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Abstract

The M@Cs4 compounds form a family of small endohedral metallofullerenes. Recently, these have
been detected as the smallest endohedral compounds formed with Sc, Y, and La. For the first time,
these compounds are studied theoretically. Calculations obtained at the dispersion-corrected DFT
level PBE-D3(BJ)/def2-TZVP agree admirably with experimental results. The zero-point energy
corrected binding energies can explain the lower abundance of La@Cz¢ in comparison with
Sc@Csz4 and Y@C34. Their small HOMO-LUMO gaps denote high reactivity. The bond between Y
and Sc with the cage is mostly covalent. In contrast, La is located at the fullerene’s center with an
ionic interaction; all metals transferred charge to the cage. Furthermore, La@Css was found in
doublet state and the others preferred the quartet state. To conclude, according to the analysis of

aromaticity performed by the NICS(0),, index, the insertion of none of these metals increase the
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1 | INTRODUCTION

Since the same year of their discovery,m fullerenes have stood out for
their capacity™® of trapping other species (atoms,>~>! molecules,*~>! or
clusters'®) inside of them; hence, a large number of studies have been
done.®~>! The internally doped fullerenes are known as endohedral full-
erenes (EFs); being the endohedral metallofullerenes (EMFs) the most
studied EFs, formed by Cgo or bigger cages, which contain lanthanide
atoms as their endohedral species.[3'6]

The most notable difference between hollow fullerenes and EFs is
that the latter can violate the isolated pentagon rule (IPR).5-¢ IPR
establishes that a cage without adjacent pentagonal rings will form the
most energetically favorable isomer of a hollow fullerene, however, EFs

[7]

can violate this rule!”* and several non-IPR endohedral fullerenes have

been synthesized.*¢!
Despite the fact that, theoretically, C5q is the smallest possible full-

8 jts strained structure is not energetically favorable and the

erene,
ring geometry is preferred”); as a result, Cog is the smallest fullerene

detected in mass spectra.[lol Moreover, other small fullerenes (smaller

C36 fullerene, density functional theory calculation, dispersion-corrected, electronic structure,

than Cgo) have been experimentally obtained!**? and some have
been predicted to be stable.l*¥! Particularly, numerous experiments
have been done on Cgs in gas phase.l'*121417] The HOMO-LUMO
gap of several small fullerenes were measured by anion photoelectron
spectroscopy.!*” The gap of 0.8 eV, measured for Cg, agrees with that
calculated (below than 0.5 eV) by a density-functional-based tight-
binding method,[*>! due to the large error bar obtained in the experi-
mental value.*>) Similarly, Csp, Ca4, and Cso show large gaps and high
stabilities.*! The Dgp, and Dog isomers (non-IPR) of Ca4 have the mini-
mal number of adjacent pentagonal rings among the 15 possible iso-
mers.['® Both using density functional theory (DFT) studies were
predicted to be quasi-isoenergetic in their singlet (D¢, and D,g) and tri-
plet (Dgy) states; nevertheless, the lowest energy isomer depends on
the used methodology.[*?2”! Further calculations using CASSCF with
single and multireference MP2 showed that the lowest isomer is the
Dgn in singlet state.?® In addition, this study has proven that the low-
est energy state has an important diradical character.?®! Furthermore,
it was demonstrated that both isomers can be transformed into each

other by the Stone-Wales transformation.?”!
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C3¢ and other few solids have been observed in gas-phase,
obtained by the arc-discharge method.[*”! Solid-state nuclear magnetic
resonance (NMR) measurements suggest that the Cz4 has Dgj, symme-
try.B% In addition, its physical and chemical properties are consistent
with covalent bonding between Cs4 molecules; in contrast, C4o forms a
van der Waals solid. The formation of a partially hydrogenated mole-
cule was reported as well, the C36H6.[3°] Scanning tunneling spectros-
copy has been used to measure the band gap in Cz4 thin films.1BY
According to DFT calculations,®*! the 0.8 eV of the measured band
gapi®Y

bonded. This explains the lack of long-range order found in the thin

is due to the formation of dimers and trimers of Cs4 covalently

films.®Y Additionally, Cz4 was found more reactive than larger size full-
erenes.BY Other theoretical studies have proposed different dimers®?
and bidimensional crystals.*3=3>! The aromatic properties of Dgp-Cas,
neutral and charged, were studied 2439 with nucleus independent
chemical shift (NICS) calculations, performed with the gauge-
independent atomic orbital (GIAO) method. According to these studies,
neutral singlet Dgj,-Csg is more aromatic than the triplet, and the hex-
agonal rings are locally more aromatic than pentagons.*”! Another
study on the aromatic character of Cz4 isomers and ions has concluded
that their aromaticity is not related to the 2(N + 1)? rule of spherical
aromaticity,[37] which predicts the increase of aromaticity in certain
neutral and charged fullerenes.®®!

Although the most studied EMFs are those formed by large cages
(Ceo oOF bigger),[3’6] a few small EFs
obtained!**383% and studied theoretically.’>*°*" Currently, the small-
est family of EMFs is M@Cag (M = Ti, Zr, Hf, and U)."**? The follow-

ing group was discovered with the detection of La@Cg}, in laser
1381 |n

were experimentally

vaporization of composites containing lanthanum and graphite.

F.143 Similarly,

consequence, La@Cj; is the smallest stable La@C5,, EM
other EMFs were found with atomic Y, Sc, Gd, and Ce, encaged inside
C36.[44] In these experiments, the most abundant species were M@Cy4
and M@Cso,*¥ and the smallest were Sc@Cazo, M@Cas (M= Y, La, Ce,
Gd) and Ca@Cy44. These observations agree with the model based in
terms of electronegativities and atomic radii (oxidation states 3+) pro-
posed by Guo et all

Recently, Dunk et al.®%42 did an extensive search of small EMFs,
in which they reported the formation of small, medium, and giant
EMFs in the gas-phase. These EMFs were obtained by laser evapora-

tion of metal-incorporated graphitel®?42

and were analyzed with high-
resolution Fourier transform ion cyclotron resonance (FT-ICR) to deter-
mine their relative abundances. Dunk et al. propose that the formation
of big fullerenes is due to a bottom-up mechanism; therefore, the
growing of fullerenes takes place by C, insertions following a bottom-
up transformationt®?4°%: M@Crs— M@Czs— M@Cyy— M@Cso—
M@Cygo. These insertions are possible with high-temperature synthesis.
Additionally, they have demonstrated that atomic U plays a very impor-

