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†Departamento de Física y Química Teoŕica, DEPg. Facultad de Química, Universidad Nacional Autonoma de Mex́ico (UNAM), Del.
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ABSTRACT: Endohedral metallofullerenes M@C44 contain-
ing several different endohedral species have been considered
as intermediates in the path to form larger species. Such
compounds containing interstitial atoms of groups 3 and 4,
recently detected in experiments, are studied theoretically for
the first time. Calculations carried out at a dispersion-corrected
density functional theory level agree admirably well with
experimental data for C44 and its endohedral compounds. The
most suitable C44 isomer to form endohedral compounds is
the D2 (89) isomer. The binding energy between the
endohedral atom and the cage is a good indicator of the
abundance found in synthesis. The properties of the endohedral compounds of C44-D2 (89) can be compared directly with those
of the tri- and tetraanions of empty C44. In addition, the electron-richest regions in all of them are the four triple sequentially
fused pentagon units. The centroids of the central pentagons of each such unit are approximately disposed in a seesaw structure
around the endohedral atom. This structural feature of C44-D2 (89) accounts for the preferential bonding in almost all cases of
these to the endohedral atom. A detailed study of the metal−cage bonding highlights the partially ionic and covalent character of
their interaction. The ionic nature of the metal−cage bonding increases for the heavier endohedral atoms. Endohedral species
containing group 3 metals are expected to be more reactive than those containing group 4 metals according to their highest
occupied molecular orbital−lowest unoccupied molecular orbital gaps. The cage aromaticity evaluated by the NICS(0)iso indices
indicates that this property does not play a crucial role in the stabilization of the endohedral species. The evaluated behavior and
properties of intermediate M@C44 species can be useful to extend and understand the encapsulation processes of elements as the
size of the cage increases toward larger fullerenes.

■ INTRODUCTION

Almost simultaneously with the discovery of the fullerenes1 was
found their capacity2 to host different species inside of them,3,4

leading to internally doped compounds commonly known as
endohedral f ullerenes (EFs). Extensive experimental and
theoretical research has shown the fascinating modification of
the fullerene cages introduced by encapsulating various
species.3−8 Endohedral metallofullerenes (EMFs) have at-
tracted particular interest as they might exhibit unusual material
properties with promising applications, especially in biomedi-
cine9−11 and photovoltaics.12 Such endohedral species are
commonly synthesized in the gas phase by laser evaporation of
graphite rods doped with the metal. Mass spectrometry3,4,13

characterization of the products provides the mass and relative
abundance of the synthesized species, typically large fullerene
cages with 60 or more carbon atoms. The presence of the inner

metal atom increases the negative charge of the fullerene cage,
enhancing its chemical reactivity relative to that of the hollow
parent fullerene.14−16

Carbon cages smaller than C60 are of interest owing to their
strained structures and unusual properties.17 In this connection,
all fullerenes smaller than C60 violate the isolated pentagonal rule
(IPR).18 Moreover, such smaller fullerene cages are crucial
intermediates in the formation of larger EMFs as has been
explained by the bottom-up growing mechanism,19 where M@
Cn=28,36,44,50 appear as intermediate steps as found in early work
by Guo and recent reports of Dunk.20 The stability shown by
the smaller EMFs characterized to date, particularly M@C28 (M
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= group 3 metals), has been explained previously by the
formation of aromatic and ionic endohedral compounds.21,22 In
contrast, the stability of the larger M@C36 formed with group 4
atoms cannot be attributed to the same reasons.23 In addition,
these EMFs are not aromatic.23 In this sense, the way to
stabilize M@C44 and M@C50 endohedral fullerenes is currently
unknown. However, it might evolve from the current
interpretation of the stability of M@C28 and M@C36 EMFs.
These processes are believed to be directed mainly by electron
donation from the endohedral metal to the external cage.19 In
addition, the ionization potential of the endohedral species
determines the oxidation state of the encapsulated atom.20

Herein, we aim to study EMFs formed by the C44 fullerene
encapsulating group 3 and group 4 metal atoms. All such
species have been detected experimentally in relatively large
quantities20,24−26 as intermediates in the formation of larger
fullerenes. The hollow C44 cage has been detected in
abundances even higher than that of C60

− in some time-of-
flight mass spectrometry experiments.27

There are 89 possible isomers of C44.
18 Some of them have

been proposed as hollow species19,20,24,28 and also as filled
EMFs detected experimentally.20,24 Isomers 89 and 75,
according to the numbering proposed by Fowler and
Manolopoulos,18 are the most remarkable isomers,29,30 both
exhibiting D2 symmetry. According to previous theoretical
evaluation of their encapsulating properties, both C44 isomers
are possible cages to form stable EMFs with various endohedral
atoms.31,20

The fullerene C44-D2 (89) (Figure 1) clearly violates the
IPR18,19 and is formed entirely by four triple sequentially fused

pentagon (TSFP) units separated by four clusters of three
hexagons each. Such TSFP units were reported experimentally
for the first time in the synthesis and characterization of
chlorofullerenes.32 The centroids of the central rings of these
four TSFP units in C44-D2 (89) are approximately disposed to
coordinate in seesaw geometry with a centrally located
endohedral atom.
Theoretical studies using density functional theory (DFT) at

the BP86/TZVP level including scalar relativistic and
dispersion corrections19 predicted the neutral D2 (89) isomer
to lie 1.8 kcal·mol−1 higher in energy than the D2 (75) isomer.
However, the lowest energy isomer of the C44

