ionic model), AE,,, and (ii) the presence of
the metals in the cage, an even better correlation is found when
we plot AE — AE, . against the Sc---Sc distances, that is,
subtract from the relative energies the contribution from the
ionic model; see Figure 10.

Even though Sc,@"***Cg is by difference the lowest-energy
isomer, we also analyzed the effect that the high-temperature
conditions in which fullerenes are synthesized can have in the
relative stability of the isomers. The predicted free energy and
molar fractions up to 4000 K confirm that Sc,@"**Cy is the
most abundant and the only isomer with appreciable molar
fraction for the whole range of temperature (Figure 11). We
completed the study considering the family of the carbide
Sc,C,@Cq, clusterfullerenes, which share the same Sc,Cg
stoichiometry with the metal endofullerenes Sc,@Cg. The
rather high relative energies at 0 K for the lowest-energy
carbides compared to Sc,@"**°Cy4 (see Supporting Informa-
tion), as well as the negligible molar fractions up to 4000 K,
clearly discard this possibility.

Finally, the formal charge transfer was determined by means
of molecular orbital interaction diagrams of the two fragments
Sc, and Cg. The orbital diagram for the #4059 structure is
represented in Figure 12 (the diagrams for other isomers are
collected in the Supporting Information). Figure 12 clearly
shows that the highest occupied molecular orbital (HOMO),
HOMO-1, and HOMO=-2 of the Sc, fragment (green in
Figure 12) transfer their six electrons to the three lowest
unoccupied molecular orbitals (LUMOs) of the cage, namely,
LUMO, LUMO+1, and LUMO+2 (gray in Figure 12). Thus,
these three orbitals of the Cg cage become the HOMO,
HOMO-1, and HOMO-2 of the endofullerene (green arrows
in Figure 12), while the HOMO—2 of the metal fragment
becomes the LUMO of Sc,@™Cy,, as shown with dashed
lines in Figure 12. Similar results were obtained for all the other
endofullerenes analyzed here, including the #4348 isomer with
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Figure 7. Representation of the molar fraction as a function of the temperature for the isomers of C¢Cl;o and Cy using the RRHO approximation.
Only the three most abundant isomers are labeled (see the Supporting Information for a complete description).
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Figure 8. Representation of the motion of the Cl atoms in C,,-***C¢Cl,, during Car—Parrinello MD trajectories at 800, 1000, and 2000 K.

Table 3. Relative Energies with the Formal Electron
Transfers and the Sc*+*Sc Distances for Specific Sc,@Cgq
Fullerene Isomers

isomer E." (kcal'mol™')  formal transfer ~ Sc--Sc (A)
#4059 0.0 6— 4.92
#4398 220 6— 4.34
#4410 23.6 6— 4.06
#3764 25.8 6— 4.47
#4407 272 6— 4.26
#4417 28.0 6— 3.87
#4454 28.4 6— 3.78
#4169 29.6 4— 3.31
#4437 32.7 6— 3.57
#4348 (minimum) 38.0 6— 405
#4007 38.6 6— 3.65
#4466 40.1 6— 4.11
#4348 81.3 4— 2.69

“Computed at the BP86/TZP level.

the cluster in vertical position (the minimum), except for the
Se,@C,,-"™*Cs and Sc,@C,,-"'1%Cgs. For these latter
systems, the Sc, cluster transfers only four electrons to the
carbon cage (see Supporting Information). A correlation with
the Sc---Sc distances exists: the shorter the distance, the
stronger the covalent Sc—Sc bond and, therefore, the lower the
number of transferred electrons. Even though the usual transfer
of Sc-based clusters is three electrons per metal, it is not
surprising that these two endofullerenes with the shortest Sc—
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Sc distances—2.7 A for the #4348 isomer and 3.3 A for
#4169—transfer only four electrons.

B CONCLUSIONS

Exohedral as well as endohedral derivatives are found in the Cg
fullerene family, but those isomers that get chlorinated
("38Cy, ™PC) are not able to encapsulate metal atoms
(*9°C¢s) and vice versa. According to our results, low-energy
neutral cages are the ones that are functionalized when a
chlorine source is introduced in the arc. Chlorination would
take place at a temperature significantly lower than 2000 K,
once the neutral isomers were formed. Chlorination patterns
follow the trend of maximizing strain release on the cage
surface, with chlorines at the highly pyramidalized C atoms of
the adjacent pentagons. In addition, the relative position of the
adjacent pentagons may also play a role. Thus, besides *3*3C
and ™9C cage #4466 ¢ with two adjacent pentagon pairs
could also be detected as chlorofullerene in the future.
Alternatively, the stability of endohedral Sc,@Cgq is given by
(i) the electron transfer from the metal atoms to the cage (ionic
model); (ii) the interaction between the Sc and the cage; and
(iii) the interaction between the two Sc ions. After exhaustive
exploration, Sc,@™*Cy is found to be the most abundant
cage for the whole range of temperatures, as proposed by
Nagase and recently confirmed by X-ray diffraction experi-
ments. Isomer Sc,@"***C¢ might also be detected. For the
lowest-energy EMFs, formal transfer of six electrons is found,
S&,* @Cys’, with no covalent bond between the two Sc ions.
Besides the stability given by the electron transfer, electrostatic
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Figure 10. Relative energies of the Sc,@Cgs isomers when subtracting
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repulsion between Sc** ions sets the stability trends of Sc,@Cgs
endofullerenes.

B ASSOCIATED CONTENT

© Supporting Information

Relative energies and structures of a larger list of CyClyy and
Sc,@Cy¢s isomers, as well as their abundances and orbital
interaction diagrams for some of the EMFs. The Supporting
Information is available free of charge on the ACS Publications
website at DOI: 10.1021/acs.inorgchem.5b01187.
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