[42] catalyzing or nucleating its for-

tant role in the formation of U@C,g,
mation. Similarly, Dunk et al. infer that larger U@C,, fullerenes are
formed based on U@C,g as their precursor.*?! As can be seen, small
EMFs as M@C,g and M@C34 play an important role in the formation

of bigger metallofullerenes. Despite the fact that currently many

M@Cs34 have been detected in gas-phase (M=, Th 891 g 139
Y3941 | 5138.3944] (o (3944 pr[39) N3 G394 T[99 Dy [9Y)
Ho,[3% Er,3% and Lu[39]), only a few theoretical studies were done on
them (U@C,,1*¢! and Y@C4,*"). However, other EFs with Cs, cage
have been studied theoretically X@Caq (X = He 48! Li 82 ¢ 132 Tj 4]
V.49 Cr 1% Mn, 1471 Fe 1991 Co, 491 Nij 147! Cu [47) HZ[SO]). The lack of stud-
ies about small endohedral metallofullerenes obtained in synthesis cre-
ates the necessity of intensifying the theoretical research to
understand and predict their properties to compare them with future
experiments. For that reason, this work describes for the first time
group-3 elements (Sc, Y, and La) as an atomic endohedral dopant of
Cas. Geometric, electronic, aromatic, and other properties are
discussed.

2 | METHODS

Lowest energy structures of endohedral metallofullerenes M@Csq
(M=Sc, VY, and La) were studied within a dispersion-corrected DFT
methodology, using the generalized gradient approximation (GGA) of

1511 (PBE) functional. The correction to the

Perdew-Burke-Ernzerhof
energy, due to dispersion interactions, was taken into account with the
Grimme’s (D3) term with Becke-Johnson (BJ)*? damping. The basis
set used for all atoms was the triple-( valence basis set with one set of
polarization functions def2-TZVP,*3! which uses an effective core
potential (ECP) to replace 28 core electrons for Y and 46 for La. In
addition, the relativistic effects in these elements were taken into
account with the scalar relativistic ECP. The method PBE-D3(BJ)/def2-
TZVP was used in the Turbomole 6.5 code® to obtain the optimized
structures and other calculations. The integration grid size used was
the finest grid size available: m5. To compare it with other calculations,
Cgg isomers, D¢, and Doy were optimized in singlet and triplet states.
The optimization procedure of the EMFs started from several struc-
tures with the endohedral atom located at different positions inside
the D¢p-Csg With doublet and quartet multiplicities. Only lowest energy
structures with all their vibrational frequencies have been reported.
Furthermore, their potential energy surfaces (PES) were scanned in
doublet, quartet, and sextet states with single point energy calculations
as a function of the position of the endohedral atom throughout a rele-
vant direction (from the fullerene’s center to the center of the farthest
hexagonal ring). Charge distributions were obtained from the density-
based Hirshfeld population analysis using the wavefunction analysis
program Multiwfn®>>! 3.3.7, with the output of a single point calculation
of the lowest energy structures of each compound carried out with
Gaussian 094! at the level PBE-D3(BJ)/def2-TZVP.

Lowest unoccupied molecular orbitals (LUMO), highest occupied
molecular orbitals (HOMO), electrostatic potential maps (ESP), and
others, were plotted using the Gaussview 5 program.[57] ESP was
mapped over isosurfaces of 4 X 10~ a.u. electron density. To analyze
aromatic properties, NICS(0);, values were calculated using the NMR
shielding tensor with the GIAO method. These values were obtained
taking the negative of their isotropic coefficient and calculated at the

centroid of several pentagonal and hexagonal rings, calculations were
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TABLE 1 Comparison between 12 experimentaI[55] and theoretical

vibrational frequencies of Ar@C4o endohedral fullerene

Method Error® (%)
PBE/def2-TZVP 1.52
PBE-D3/def2-TZVP 1.47
PBE-D3(BJ)/def2-TZVP 1.46

“The error refers to the mean absolute percentage error obtained.

carried out using the program!®® Gaussian 09 with the method GIAO/
PBE-D3(BJ)/def2-TZVP. In addition, NICS(1),, and NICS(1),, have
been obtained. NICS(1),.o were calculated 1 A above ring centers, tak-
ing the negative of the isotropic coefficient. NICS(1),, values were
obtained taking the negative of the component perpendicular to the
ring of the shielding tensor calculated 1 A above ring centers.

To determine the stability of the compounds studied, the binding
energy (BEzpg) was calculated as: BEzpg = Ezpe(M@Cs3¢) - E(M) -
Ezpe(Cae), where Ezpe(M@34) refers to the total electronic energy of the
isolated Cs4-Dgy, in doublet state plus the zero-point energy (ZPE) cor-
rection; E(M) is the energy of the endohedral atom M in its atomic
ground state 2D3/2, and Ezpg(Cag) is the energy of the endohedral com-
pound fully optimized at the state indicated plus the corresponding
ZPE. Additionally, vertical ionization energies (VIE) and vertical electron
affinities (VEA) have been calculated.