4− tetraanion is
the D2 (89) isomer with an energy of 7.2 kcal·mol−1 above the
D2 (75) isomer.19 Furthermore, the D2 (75) isomer contains
more fused pentagon rings in its geometry. In this case, the cage
is formed by two quadruple sequentially fused pentagon (QSFP)
units and two double fused pentagon (DFP) units.
The work of Dunk et al., suggests that the formation of larger

EMFs is achieved by a bottom-up growth20 process in which
charge transfer from the endohedral species to the outer cage20

is the main factor. With regard to the EMF formed by a C44

cage, the most abundant EMFs obtained in the Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrom-
etry experiments incorporate the trivalent rare-earth metals (Sc,
Y, La, Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er, and Lu) and the
tetravalent actinide U. In addition, other studies reported26 the
formation of M@C44 with elements of the titanium group (Ti,
Zr, and Hf). Recently, Mulet-Gas and co-workers studied
theoretically the bottom-up growth mechanism19 in the family
Ti@C2n (2n = 26−50) of endohedral compounds. According to
DFT calculations in addition to Car−Parrinello molecular
dynamics simulations,19 the most abundant species are formally
linked by insertions of carbon dimers. In addition, the presence
of the highly abundant EMFs Ti@C28 and Ti@C44 could be
explained by their particular electronic properties.19 The
authors of that study conclude that the most stable structure
for Ti@C44 is formed by the C44 isomer D2 (89), energetically
followed by the Ti@C44 isomer formed by the C44 cage, D2
(75).19

In this context, we study in detail M@C44 species (M =
group 3 and 4 metals) as relevant small endohedral fullerenes
following M@C28 and M@C36 in the growth process.
Relativistic DFT methods were used to evaluate the structure,
energetics, and bonding of the C44 and M@C44 series, which
modify the geometry, spin state, charge distribution, and
possible aromaticity. Such studies shed light on the differences
and stabilizing factors introduced by the cage size and nature of
the endohedral atom. As the M@C44 species has been
experimentally detected, our findings can be useful to evaluate
further explorative synthetic efforts.

■ COMPUTATIONAL DETAILS
The structures and properties of endohedral metallofullerenes
M@C44 with endohedral species of group 3 (Sc, Y, and La) and
group 4 (Ti, Zr, and Hf) were studied using DFT methods.
More specifically, these calculations used the generalized
gradient f unctional (GGA) of Perdew−Burke−Ernherzof
(PBE)33,34 and the polarized triple-ζ valence basis set def2-
TZVP.35 An ef fective core potential (ECP) for period 5 and 6
elements was used, replacing 28 and 46 core electrons,
respectively. The total electronic energy was corrected for
dispersion interactions using the term D3(BJ) proposed36 by
Grimme et al.
The method PBE-D3(BJ)/def2-TZVP was used as imple-

mented in the TURBOMOLE 6.5 package37 to obtain the
optimized structures and for further calculations. This method-
ology has been validated previously,23 leading to results
consistent with experimental findings concerning geometric,38

vibrational,39 and energetic40,41 properties measured for the
hollow C60 as well as vibrational frequencies39 of the
endohedral compound Ar@C60. In general, the dispersion
term improves the results obtained with a similar noncorrected
method used previously.21

Different starting points were used to scan the potential
energy surface considering the symmetry D2 of both isomers
and the spatial limitations in their cavities. The initial structures
had the endohedral species displaced 1 Å off-center along eight
nonequivalent directions and at the center of the cage. All
structures were fully optimized with the two lowest spin
multiplicity states, which in conjunction with the vibrational
analysis characterize the obtained structures as good candidates
for global minima. Thus, hereafter, only lowest energy minima
were reported and analyzed from the starting optimized
structures with all their vibrational frequencies real.

Figure 1. Lowest energy C44 isomers of C44. Left: D2 (89) isomer,
TSFP unit in blue. Right: D2 (75) isomer, QSFP unit in blue.
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Vertical ionization energies (VIEs) and vertical electron
af f inities (VEAs) were calculated for the EMFs studied in this
work, as well as the C44 isomers D2 (75) and D2 (89). Zero-
point energy (ZPE)-corrected binding energies (BEZPE) were
calculated as BEZPE = EZPE(M@C44) − E(M) − EZPE(C44),
where EZPE(M@C44) is the energy of the fully optimized M@
C44 compound in its lowest energy state plus the ZPE
correction, EZPE(C44) is the ZPE-corrected energy of the
optimized neutral C44-D2 (89), and E(M) is the energy of the
endohedral atom in its atomic ground state.
Charge distributions were obtained using Hirshfeld pop-