To test the methodology used, the neutral I,,-Cgg in singlet state
was optimized at the PBE-D3(BJ)/def2-TZVP level. Similarly to previ-
ous works,*%58 the method proposed was compared to the radius, sin-
gle, and double bond lengths measured in [,-Cso by electron
diffraction.!®”) PBE-D3(BJ)/def2-TZVP obtained an error (mean abso-
lute percentage error) of 0.28%, improving slightly the noncorrected
and previously used method PBE/def2-TZVP,“Y with an error of
0.30%. In comparison with 14 experimental vibrational frequencies of
Cso, measured by Fourier transform infrared spectroscopy (FT-IR),1°8!
the proposed method obtained an error of 1.39%, quite better than the
uncorrected result with an error of 1.48%.*Y Likewise, the energetic
properties predicted with the corrected method were tested with the
fullerene I,-Cgo. The ionization energy obtained as 7.4 eV underesti-
mated by 2.63% the 7.6 eV measured by electron impact techni-

ques, ¢!

which is equal to the uncorrected result without ZPE and
dispersion correction. Similarly, the electron affinity, calculated as
2.6691 eV, underestimated by 0.54% the 2.6835 eV which was meas-
ured by laser photoelectron spectroscopy.* A further comparison
was made between PBE/def2-TZVP, the dispersion corrected PBE-
D3/def2-TZVP without the damping term and the method used in this
work. Table 1 shows the errors obtained from the three methods in
comparison with 12 experimental vibrational frequencies obtained with
FT-IR in the endohedral compound Ar@Cgo. As can be seen, the error
is reduced from 1.52% (obtained with the uncorrected method) to
1.46% (obtained with the proposed method). The inclusion of the term
BJ-damping produces practically the same error than the method with-
out damping (1.47%). According to Grimme et al., both variants are rec-
ommended in general, but the BJ-damping gives energies slightly
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better to noncovalent interactions.® In conclusion, the method PBE-
D3(BJ)/def2-TZVP was used in this work because it gave more accu-
rate results in the comparisons discussed above with regard to several

tests previously reported./!)

3 | RESULTS AND DISCUSSION

3.1 | Isolated C36'D6h

To understand the formation of the endohedral fullerenes M@Csq
(M =Sc, Y, and La), we started this study with an analysis of the lowest
energy structure of the neutral hollow fullerene Cs¢. As discussed in
the introduction, the fullerene Ca4 has 15 possible isomers!*® and the
most energetically favorable are Dgy, and Doqg (Table 2). Both neutral
isomers were optimized with the dispersion-corrected DFT methodol-
ogy PBE-D3(BJ)/def2-TZVP, in singlet and triplet states. According to
these calculations!®®27) (Table 2), the lowest energy isomer is Dgp, in
singlet state, followed by D,q singlet with an energy difference (taking
into account the ZPE correction) AE,o = 0.039 eV. D,y and Dgy, isomers
in triplet states have energy differences of 0.135 eV and 0.154 eV,
respectively. In addition, the relative energies were calculated in the
same way with the meta-GGA functional TPSS and the basis def2-
TZVP, to ensure that these small energy differences can be calculated
within the computational accuracy of the method proposed (Table 2).
As in the previous calculations, Dgy, in singlet state is the lowest energy
isomer, followed by the D4 in singlet state, with energy difference

E;, =0.015 eV. With this method, the isomer Dg, in triplet state is
lower in energy in comparison with the D, in triplet state, with relative
energies of 0.090 eV and 0.193 eV, respectively (Table 2). So, accord-
ing with both calculations, the Dgy, in singlet state is the lowest energy
isomer.

The small energy difference the isomers is consistent with previous
DFT studies that have already predicted that both isomers are almost
isoenergetic[19'27]; the lowest energy isomer depends on the used
methodology. The comparison made by Yuan et al.?”! shows that the
level used in the calculations is important to perform a realistic study.
The Hartree-Fock (HF) method predicts the triplet Dy, isomer as the
lowest energy state, similarly with the functionals B3LYP and
B3PW91.127] Conversely, local-density approximation (LDA) and gener-
alized gradient approximation (GGA) methods give as a result that the
singlet D¢y, is the lowest energy state.?”! Our result is consistent with a
complete active space self-consistent field (CASSCF) study with the
single and multireference second-order Mgller-Plesset perturbation
theory (MP2), which obtained the Dgy, isomer in singlet state as the
lowest energy structure.2® According to this study, the wavefunction
of the lowest energy state has an important diradical character; more-
over, the electron correlation plays an important role to predict the Dy,
singlet as ground state.[?®! Furthermore, as a consequence of an over-

simplified form of the wavefunction, 28!

some methods can predict a
Ca¢-Dyy isomer (denominated second-order Jahn-Teller distorted
structure) as the lowest energy structure. Our open shell calculations
do not show spin contamination according to the <S?> values

obtained (Table 2); thus, the level of theory used is enough to describe
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TABLE 2 Properties of Dg, and Doy isomers of Cg4 fullerene
Symmetry M AE, (eV) ,e, (eV HOMO-LUMO gap (eV) <% VIE (eV) VEA (eV)
D¢hn 1 0.000 0.000 0.484 0.000 7.100 2.973
Dog 1 0.039 0.015 0.412 0.000 6.757 2.708
Dag 3 0.135 0.193 0.189 2.008 - -
D¢hn 3 0.154 0.090 0.092 2.023 = >

Symmetry, multiplicity M, energy difference AE, (including ZPE) relative to the lowest energy system, AE*

HOMO-LUMO gap, <5%> value, VIE and VEA.

correctly the lowest energy state of the hollow Cs4 without taking into
account a multireferential method. Furthermore, NMR experiments
describe the solid Ca4 as covalently bonded Dgpp-Cag molecules.*® Sim-
ilarly, infrared transmission spectrum®® of Cs4 powder in KBr can be
directly compared with the calculated infrared emission spectra of Cz4-
Dgn by LDAP7 In the following analysis, only the neutral singlet Dgp,
isomer is discussed.

Theoretical evidence suggests that the inclusion of the endohedral
atom can change the cage geometry; Ti@Css has been obtained with
the isomer D4 as cage, with energy difference of 0.045 eV respect to
the D¢, cage calculated with the BP86 functional and triple-
{ + polarization Slater-type basis functions. As well, both cages charged
with 4 electrons were found isoenergetical.[**! In addition, both iso-
mers of Ti@Cas can be related by Stone-Wales transformations,“”
similarly to the Cgé.m] For these reasons, both isomers have been
taken into consideration as cages.

Due to symmetry considerations, the neutral Cs4-Dgp, isomer has
only four different C—C bond lengths (Figure 1). The (5:5)a bonds,
which connect two pentagonal rings, have the shortest bond length
1.415 A. These bonds form two hexagonal rings (named h, in subse-
quent references) perpendicular to the C4 axis of symmetry. The lon-
gest bond length corresponds to the (6:6) bonds, which connect two
hexagonal rings, with length 1.493 A. Intermediate bond lengths were
obtained from (5:6) and (5:5)g bonds: 1.434 A and 1.440 A, which con-
nect a pentagonal ring with a hexagonal ring and two pentagonal rings.
These form the remaining six hexagonal rings (hg) around the Cg4 axis of
symmetry. As can be seen in Figure 1, hp rings have the shortest bond
lengths of all, comparable to the C—C bond lengths in benzene 1.40 A.

The molecular orbitals (Figure 2) that belong to C5¢ show n bond-
ing orbitals on its HOMO and antibonding = orbitals with a nodal plane
perpendicular to the Cg4 axis of symmetry. HOMO and LUMO corre-
spond to single degenerate states: 5by, and 5bg. Interestingly, both
HOMO and LUMO around the hp rings are very similar to the anti-
bonding benzene orbital B;g. Moreover, HOMO-1 is a doubly degener-
ate orbital el,, very similar to the bonding orbital e;g in benzene.
Likewise, LUMO + 1 orbital E,; resembles the benzene antibonding
orbital e,,,. The local similarity will be used to compare it with the ben-
zene and its complexes with metals. The HOMO-LUMO gap was calcu-
lated as 0.484 eV within the experimental error of 0.8 eV, measured in
molecular C34 by anion photoelectron spectroscopy.”S] Yuan et al.
obtained that the calculated HOMO-LUMO gaps depend strongly on

calculated at the level TPSS/def2-TZVP,

rel

the methodology used,!*® obtaining gaps above 1.4 eV with HF,

B3LYP, and B3PW91.?”! In contrast, LDA and GGA approachesm]
obtained values around 0.5 eV, which can be compared with the exper-
imental measure.[*"] According to scanning tunneling spectroscopy
experiments,ml the band gap in solid C34 is 0.8 eV. DFT calculations
have proved that this band gap is the result of the formation of dimers
and trimers of Cz molecules covalently bonded. In addition, the rela-
tionship between a small gap and high reactivity!®® can explain the

high reactivity experimentally observed®! i

in molecular Cz4 Other pos-
sible structures have smaller gaps (Table 2); this statement agrees with
the correlation between HOMO-LUMO gap, stability and chemical

(62631 55 that the most stable fullerene isomer tends to have

reactivity
the largest HOMO-LUMO gap.[®®! From photoelectron spectros-
copy,I*! the VEA was estimated to be 2.8 eV,?”! which agrees with
the 2.973 eV reported in Table 2. The lowest energy structure has the
biggest VIE and VEA, 7.100 eV and 2.973 eV, in comparison with the
D2d structure with values 6.757 eV and 2.708 eV, respectively.
According to the Hirshfeld charge distribution (Figure 3), the hex-
agonal rings, perpendicular to the C4 axis, have more negative charge
with values —0.010. Equivalently, the ESP map shows its most nega-
tive region around these rings (Figure 3). The most positive Hirshfeld
charges (0.008) are located in the atoms nearest to the hexagonal rings
mentioned above; this fact results in an ESP almost neutral around
these regions. It is interesting that this accumulation of charge could
produce an electrostatic potential suitable to produce a cation-r inter-
1641 *, K*, or Al". These kind of com-

pounds have been previously theoretically studied.®? Furthermore, it is

action'®* with certain atoms as: Li*, Na
expected an interaction between these ha hexagonal rings and the met-
als proposed by their benzene-like properties (Sc, Y, and La).

The magnetic indices of aromaticity NICS(0);s, NICS(1)iso and NICS
(1),, were used in this work to study the aromatic properties of the
proposed systems. Table 4 lists the values calculated for the hollow
fullerene Cz4-Dgp. According to their negative NICS(0)i, (Table 4), all
the rings in Czs have aromatic character. The most negative value
(—20.41 ppm) obtained for the hexagonal rings ha, perpendicular to
the C,4 axis, denotes a more aromatic character in comparison with hg
rings, with values —7.16 ppm. NICS(1),s, and NICS(1),, show similar
results, with the most negative indices for the h,, with values —6.96
ppm and —21.47 ppm, respectively. According with these indices, hB
and pentagonal rings are nonaromatic or slightly antiaromatic (Table 4).
Calculations made at GIAO-HF/6-311(d)**! and GIAO-B3LYP/6-31G
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Y@C“-Cs., La @CBG'Dﬁh

FIGURE 1 Optimized geometries obtained at the level PBE-D3(BJ)/def2-TZVP for: singlet Cs4-Dgp, quartet Sc@Cszs-Cqy, quartet Y@Caq-
Cey, and La@Cs4-Dgp, doublet. Bond lengths in Angstroms (A)

Css Sc@Cse Y@Cas La@Cse

a B a B
O
=
e |
- |

4791 Sb, -3338 23a, -4.606 10b, -3.148 Ob, -4.794 10b2 -3.338 ru;nIg 4775 10@.2g
(@)
=
(@)
=

-5.276  5b;, -4900 18e, -5.624 2le; -4917 18e, -5.597 20e; -4.881 10e, -5.213 bag

FIGURE 2 HOMOs and LUMOs of Cz4-Dgp fullerene and M@Cz4 (M =Sc, Y, and La) in their lowest energy state. Degenerated states are
shown as the superposition of orbitals. Orbital label and related energies in eV annotated below. Isovalues: 5 x 10~° a.u
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Sc@Cse

Hirshfeld

-0.010 N 0.008

ESP

-0.003F " Mo.o10

-0.02s I 0.008

0.010F " MWo.015

La @C35

-0.030 N 0.005

-0.029 I 0.006

0.00sF " MWo.010 -0.001F " MWo.010

FIGURE 3 Hirshfeld charge distributions and ESPs of neutral singlet Cz4-Dg, and M@Cs¢ (M =Sc, VY, and La). ESP mapped over the

isosurface with an electron density of 4 x 10~ a.u

() levels of theory obtained very similar results, including the
strongest aromatic character in the hp rings. Pentagonal rings obtained
values —3.54 ppm. These values are completely consistent with previous
calculations.!*?243 According to Kerim et al., a correlation does not exist
between the NICS calculated at the center of C5¢ isomers and the most
stable structure.®”! Additionally, the 2(N + 1)? rule is not associated with
aromaticity in these isomers; therefore, the NICS(0);s, can be related only
to local aromaticity. Moreover, aromatic stabilization could not play an

important role in these systems as in other fullerenes and EMFs.