ulation analyses through the wave function analyzer program42

Multiwfn 3.3.7 on outputs of single-point calculations of each
compound carried out with Gaussian 09 D.01 at the PBE-
D3(BJ)/def2-TZVP level.43 Moreover, these were used to plot
electrostatic potential (ESP) maps, lowest unoccupied molecular
orbitals (LUMOs), and highest occupied molecular orbitals
(HOMOs) with the Gaussview 5.0 program44 on isosurfaces
of 0.01 au in the case of the ESP and 0.02 au for frontier
orbitals. Similarly, the indices NICS(0)iso were determined to
study the aromaticity of all of the M@C44 compounds. These
were calculated at the centroid of four relevant rings on the
cage of all of the EMFs studied in this work as well as for
neutral, trianion, and tetraanion fullerenes C44. These
NICS(0)iso calculations used the GIAO/PBE-D3(BJ)/def2-
TZVP method as implemented in Gaussian 09 to determine the
isotropic component of the nuclear magnetic resonance (NMR)
shielding tensor.
Analyses of the interactions between selected fragments were

performed by using scalar relativistic DFT methods employing
the ADF code45 with all-electron triple-ζ Slater basis sets
including double-polarization functions (STO-TZ2P). The
PBE functional33,34 was used within the GGA. The pairwise
correction of Grimme46 (DFT-D3) was included to incorporate
the dispersion effects related to London and van der Waals
forces.46 Relativistic effects were incorporated through the
ZORA Hamiltonian.47 Calculations involving systems with
unpaired electrons were treated with unrestricted DFT
methods.

■ RESULTS AND DISCUSSION
Fullerene C44. Neutral and Charged Species. The study

of the C44 fullerene was taken as a starting point to understand
the properties of the endohedral compounds M@C44 (M =
group 3 and 4 elements). From the 89 possible isomers,18

isomers 89 and 75 (Figure 1) have been regarded as the most
suitable cages for other M@C44 compounds,31 thus being
considered hereafter. The lowest energy structure for neutral
C44 is found to be D2 (75), followed by D2 (89) (0.782 kcal·
mol−1), both in the singlet state (Table 1), in agreement with

previous studies.29,30 HOMO−LUMO gap values of 0.757 and
0.834 eV, respectively, lie within the experimental measure-
ments carried out by photoelectron spectroscopy27 (0.8 eV). In
addition, the calculated vertical electron affinity for the neutral
C44-D2 (75) and -D2 (89) isomers was calculated as −3.229 and
−3.225 eV (Table 1), in good agreement with the experimental
measurements (−3.3 eV)27 and with similar values in the
calculated vertical ionization potentials (Table 1). Moreover,
the low-lying isomers for the tri- and tetraanions of C44 were
calculated owing to the possibility to compare such structures
to those found in the endohedral compounds due to the
incoming electrons toward the cage surface.21,26,48 It is found
that the D2 (89) isomer is preferred in both cases, in contrast to
the neutral parent, which agrees with previous studies by Mulet-
Gas et al.19 Hence, it is expected that the most suitable cage to
form the EMF compounds M@C44 is the D2 (89) isomer
instead of the D2 (75) isomer.
Hirshfeld charge distributions in addition to ESP maps reveal

that neutral C44 with TSFP units exhibits the highest charged
region at the center of each pentagonal ring (Figure
2).19,21,23,26,49 In contrast, for C44

3− and C44
4−, the charges

are well distributed in the whole fullerene. In general, TSFP
units are strained regions in non-IPR fullerenes,19 which tend
to carry more charge as well as coordinating sites from metal
atoms when forming endohedral compounds.19,21,23,26,49 This
results in a favorable endohedral doping at the TSFP units,
which reduce the strain of the whole compound, contributing
to the stability of small endohedral metallofullerenes.21

The respective frontier orbitals are shown in Figure 3. The
very small HOMO−LUMO gap (0.187 eV) in C44

3− arises
from the small energy difference between HOMOα and
LUMOβ, with the consequent increase in its reactivity.
Likewise, the frontier orbitals of the C44

4− tetraanion indicate

Table 1. Properties of C44 Isomers D2 (89) and D2 (75): Symmetry, Multiplicity (M), Charge, ZPE-Corrected Energy Difference
(ΔEZPE) Relative to the Lowest Energy System,a HOMO−LUMO Gap, Vertical Ionization Energy (VIE), and Vertical Electron
Affinity (VEA) Obtained at the PBE-D3(BJ)/def2-TZVP Level

isomer symm M charge ΔEZPE (kcal·mol−1) HOMO−LUMO gap (eV) VIE (eV) VEA (eV)

(89) D2 1 0 0.782 0.834 7.477 −3.225
(75) D2 1 0 0.000 0.757 7.480 −3.229
(89) D2 2 −3 0.000 0.187
(75) D2 2 −3 3.059 0.163
(89) D2 1 −4 0.000 0.917
(75) D2 1 −4 6.555 0.555

aAll energies reported in electronvolts except for ΔEZPE, which is given in kilocalories per mole..

Figure 2. Hirshfeld charge distributions and electrostatic potential
maps of C44

q− (q = 0, 3, and 4). ESP mapped on isosurfaces of 0.01 au
of electron density at the PBE-D3(BJ)/def2-TZVP level.
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a decrease in the reactivity attributed to the increase of its
HOMO−LUMO gap with respect to the trianion. Thus, the
filling of unoccupied orbitals by incoming electrons from the
endohedral metal results in a less reactive C44 cage, as observed
for the respective tetraanion, similar to that reported21 for
C28

4−. Moreover, the Fukui function provides a direct
relationship between LUMOs (HOMOs) and the most
susceptible sites for nucleophilic (electrophilic) attack.50

M@C44 Species. To study the endohedral compounds
formed with metal atoms belonging to group 3 (Sc, Y, and La)
and group 4 (Ti, Zr, and Hf), the fullerene C44 isomers D2 (89)
and D2 (75) were optimized with the selected endohedral
atoms located at several different positions, with a neutral
overall charge, and at the two lowest possible spin multiplicities.
The results obtained for the lowest energy structures for each
cage isomer are shown in Table 2.
According to the energy differences ΔEZPE calculated for all

of the M@C44 compounds studied, the energetically most
suitable cage in each case was found to be D2 (89) rather than
D2 (75) (Table 2). However, the energy differences between
both cages behave differently for group 3 and group 4
endohedral species. For group 3, the energy difference increases

from 0.759 kcal·mol−1 for Sc@C44 to 1.196 kcal·mol−1 for Y@
C44 but then only slightly further to 1.242 kcal cdt•mol−1 for
La@C44 (Table 2). However, for group 4, the energy difference
decreases from 4.761 kcal·mol−1 for Ti@C44 to 1.541 kcal·
mol−1 for Hf@C44 (Table 2). The energy difference between
both Ti@C44 isomers agrees very well with the value of 5.0
kcal·mol−1 calculated previously by Mulet-Gas et al.19 The
lowest energy structures of the group 3 endohedral compounds
were obtained in the doublet spin state and of group 4 in the
singlet spin state. Each lowest energy M@C44 structure has no
symmetry except for the C2 symmetry of La@C44 (Table 2).

Geometrical, Binding, and Stability Properties. All of
the M@C44 compounds have their endohedral atoms M
displaced off-center (Table 3). In all cases, with the exception
of La@C44, the M atom is displaced toward the central
pentagonal ring of a TSFP unit. As in other small endohedral
compounds,21,23,26 the lighter endohedral atoms in both groups
are located further off-center (Table 3). Thus, Sc is displaced
1.124 Å and Ti 1.298 Å off-center, leading to the shortest M−C
bond lengths in their groups, with values of 2.212 and 2.058 Å,
respectively. The predicted Sc−C bond length can be
compared to that of 2.323 Å measured experimentally in Sc@
C82(Ad).

51 Endohedral Y is displaced 0.887 Å off-center in Y@
C44, with Y−C bond lengths calculated as 2.416 Å (Table 3),
comparable to the 2.475 Å measured in Y@C82(Ad) by single-
crystal X-ray diffraction.52 Similar to their energetic properties,
Zr and Hf are practically located at the same position in their
cages (Table 3), displaced 1.127 and 1.132 Å (Table 3),
respectively, from the center. In La@C44, the La atom is located
near a carbon−carbon bond shared by two hexagonal rings,
displaced 0.404 Å off-center (Table 3), with La−C bond
lengths of 2.713 Å, larger than the La−C distances measured in
the La@C82 carbene derivative of 2.658 and 2.634 Å.53 The
energetic and charge properties of all M@C44 compounds in
their lowest energy state are shown in Table 3. According to the
calculated ZPE-corrected binding energies BEZPE, the addition
of endohedral atoms stabilizes the whole compound (Table 3).
In group 4, heavier atoms lead to more stabilization relative to
the lighter ones, whereas group 3 atoms show the same
behavior to a lesser extent.
Binding energies have been studied previously19,21,54 owing

to their close relationship with the relative abundance obtained
in experiments. For group 3 compounds, Sc@C44 shows the
lowest binding energy (Table 3) with −6.293 eV, followed by
Y@C44 with −6.332 eV and La@C44 with the highest binding
energy, −6.447 eV. Experimentally, Dunk et al. obtained20 La@
C44 as the most abundant EMF in the La@C2n series, which
agrees with the higher BEZPE compared to that calculated at the
same level23 for La@C36 (−4.946 eV). The BEZPE calculated for
Sc@C44 of −6.332 eV (Table 3) is higher than that calculated
previously23 for Sc@C36 (−5.726 eV). Similarly, Y@C44 has a
higher binding energy relative23 to Y@C36, with values of
−6.332 and −5.549 eV, respectively (Table 3). Moreover,
experimentally, La@C44 was more abundant relative to Sc@C44
and Y@C44. The latter two species showed rather similar
experimental abundances.23 All of the above information
confirms the relationship between the binding energy and the
abundance measured experimentally.
For the group 4 compounds, the most abundant in

synthesis26 was Hf@C44 in the series Hf@C2n. Its binding
energy, the third largest in comparison to all of the other
compounds, was calculated as −6.391 eV (Table 3), thus
explaining its high relative abundance. Similarly, Ti@C44 and

Figure 3. HOMOs and LUMOs of neutral C44 and tri- and tetraanions
of C44,.