3.2 | Lowest energy structures and geometries of
M@Csz¢

We have studied M@Cs34 EMFs with the group-3 elements Sc, Y, and

La. The search for their lowest energy structures started with the

TABLE 3 Properties of M@Cz4 (M= Sc, Y, and La)

optimization of several geometries with the endohedral atom located
at different positions inside the fullerene C34-Dgp.. In addition, optimiza-
tions with the Cz4-D,q4 isomer as cage were carried out. The structures
were optimized with doublet and quartet multiplicity. In addition, their
PESs were scanned in both states and in sextet as a function of the dis-
tance from the endohedral atom to the center of the hp ring. We
report only the lowest energy structure (taking into account the ZPE
correction) with all vibrational frequencies obtained as real. Moreover,
none show spin contamination according to the <5$2> values obtained
on each calculation (Table 3). Negative HOMO-LUMO gaps in Table 3
are due to the occupation used to obtain quartet and sextet multiplets.
Higher energy alpha orbitals are occupied and Lower energy beta orbi-
tals are unoccupied in these cases. Due to the lack of studies on these
systems, we propose two complimentary reference systems: metal-

benzene complexes M—C(,Hé[éé’éﬂ and EMF derivatives of M@Cgy-

M@Css Symmetry M AE(eV) AE, (eV) Ar(A) <S>

Sc@Cgzq Cov 4 0.000 0.000 0.794 3.772
Sc@Czq Cay 2 0.156 0.207 0.766 0.752
Sc@Cgzq Cov 6 2.232 1.718 0.878 8.781
Y@Css Chy 4 0.000 0.000 0.505 3.764
Y@Czg Cov 2 0.024 0.062 0.418 0.751
Y@Cszq Cay 6 2.040 1.980 0.343 8.763
La@C3q Den 2 0.000 0.000 0.000 0.750
La@C34 Den 4 0.054 0.012 0.000 3.758
La@C3q D, 6 1.988 1.774 0.000 8.762

HOMO-LUMO Hirshfeld

BEzpe (eV) Gap (eV) VIE (eV) VEA (eV) charge
—5.726 0.294 6.866 2.774 0.333
—5.570 0.133 6.611 2973 0.348
—3.494 -2.02 - - -
—5.549 0.123 6.745 2.970 0.387
—5.524 0.112 6.622 2.989 0.425
—3.508 -2.05 = = =
—4.946 0.105 6.702 3.077 0.422
-4.891 —0.018 6.586 3.242 0.421
—2.958 -1.915 - - -

Symmetry, multiplicity M, energy difference AE, (including ZPE) relative to the lowest energy system, AE}, calculated at the level TPSS/def2-TZVP off
center displacement Ar of M, <5?> value, binding energy BEzpg, HOMO-LUMO gap, VIE, VEA, and Hirshfeld charge.
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TABLE 4 NICS(0)iso, NICS(1)is0, and NICS(1),, values® of neutral singlet C34 and M@C34 (M = Sc, Y, and La) calculated at each ring center

Ring 1 Ring 2 Ring 3 Ring 4 Ring 5
Czs —20.41 (—-6.96) —21.47 —3.54 (0.26) 4.70 —7.16 (0.15) 2.98
Sc@Csq —16.98 (—2.41) —3.59 -4.69 (-0.17) —1.32 1.78 (3.47) 10.90 1.42 (3.47) 2.11 —11.29 (-1.94) —4.98
Y@Css 6.04 (0.28) 1.96 —9.96 (1.99) 1.46 30.73 (2.62) 7.72 —20.62 (1.37) 0.97 —47.67 (-0.71) —2.98
La@C34 3.88 (4.21) 1.44 —5.83(-1.42) 0.51 —16.00 (—1.98) —6.04

ANICS(0);so values on the left, NICS(1);s, values between parentheses and

C,,(82) with adamantylidene (Ad)”°~72; both interacting with the stud-

ied metals (Sc, Y, and La). It is a known fact that benzene can bond
[73]

6)2- Com-

(Sc, Y, and La)-C4Hg have been previously, experimentally

with d-block metals creating compounds similar to Cr(C¢H
plexes M=
and theoretically studied®®-%%: hence, these compounds will be used
as a frame of reference in this study. Cr(C¢Hy)> was chosen because its
properties have been measured more precisely than the isolated
EMFs.7477) The shortest distance M-C is discussed in detail for each
case.

Sc@Cs4 was obtained in quartet state with Cg4, symmetry (Table
3). The Sc atom was displaced 0.794 A from the fullerene’s center in
direction of a ha ring, which bond lengths increased to 1.456 A (Figure
1); the Sc—C distances were 2.255 A (Figure 1). In comparison, Sc-
benzene was found experimentally in quartet state!®® and Sc-C dis-
tance from Sc-benzene was calculated® as 244 A at the level
B3LYP/6-311 + G(d). Additionally, Sc—C bond length in Sc@Cg,-Cs\(9)
(Ad) was experimentally determined as 2.323 A by single crystal X-ray
diffraction.”? Similarly to Sc@Cae, the Sc in Sc@Cgy-Coy(9)Ad) is

located over a hexagonal ring!”?

which is on the tip of the fullerene
cage. Moreover, the quartet state in Sc@Cs4 is followed by doublet
and sextet with relative energies 0.156 eV and 2.232 eV, both with Cg,
symmetries (Table 3). The relative energies calculated with the TPSS/
def2-TVZP method follow the same order, with the quartet state fol-
lowed by doublet and sextet, with relative energies of 0.207 eV and
1.718 eV, respectively. A C; symmetry structure in doublet state was
obtained from the D,q cage, 0.067 eV above the lowest energy mini-
mum (Supporting Information Table S1).