Table 2. Properties of the M@C44 Compounds: Cage and
Resulting Symmetry,a Multiplicity (M), Charge, and Energy
Difference (ΔEZPE) (Including ZPE) Relative to the Lowest
Energy System

M@C44 cage symm M charge ΔEZPE (kcal·mol−1)

Sc D2 (89) C1 2 0 0.000
Sc D2 (75) C1 2 0 0.759
Y D2 (89) C1 2 0 0.000
Y D2 (75) C2 2 0 1.196
La D2 (89) C2 2 0 0.000
La D2 (75) C2 2 0 1.242
Ti D2 (89) C1 1 0 0.000
Ti D2 (75) C1 1 0 4.761
Zr D2 (89) C1 1 0 0.000
Zr D2 (75) C1 1 0 2.691
Hf D2 (89) C1 1 0 0.000
Hf D2 (75) C1 1 0 1.541

aCage and symm are the bare fullerene used to cage the M atom and
the symmetry point group obtained after optimization, respectively.
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Zr@C44 were found to be more abundant26 than their M@C36
analogues. For Ti@C44 and Zr@C44, the BEZPE values were
calculated as −6.070 and −7.046 eV, respectively (Table 3).
These results suggest that Hf@C44 and Zr@C44 could be
synthesized in significant quantities comparable to that of C60.
In summary, the calculated ionization energies and electron

affinities show that the group 3 compounds increase their VIEs
from Sc@C44 to La@C44, with values of 6.570 and 6.674 eV,
respectively (Table 3),. This behavior is opposite that found for
their M@C36 analogues.23 On the contrary, in the group 4
compounds, the VIEs decrease slightly with increasing atomic
number of the endohedral atom from 6.623 eV calculated for
Ti@C44 to 6.585 eV for Hf@C44 (Table 3). Our calculated VIE
of 6.623 eV for Ti@C44 agrees well with the VIE below 6.8 eV
estimated by Dunk et al.20

The behavior of the group 3 compounds is more complicated
for the vertical electron affinities, similarly to the binding
energies. Thus, Y@C44 has the lowest VEA of −2.936 eV, and
La@C44 has the highest VEA of −3.052 eV (Table 3). In group
4, the VEAs decrease from −2.532 eV for Ti@C44 to −2.382 eV
for Hf@C44 (Table 3). The VEA of Zr@C44 is essentially
identical to that of Hf@C44.
Charge Distributions and Frontier Orbital Analysis.

The electrostatic potential maps of all of the M@C44
compounds are shown in Figure 4. The group 3 metals show
similar Hirshfeld charge distributions in all M@C44 com-
pounds. In these systems, the endohedral metal atom donates
electrons mainly to the C atoms which form the TSFP units
(Figure 4), thereby resulting in charge distributions very similar
to those for the empty trianion C44

3− (Figure 2). Similar
patterns have been reported in other small endohedral
compounds.21,26 The charge donated by the endohedral
metal atom increases from 0.380 for Sc in Sc@C44 to 0.566
for La in La@C44 (Table 3). This behavior has been
attributed23 to the lower ionization potential of La relative to
Sc and Y. As can be seen in the ESP maps (Figure 4) of Sc@
C44 and Y@C44, the lowest ESP regions are shown around the
TFSP units, with the exception of that nearest to the M atom,
where the ESP is nearly zero (Figure 4). On the other hand,
La@C44 shows an ESP map fairly similar to that obtained for
C44

3− since La cannot shield the lowest ESP regions owing to
its almost on-center position (Table 3).
The Hirshfeld charge distributions and the ESP maps are

found to be rather similar for all group 4 metals (Figure 4).
Similar to the group 3 metals, the charge donated by the
endohedral species M is transferred mainly to the TSFP units,
acquiring a charge distribution similar to that obtained for
C44

4−-D2 (89) except for the nearest TSFP unit, where the C
atoms are not as negative as the others. The lower negative
charge on these C atoms can be attributed to a more covalent

nature in their bond to the M atom in accord with their shorter
M−C bond lengths (Table 3). Also, the charge donated by the
endohedral species increases from 0.390 for Ti to 0.558 au for
Hf (Table 3). The ESP maps resemble mainly that obtained for
the tetraanion C44

4−, except for the region near the endohedral
M atom, where the electrostatic potential is almost zero (Figure
4).
From all of the above, it is possible to suppose that the M@

C44 compounds have oxidation states M3+@C44
3− and M4+@

C44
4− for the group 3 and 4 metals, respectively. In this sense,

the nature of the metal−cage bond is partially ionic and
partially covalent, being more ionic for the group 3 metals
relative to the group 4 metals. In both cases, the ionic nature of
the metal−cage bond increases from the lighter to the heavier
atoms.
The frontier orbitals HOMO − 1, HOMO, and LUMO of all

of the endohedral compounds M@C44 (Figure 5) can be
directly compared to those obtained for the empty tri- and
tetraanions, C44

3−-D2 (89) and C44
4−-D2 (89), except for the

region where the endohedral atom is bonded. Sc@C44 and Y@
C44 show rather similar orbitals, up to a sign change (phase
shift) in their HOMOα. In all cases, the orbitals resemble that
obtained for C44

3−, but the endohedral atom M bonds to the

Table 3. Properties of the M@C44 Compounds: ZPE-Corrected Binding Energy (BEZPE), Vertical Ionization Energy (VIE),
Vertical Electron Affinity (VEA), Off-Center Displacement (Δr) of M, Shortest M−C Bond Length, Hirshfeld Charge at M, and
HOMO−LUMO Gapa

M@C44 BEZPE (eV) VIE (eV) VEA (eV) Δr (Å) M−C bond length (Å) Hirshfeld charge HOMO−LUMO gap (eV)

Sc −6.293 6.570 −2.946 1.124 2.212 0.380 0.212
Y −6.332 6.621 −2.936 0.887 2.416 0.460 0.216
La −6.447 6.674 −3.052 0.404 2.713 0.566 0.215
Ti −6.070 6.623 −2.532 1.298 2.058 0.390 0.680
Zr −7.046 6.590 −2.383 1.127 2.207 0.501 0.807
Hf −6.391 6.585 −2.382 1.132 2.214 0.558 0.802

aAll energies reported in electronvolts.

Figure 4. Hirshfeld charge distributions and electrostatic potential
maps of M@C44 (M = group 3 and 4 metals). The ESP is mapped on
isosurfaces of 0.01 au of electron density.
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cage through the (n - 1)d orbitals, forming σ-type bonding
orbitals. In particular, La@C44 shows more contributions of π
bonding orbitals on the pentagonal ring bonded to La. The
HOMO−LUMO gaps calculated for all group 3 M@C44
compounds are almost identical. Thus, Sc@C44 has the smallest
gap of 0.212 eV, followed by La@C44 and Y@C44, with gaps of
0.215 and 0.216 eV, respectively (Table 3). These small gaps
are comparable to the 0.187 eV calculated for the trianion
C44

3−-D2 (89) (Table 1). In addition, its expected high
reactivity is consistent with the bottom-up mechanism and its
tendency to add carbon dimers to the cage.
The HOMO − 1, HOMO, and LUMO frontier orbitals of

the group 4 metal compounds M@C44 resemble those of the
group 3 metal compounds, but are comparable to the
corresponding orbitals of the tetraanion C44

4−-D2 (89). In all

of them, the endohedral species M forms σ bonding orbitals
with the cage, overlapping its (n - 1)d orbitals with the orbitals
of the cage. Only Ti@C44 and Zr@C44 LUMOs have a sign
change between them. The smallest HOMO−LUMO gap is
0.680 eV, calculated for Ti@C44, with larger gaps of 0.802 and
0.807 for Hf@C44 and Zr@C44, respectively. The relationship
between the HOMO−LUMO gap and reactivity suggests that
Zr@C44 will be the least reactive of all the compounds studied
as well as the most stable due to its large binding energy. The
gap of Zr@C44 is comparable to the gap of 0.917 eV obtained
for the tetraanion C44

4−-D2 (89) (Table 1). To a lesser extent,
these compounds are considered to follow the bottom-up
mechanism because of their reactivity.

Metal−Cage Bond Analysis. The encapsulation of the
metal centers in the hollow C44 fullerene results in energetically
favorable M@C44 species (M = Ti, Zr, Hf, La, Sc, and Y), as
given by the obtained BEZPE (see above). To evaluate further
the nature of the metal−cage bond after encapsulation, we
focus on the total interaction energies (ΔEtot), obtained as the
negative of the bond dissociation energies (De). Furthermore,
the encapsulation energy can be separated into two terms,
namely, the interaction energy ΔEint between the fragments and
the strain, or preparation, energy ΔEprep related to the
deformation of the cage. This leads to the following equation
(Table 4):55−57

Δ = − = Δ + ΔE D E Etot e prep int

The ΔEtot quantity between the neutral metal atoms Ti0, Zr0,
and Hf0 and the C44

0 cage is estimated to be −5.49, − 6.01, and
−6.72 eV, respectively. For Sc0, Y0, and La0 and C44

0, these
encapsulation energies are estimated as −5.59, − 5.63, and
−7.40 eV, respectively.55−57

Figure 5. Frontier orbitals HOMO and LUMO of M@C44 (M =
group 3 and 4 metals).

Table 4. Energy Decomposition Analysisa for the Interaction between the Endohedral Atom and the C44 Cage for the M@C44
for M = Ti, Zr, Hf, Sc, Y, and La Partitioning Schemeb

Ti@C44 Zr@C44 Hf@C44 Sc@C44 Y@C44 La@C44

ΔEprep 0.83 0.87 0.91 0.54 0.57 0.58
ΔEPauli 43.63 50.60 43.81 39.37 42.73 38.11
ΔEelstat −24.55 49.2% −28.27 49.2% −25.87 50.3% −22.87 50.3% −25.25 51.6% −23.32 50.6%
ΔEorb −25.34 50.7% −29.17 50.7% −25.56 49.7% −22.62 49.7% −23.59 48.2% −22.58 49.0%
ΔEdisp −0.05 0.1% −0.05 0.1% −0.01 0.0% 0.00 0.0% −0.08 0.2% −0.19 0.4%
ΔEint −6.32 −6.88 −7.63 −6.13 −6.19 −7.98
ΔEtot −5.49 −6.01 −6.72 −5.59 −5.63 −7.40
ΔEorb
Δρ1 −4.42 17.4% −4.10 14.1% −3.28 12.8% −3.58 15.8% −2.87 12.2% −1.74 7.7%
Δρ2 −4.05 16.0% −3.94 13.5% −3.24 12.7% −3.04 13.4% −2.64 11.2% −2.00 8.8%
Δρ3 −3.69 14.6% −3.83 13.1% −3.12 12.2% −2.85 12.6% −2.64 11.2% −1.96 8.7%
Δρ4 −3.31 13.1% −3.65 12.5% −2.98 11.7% −2.68 11.8% −2.52 10.7% −1.82 8.0%
Δρ5 −3.45 13.6% −3.59 12.3% −2.96 11.6% −2.54 11.2% −2.47 10.5% −1.88 8.3%
sum −18.92 74.7% −19.12 65.5% −15.59 61.0% −14.69 64.9% −13.13 55.7% −9.39 41.6%
Δρ6 −1.42 6.3%
Δρ7 −0.99 4.4%
Δρ8 −0.98 4.4%
Δρ9 −0.93 4.1%
Δρ10 −0.84 3.7%
Δρ11 −0.79 3.5%
Δρ12 −0.73 3.2%
sum −6.70 29.6%