Similar to the previous compound, Y@Cs¢ has quartet state and
symmetry Cg,. Y is displaced from the center by 0.505 A in direction of
a h, ring (Figure 1). The Y—C distance is longer than the previous com-
pound and was calculated as 2.513 A (Figure 1). This distance is
entirely comparable with the one obtained for Y-benzene (distance
Y—C = 2.524 A) in quartet state and symmetry Cq, from MP2 calcula-
tions.%® In addition, the Y—C distance 2.475 A measured by single

NICS(1),, on the right, values in ppm.

crystal X-ray diffraction in Y@Cgp-Cou(9)(Ad) is quite similar.”* As in
the previous EMF, the Y atom is located over a hexagonal ring along
the C, axis of symmetry. Moreover, according to experimental and the-
oretical studies, the lowest energy structure for Y-Benzene has doublet
state and Cy, symmetry due to a pseudo Jahn-Teller distortion.l®! This
structure is followed by the quartet with energy difference 0.497
eV, 18! calculated at the CCSD(T)//MP2 level. The Cg, in doublet state
has all its vibrational frequencies real and is 0.024 eV higher in energy,
followed by the sextet with 2.040 eV above the ground state (Table 3).
In addition, the TPSS/def2-TZVP calculation obtained the same order,
with the quartet followed by doublet and sextet, with energy differen-
ces of 0.062 eV and 1.980 eV (Table 3). Both quartet and doublet
states could appear in experiments due to the small energy difference;
however, according to our results, the Cg, quartet structure is pre-
ferred. Taking the D,4 isomer as cage, a C; symmetry structure in dou-
blet was obtained with an energy difference of 0.040 eV relative to the
lowest energy minimum (Supporting Information Table S1).

Contrastingly, La@Cz4 has been found in doublet state and with
symmetry Dgy, (Table 3). Quartet Cq, and sextet D, have energy differ-
ences of 0.054 eV and 1.988 eV, respectively. Similarly, the TPSS/
def2-TZVP calculation found the doublet state followed by quartet and
sextet states, with relative energies calculated as 0.012 eV and 1.774
eV, respectively (Table 3). In this case, the inclusion of La in the Doq
cage resulted in a C,, structure in doublet state, 0.023 eV above the
Dg¢n doublet (Supporting Information Table S1). As can be seen, the
inclusion of La reduces the energy difference between the isomers, in
similar way to Ti@Cs¢ and the tetraanion ng. So, the donation of charge
from the metal to the cage could result in a cage more energetically
favorable to host the atom, different from the lowest energy isomer.

As in the previous benzene compound, the La-benzene has a
pseudo Jahn-Teller distortion, symmetry C,, and doublet state.6®
According to CCSD(T)//MP2 calculations, the quartet state is closer to
a doublet state, with relative energy 0.324 eV above the ground
state.%® The La atom is located at the fullerene’s center and the La—C
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distance is 2.655 A (Figure 1); moreover, both are related to the hg
rings, the La atom is closer to the hg rings than to the hp (Figure 1) In
La-Benzene, the distance La-C is 2.659 A for the Cg, in quartet
state!®®; no doublet state was reported. Finally, the La-C distance was
measured”? as 2.658 A in La@Cgy-Coy(9)(Ad). As can be seen, these
distances La-C are almost equivalent.

Similarly to the endohedral compounds formed by Cg,-C,\(9)
(Ad),7°-72 the increase in M-C distance can be understood in terms of
the ionic radii of M3*. Sc has ionic radii of 0.81 A, it is followed by Y
with radius 0.91 A and finally La with 1.15 A. The on center position of
La is a consequence of its largest size. This agrees with the model-
based electronegativities and atomic radii (oxidation states 3+) pro-
posed by Guo et al.[*!

Both Sc@Cs4 and Y@Csz4 increased the C—C distances in ha rings,
whereas there is a reduction in the case of hg rings. In contrast, the hg
rings in La@Cszq4 increase more their C—C distances than ha rings. This
elongation in C—C distances was found as well in metal-benzene

complexes. 66767

3.3 | Energetic properties and molecular orbitals

Recently, Dunk et al. reported the formation of small, medium and

[39]

giant EMFs of many elements, presenting the FT-ICR mass spec-

trum as a function of the number of carbon atoms for all EMFs.*?! In
the case of the EMFs formed with M = Sc, Y, and La, they obtained the
compounds M@Cgzg as the smallest possible EMFs. Their relative abun-
dances show that the smallest compounds M@Cs4 are not as abundant
as the bigger ones: M@C44 and M@CSO.[39] What is interesting is the
fact that La@Cszs showed a lower abundance in comparison with
Sc@Cay and Y@C34.%”) In contrast, both Sc@Cs,, and Y@Cs,, have very
similar abundances, particularly in Sc @Cs¢ and Y@Cgz4. As in other
studies, we calculated the binding energy BEzpg to analyze stability:
Sc@Cs4 has the highest BEzpg, calculated as —5.726 eV (Table 3), fol-
lowed closely by Y@Czg with BEzpe(Y@Cge) = —5.549 eV (Table 3).
Finally, La@Cz¢ has the lowest BEzpg with value —4.946 eV (Table 3),
considerably less than the other compounds. Hence, we have obtained
binding energies that follow an order BEzpg(La@Csg) < BEzpe(Y@Csg) ~
BEzpe(Sc@Csg), which are very similar to the experimental relative
abundances found for M@Czs (M =Sc, Y, and La).®?! According to
that, the relative abundance observed in experiments is the result of
the energetically favorable inclusion of metallic atoms. This increases
the stability of the whole compound, particularly with Scand Y.

To study the reactivity of the compounds, we have calculated the
HOMO-LUMO gap. This has proved to have a direct relationship with

(62) particularly in fullerenes.'®® As can be seen

the chemical reactivity,
in Table 3, the lowest energy structures for each M@Cs4 have the larg-
est HOMO-LUMO gaps, however, all of them are smaller than gap
0.484 eV (Table 2), found in the isolated fullerene Czs-Dgp, in singlet
state. Moreover, the orbitals that belong to metal-benzene complexes
are a simple and convenient approximation to the molecular orbitals in
M@Cs4. A metal atom M = Sc, , or La with ground state 2D3/2, which
interacts with a benzene molecule C4Hg-Dgp in singlet state, can form

an M-Benzene complex in quartet state with symmetry Cg,, in spite of

the pseudo Jahn-Teller distortion experimentally observed.®) The
overlap between metal and benzene orbitals forms three kinds of
bonds between them: the doubly degenerate benzene orbital e,,, inter-
acts with the metal orbitals d,, and df, y2, the overlap between them
forms a ¢ between the metal and the benzene and the resultant doubly
degenerate antibonding orbital e, is occupied by two unpaired electrons;
the remaining singly occupied bonding orbital a, is formed by the contri-
butions of metal orbitals s, df and the benzene orbital; finally, the doubly
degenerate benzene orbital ;5 with the d, and d,, metal orbitals create
n bonds between benzene and the metal, obtaining the unoccupied
bonding orbital e;. The remaining benzene orbital b is not bonding with
the metal. Moreover, the other orbitals deeper in energy are doubly
occupied bonding orbitals and form the bonds described above.