aAll values given in electronvolts. bIn addition, the results from EDA-NOCV are given accounting for individual π-C44 → (n − 1)d and π-C44→ (n −
2)f bonds.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b07995
J. Phys. Chem. C 2018, 122, 798−807

803

http://dx.doi.org/10.1021/acs.jpcc.7b07995


To gain more insight into the nature of the M−C44
interaction, we performed energy decomposition analysis
(EDA)58 by using the Morokuma−Ziegler scheme. Thus,
ΔEint can be dissected into different chemically meaningful
contributing terms44 as follows:

Δ = Δ + Δ + Δ + ΔE E E E Eint elstat Pauli orb disp

Here,56 the stabilizing ΔEelstat term accounts for the electro-
static character (ionic) of the interaction, obtained by
considering each defined fragment (namely, A and B) at its
unperturbed (frozen) electron density as isolated species
(ΨAΨB). The repulsive ΔEPauli term accounts for the four-
electron two-orbital interactions between occupied orbitals.
This is calculated from the energy change in the process of
antisymmetrization and renormalization of the overlapped
fragment densities (Ψ0 = NÂ{ΨAΨB}). Finally, the stabilizing
ΔEorb term obtained when the densities of the constituent
fragments relax into the final molecular orbitals (ΨAB) accounts
for the covalent character of the interaction. In addition, the
pairwise correction of Grimme46 (DFT-D3) allows us to
evaluate the dispersion interaction (ΔEdisp) related to London
forces. To overcome basis set superposition error (BSSE), the
counterpoise method was employed.
The overall character of the M−C44 interaction can be

estimated by the relative contributions of the stabilizing terms,
namely, ΔEorb, ΔEelstat, and ΔEdisp, to ΔEint. Thus, in the group
4 metal compounds M@C44 (M = Ti, Zr, Hf), the M−C44
interaction varies from a slightly covalent character (∼50.7%
contribution from ΔEorb) to a slightly electrostatic character
(∼50.3% contribution from ΔEElstat). This results from the
larger amount of the ΔEorb term in the series, accounting for a
more effective bonding situation. In contrast, ΔEelstat and
ΔEPauli vary to a smaller extent along the series, similar to the
variation found between Zr@C28 and Hf@C28.

59 In addition,
the ΔEdisp term contributes to a small extent (<1%). The
inclusion of the metal centers results in a small destabilization
of the C44 cage of >1 eV (ΔEprep).
For the group 3 metals Sc, Y, and La, the stabilizing terms

accounting for ΔEtot (see above) decrease in comparison to
those for the group 4 metals. However, the values of ΔEtot are
similar for M@C44 derivatives of both the group 3 and group 4
metals. The electrostatic character increases on going down in a
group. Similar to the group 4 metals, the heavier counterpart
exhibits a more favorable encapsulation inside the C44 cage.
Interestingly, the La@C44 system is suggested to be the most
stable species, owing to the value of ΔEtot, in agreement with
that found by BEZPE estimation.
The ΔEorb quantity can be dissected further into several

individual bonding contributions (deformation density chan-
nels) by using the natural orbitals for chemical valence
extension of the EDA method (EDA-NOCV).60−62 This
enhances the picture of the bonding scheme involved in the
metal encapsulation in the M@C44 derivatives. Analysis of the
deformation densities obtained from the NOCV analysis reveals
the individual in- and out-flow of charges accounting from each
bond type in the metal−fullerene interaction. In Table 4 as well
as in Figures 6 and 7, each contributing bond type is labeled in
terms of π-C44 → (n − 1)d and π-C28 → (n − 2)f donation,
hereafter labeled as π → d and π → f, respectively.
Five relevant contributions to ΔEorb are found in Ti@C44,

Zr@C44, and Hf@C44, accounting for each individual π-C44 →
(n − 1)d interaction involving the 3d-Ti, 4d-Zr, and 5d-Hf
shells, respectively. Each π → d bond in the Ti@C44 and Zr@