Sc@Cszq4 has the largest HOMO-LUMO gap with a value 0.294 eV
that corresponds to HOMO«a and LUMOg. Figure 2 shows that
HOMOa is a doubly degenerate state 18e, which forms § bonds
between Sc and a hp ring, such as the metal-benzene orbital e,. Like-
wise, HOMOR@ is a doubly degenerate state 21e4 (Figure 2), where Sc
forms © bonds with the cage. LUMOu is the single degenerate 23a,
and has contributions from the dg orbital of Sc, with © bonds over the
whole cage (Figure 2). Similarly to other cases, orbital 23a; resembles
locally the a; of a metal-benzene complex with the ¢ bond between
the metal and the ring. LUMOR is the singly degenerate state 10b, and
shows nt bonds over the cage but with a nodal plane perpendicular to
the Cg4 axis of symmetry. In addition, this orbital resembles locally the
benzene orbital by around hy rings (Figure 2).

In relation to Y@Csg, its HOMOu is the doubly degenerate state
18e,, and, as in previous compounds, resembles locally the metal-
benzene e, with the formation of a § between Y and a ha ring. Simi-
larly, HOMOR is a doubly degenerate state 20e; (Figure 2), which
locally resembles the metal-benzene orbital e; with © bonds between Y
and a hp ring. Both HOMOa and HOMOR show n bonds over the
whole fullerene. Contrastingly, LUMOa and LUMOB do not show
bonds between Y and the cage; additionally, these orbitals correspond
to states 9b; and 10b, (Figure 2). As expected, both LUMOa« and
LUMOR orbitals locally resemble the benzene orbital byg. In this case,
the HOMO-LUMO gap between HOMOa« and LUMOR was calculated
as 0.123 eV, being the largest in comparison to the other Y@Cs4 struc-
tures (Table 3).

Finally, the HOMOa in La@Czq4 is the doubly degenerate state
10e,, (Figure 2). This orbital does not show contributions of the endo-
hedral atom and locally resembles the benzene orbital e,,. Similarly,
HOMOR does not show contributions between La and the cage and is
almost equal to the LUMO of the hollow Csz4. In addition, LUMO«
does not have a bond between La and the cage; instead, it has = bonds
over the whole cage and a nodal plane perpendicular to the 6-fold axis.
Equivalently, LUMOR has no bond between the endohedral atom and
the cage; in fact, the contributions between La and the cage appear
definitely deep in energy, up to HOMO«a-6 and HOMOR-5 corre-
sponding to states 9a,, (Figure 2). The HOMO-LUMO gap between
HOMOa and LUMORB is the smallest of the three analyzed compounds
with value 0.105 eV.
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The bond lengths and interactions showed by Sc@Cs4 and Y@Csg
are consistent with the formation of covalent bonds between the metal
atom and the cage; whereas the La atom in La@Cz4 does not interact
covalently and is consistent with an ionic interaction similar to other
EMFs.*Y This could be explained by the lower ionization energy of La
(5.58 eV) in comparison with Sc and Y (6.56 eV and 6.21 eV, respec-
tively) so that the valence electrons from La can be easily transferred
to the cage, fully filling the benzene state 5b,, (Figure 2) and leaving
the state 10e,, (Figure 2) with an unpaired electron.

The small HOMO-LUMO gap in the studied systems (Table 3) indi-

cate a high reactivity in all of them!¢!;

additionally, their gaps follow
the same order of the binding energies. Together, these systems give
some evidence of the possible formation of bigger EMFs by a bottom-
up mechanism due to their high reactivity.l>”? As it is shown in Table 3,
both the BEzpg and HOMO-LUMO gap follow the same order with the
lowest values for La@Cs4 and the highest for Sc@Cs¢. Similarly, the
vertical ionization energy decreases from Sc@Csq to La@Csg, with val-
ues 6.866 eV and 6.702 eV, respectively (Table 3). In the middle is
Y@Cs¢ with VIE = 6.745 eV; thus, the most stable compounds tend to
have higher VIEs. Conversely, the vertical electron affinity calculated
for these compounds follow the inverse order: Sc@Cs¢ has the lowest
VAE, with value 2.774 eV, followed by Y@Cz, with 2.970 eV and
La@Cz¢ with 3.077 eV, the highest VAE.

3.4 | Charge distributions and ESP maps

The electrostatic potential and the charge distribution provide informa-
tion about the transferred charge between an endohedral species and
the cage. In comparison with the other compounds (Table 3), the Sc
atom in Sc@Csq transfers the smaller charge to the cage. Sc is posi-
tively charged with a Hirshfeld charge of 0.333, which was mainly
transferred to the first neighbors of the h, ring bonded to Sc (Figure 3).
The transferred charge creates a region with ESP almost neutral around
the hg rings; whereas the h, ring opposite to Sc shows an ESP nega-
tive, similar to the ESP around the hg rings in the hollow fullerene Cs¢
(Figure 3).

Y@Csq is similar to Sc@Cgzq (Figure 3), which has an ESP almost
neutral around the hg rings with positive regions at their center. The Y
atom has a positive charge of 0.387, which was mainly transferred to
the first neighbors as in the previous case of Sc@Cz¢. The accumulation
of charge made a slightly negative region around the atoms of hg ring.
Moreover, the region near the ha ring opposite to the Y atom shows
the most negative ESP.