C44 EMFs exhibits a different bonding strength, averaging to
−3.8 eV. For the Hf systems, a decrease in each individual π →
d contribution is found, averaging to −3.1 eV, suggesting a
lesser bonding strength in the heavier counterpart. The
differences between each deformation density channel arise
from the asymmetric coordination of the metal center,
preferably to one face of the cage, in contrast to M@C44 (Zr
and Hf), which exhibits a similar decrease in the amount of
ΔEorb, but with five almost equal individual bond contribu-
tions.59 Similarly, for Sc@C44 and Y@C44, five main
deformation density channels are found, accounting for the
respective π-C44 → (n − 1)d bonds, averaging to −2.9 and
−2.6 eV. Interestingly, for La@C44, 12 main deformation
density channels are depicted (Figure 7), representing the
contributions from each π-C44 → (n − 1)d and π-C44 → (n −
2)f bond. In this case, the contribution from each π → d bond
is −1.9 eV, which is twice that from each π → f bond of ∼−1.0
eV. This observation contrasts with that for Th@C28, for which
the respective contributions from each π → d and π → f
channel are nearly the same, and with the more significant
contribution from59 π → f channels relative to π → d channels
in U@C28 and [U@C28]

2+.
Aromaticity Analysis. The aromaticity in hollow fullerenes

as well as that in their endohedral complexes is interesting as a
means to identify systems of special stability. Part of the
stabilization in some small endohedral compounds such as M@
C28 (M = group 4 metals) arises from electron transfer20,21

from the endohedral atom to the cage. After such an
electron20,21 transfer, the cage becomes rather similar to that
of the tetraanion C28

4−, which is more aromatic than neutral
C28.

21,63,64 In contrast, the formation of other small endohedral
fullerenes, such as M@C36 (M = group 3 metals), does not

Figure 6. Five relevant deformation density channels found for Zr@
C44, as a representative case for Ti@C44, Zr@C44, Hf@C44, Sc@C44,
and Y@C44. Charges flow from red to blue isosurfaces.

Figure 7. Twelve relevant deformation density channels found for
La@C44. Charges flow from red to blue isosurfaces.
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result in aromatic species, so their stabilization arises from other
causes. The aromaticity index NICS(0)iso has been widely
used21,63,64 to study the aromaticity in the rings of hollow
fullerenes and endohedral compounds. Such NICS(0)iso indices
were calculated at the centroid of four relevant rings closest to
the endohedral atom in the M@C44 compounds (M = group 3
and 4 metals), as well as the hollow fullerene C44, neutral and
charged (Table 5).

The positive (paratropic) NICS(0)iso values calculated for
neutral C44 (Table 5) indicate that almost all of its rings are
antiaromatic, and only the hexagonal ring R2 exhibits
nonaromatic character (Table 5). On the other hand, the
anions C44

3− and C44
4− are completely aromatic as indicated by

their large negative (diatropic) NICS(0)iso indices in all of their
rings (Table 5). Similar results were previously obtained for C28
and its tetraanion.21 Unlike the endohedral compounds M@C28
(M = group 4 metals), in which all of the rings are aromatic,21

only half of the M@C44 compounds (M = group 3 and 4
metals) exhibit aromaticity in all of their rings, namely, Sc@C44,
Ti@C44, and Hf@C44. The aromaticity of Sc@C44 is found to
be larger than that in the empty C44

3− according to its more
negative NICS(0)iso values (Table 5). Similarly, Ti@C44 and
Hf@C44 are more strongly aromatic than the empty tetraanion
C44

4− (Table 5). The remaining M@C44 compounds have
positive NICS(0)iso indices in almost all of their rings,
indicating antiaromaticity. However, even the antiaromatic
M@C44 compounds are stable according to their exothermic
binding energies (Table 3). Thus, aromaticity does not play a
decisive role in the stabilization of the M@C44 compound.
However, for the most energetically favorable endohedral
compound Hf@C44, its large negative NICS(0)iso indices

relative to those of the other M@C44 compounds can be
related to its larger abundance obtained in experiments.26

■ CONCLUSIONS
We have used density functional theory and related methods to
evaluate the properties related to the stabilization of small
endohedral compounds M@C44 containing atoms of groups 3
and 4 as intermediate size endohedral-metallic fullerenes
characterized via mass spectroscopy. The binding energy
appears to be the best indicator of stability in the endohedral
compounds and agrees very well with the experimental
abundances. The properties of the endohedral compounds
can be compared directly to those of the fullerene anions C44

3−

and C44
4−. For both anions, the lowest energy structure is the

isomer D2 (89). Similarly, that isomer is the most energetically
favorable cage to form endohedral compounds. According to
their larger HOMO−LUMO gaps, group 4 endohedral
compounds are expected to be less reactive relative to
corresponding group 3 compounds. Endohedral atoms donate
electrons to the cage, resulting in compounds with oxidation
states Mq+@C44

q− (q = 3, 4), so that charge is transferred
mostly to the triple sequentially fused pentagon units where
almost all of the endohedral atoms bond to the cage, except for
lanthanum. According to the analysis of the metal−cage bond,
the interaction is partially ionic and partially covalent in all
cases. The ionic contribution increases from the lighter atoms
to the heavier ones. The metals bond to the cage mainly
through their d orbitals, except for lanthanum, which uses f
orbitals. Aromaticity analysis suggests that the stabilization of all
M@C44 compounds does not originate from aromaticity. Thus,
the most important stabilization factor for the M@C44
endohedral derivative is electron donation from the endohedral
atom to the cage.
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