The La atom inside La@Cs, (Figure 3), with charge 0.422 (Table 3),
shows the greatest positive charge of all the studied compounds. As
shown in the molecular orbital analysis, the interaction between La and
the cage is omnidirectional and its valence electrons were completely
transferred to fill the cage orbitals. This suggests a pure ionic interac-
tion between La and the cage, similar to that observed in La3+@Cg;—
C(9).7¢ As in previous cases, the charge was mainly accumulated in
the first neighbors of the two hp rings, remaining only four carbon
atoms positively charged with charge 0.006. The ESP shows a neutral
region around the hg rings with positive potential energy at their cen-
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ters. The most negative ESP (Figure 3) shows that the regions near the
carbon atoms have the greatest negative charge. In conclusion, the
interaction between the endohedral atom and the cage can be
described as partially covalent and ionic for Sc@Cs¢ and Y@Csg. In con-
trast, the metal-cage interaction in La@Cs4 agrees with a pure ionic
type.

In addition, the charge transfer between the endohedral species
and the cage has influence on the position of the metal atom. This has
been reported previously in similar metal-gold cage compounds.l”87!
In case of Sc@Cs4 and Y@Csq4, both metals donate less charge (0.333
and 0.387, respectively) to the cage and are more displaced off center
(0.794 A and 0.878 A, respectively) in its lowest energy structure (quar-
tet and symmetry Cq,) in comparison with their doublet states, with
charges 0.348 and 0.425, respectively, and off center displacements of
0.766 A and 0.418 A, respectively (Table 3). Structures with Sc or Y
located on-center have imaginary frequencies and cannot be taken into
consideration. Thus, a lower donation of charge from the metal to the
cage is energetically preferred in both cases and a higher donation of
charge results in a less displaced metal into the cage. In case of
La@Cs4, doublet and quartet states have the La located on-center,
with symmetries Dgp. In both cases, La donates almost the same charge
(0.422 and 0.421, respectively). No structure with La located off-center
was found. Overall, the donation of charge increases from Sc to La, as

well as decreases the off-center displacement.

3.5 | Aromaticity

As previously discussed, the Cs4 does not obey the rule 2(N + 1)? of
spherical aromaticity'®”’
to all their negative NICS(0);s,, (Table 4). We have studied the aromatic

properties of all M@Cs4 compounds to establish whether the endohe-

and all its rings are locally aromatic according

dral doping increases their aromaticity (as X@Cyg) with per example
endohedral group-4 atoms.** This analysis was made considering the
five different rings of compounds with Cg, symmetry and three differ-
ent metals for the D¢}, symmetry (Table 4).

In the case of Sc@Csg, the hexagonal ring ha bonded to Sc (Ring 1)
and the other h, ring (Ring 5) decreases their aromatic character with
NICS(0)so values of —16.98 ppm and —11.29 ppm (Table 4). In con-
trast, the pentagonal rings near to Sc (Ring 2) slightly increased their
aromatic character with NICS(0)s, —4.69 ppm. Interestingly, even
though the hexagonal rings hg (Ring 3) are aromatic in the hollow full-
erene, they are nonaromatic or slightly antiaromatic in this endohedral
compound with NICS(0);s, 1.78 ppm. Similarly, the remaining pentago-
nal rings (Ring 4) far away from the Sc atom are nonaromatic or slightly
antiaromatic with positive NICS(0);s,, calculated as 1.42 ppm (Table 4).
In addition, NICS(1),, and NICS(1),, indices agree with these behavior
(Table 4).

Similar to the previous case, the h, ring close to Y (Ring 1) in
Y@C34 decreased its aromatic character; moreover, according to their
positive NICS(0), value (6.04 ppm), these rings are antiaromatic.
Equivalently, the hg rings (Ring 3) have an antiaromatic character
according to their positive NICS(0);s,, values (30.73 ppm). Contrastingly,
the other rings increased considerably their aromatic character; for
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instance, the hy ring opposite to Y (Ring 5) has increased its aromatic
character with a large negative NICS(0)i, of —47.67 ppm (Table 4).
Moreover, both pentagonal rings close to Y and the other rings
increased their aromatic character with negative NICS(0), values
—9.96 ppm and —20.62 ppm, respectively (Table 4). In addition, NICS
(1)iso and NICS(1),, indices agree with these behavior (Table 4). Mainly
NICS(1)iso and NICS(1),, agree with the character detailed previously.
According with both indices, the pentagonal rings (rings 2 and 4) are
antiaromatic due to their positive values (Table 4).

In La@Csq, both rings ha (Ring 1) are antiaromatic according to
their positive NICS(0);, calculated as 3.88 ppm (Table 4); whereas its
pentagonal (Ring 2) and hexagonal rings hg (Ring 3) have aromatic char-
acter with NICS(0);s, values —5.83 ppm and —16.00 ppm. Similarly,
NICS(1)iso and NICS(1),, have values that are consistent with these
character (Table 4). As an exception of the above, the NICS(1),,= 0.51
ppm calculated for pentagonal rings (Ring 2) denotes an slightly antiar-
omatic character or nonaromatic. Despite of that, NICS(0);s, and NICS
(1)iso agree with an aromatic character.

As can be seen, this ionic compound does not result in a locally
more aromatic compound as the X@C,g compounds with group-4
atoms, for La@Cs4 and the other compounds increase the aromaticity

in some rings and decrease in others.

4 | CONCLUSIONS

Our results compare positively with experimental results. The binding
energies is a good indicator of stability, their values can explain the
lower abundance obtained for La@Cs¢ in comparison with Sc@Cs4 and
Y@Cs4 although all of them are energetically favorable. Furthermore,
Sc@Cz4 and Y@C34 were found in a high spin quartet state. In addition,
their atom-cage bonds are different. For instance, La bonds ionically to
the cage and is located at the fullerene’s center, while Sc and Y bond
covalently to a hexagonal ring; despite this, all metal atoms transferred
charge to the cage. Their different behavior can be explained by the
lower ionization energy of La in comparison with that of Sc and Y.
Moreover, the small HOMO-LUMO gaps calculated for all M@Cs¢
show high reactivity. This results support the experimental observa-
tions and the proposed bottom-up growth mechanism. As well, the
insertion of the endohedral atom chosen does not produce a more aro-
matic compound and thus aromaticity does not contribute to the stabi-
lization. We expect that all other lanthanides will behave similar to La

and will be located at the center of the cage.
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