4550 J. Phys. Chem. A 2008, 112, 45504555

Understanding the Stabilization of Metal Carbide Endohedral Fullerenes M,(C,@Cs; and

Related Systems
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We analyze the electronic structure of carbide endohedral metallofullerenes of the type Sc,C,@Cs; and study
the possibility of rotation of the encapsulated Sc,C, moiety in the interior of the cage. Moreover, we rationalize
the higher abundance of M,C,@Cs, (M = Sc, Y) in which the metal—carbide cluster is encapsulated in the
C3,-Cs,:8 carbon cage with respect to other carbides of the same family on the basis of the formal transfer of
four electrons from the cluster to the cage and sizeable (LUMO-3)—(LUMO-2) gap in the empty cages. This
rule also applies to all those endohedral metallofullerenes in which the encapsulated cluster transfers four
electrons to the carbon cage as, for example, the reduced [M@Cg,]™ systems (M = group 3 or lanthanide

metal ion).

Introduction

Fullerenes with metallic atoms in their interior, i.e., the so-
called endohedral metallofullerenes (EMFs), have attracted
special interest during the past decade because of their exclusive
properties and their potential applications in biomedicine and
nanomaterials sciences.'”> EMFs have been found containing
metal atoms, metal clusters, metal nitride clusters, and metal
carbide clusters in their inner hollow space. Interestingly, the
carbon cages present in EMFs are usually structural isomers of
the cages found for the corresponding empty-cage fullerenes.
In some cases, these cages do not fulfill the isolated pentagon
rule (IPR).*> A charge transfer from the encapsulated metallic
cluster to the carbon framework rationalizes the existence of
structural isomers that are not observed as empty-cage
fullerenes.®’

Since the discovery of ScsN@Cgp in 1999, a large number
of trimetallic nitride template (TNT) EMFs, MsN@C,, (2n =
68, 70, 78, 80, 84, 86, etc., and M = group 3 or lanthanide
metal atom) have been synthesized, characterized and function-
alized over the past years.>'® MsN@Cgy compounds are the
most abundant TNT EMFs, in which the least stable icosahedral
IPR isomer of Cg is stabilized by the charge transferred from
the TNT unit.!” Metal—carbide EMFs have been also increas-
ingly studied during the last years.'8-2% In these compounds, a
Cy7~ unit (¢ = 2, 3) is encapsulated together with two or three
metallic atoms (Sc, Y). Shinohara and co-workers reported in
2001 the synthesis and characterization of the first scandium—carbide
metallofullerene, Sc,C, @Cg4.23 The formation of metal carbide
EMFs with different cage sizes when performing high-resolution
ion mobility measurements on Sc,,@C,, (m = 1-3, 2n = 74-90)
species was also described.?® More recently, other metal—carbide
EMFs have been confirmed by '3C NMR spectroscopy
(Y2C,@Cgs, ScyCr@Cgg),'%2! synchrotron X-ray structural
studies (Sc,C, @Cs,, Sc;C,@Cyp), >+ or even by X-ray single-
crystal analysis (Sc,C,@Cyg,). '8

The electronic structure of nitride EMFs can be rationalized
by the following ionic model: M3;N°t@C,,%~ (Scheme 1).
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SCHEME 1: Ionic Model in EMFs
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Formally, there is a transfer of six electrons from the three
highest occupied molecular orbitals (HOMOs) of the TNT unit
to the three lowest unoccupied molecular orbitals (LUMOs) of
the carbon cage. On the basis of this ionic electronic structure,
a general rule for the stabilization of fullerene cages encapsulat-
ing TNT units has been recently established by Campanera et
al. using density functional theory (DFT) methods.?” Assuming
the aforementioned six-electron transfer, the authors showed that
the large HOMO—LUMO gap in nitride EMFs, which provides
them with stability, can be estimated from the (LUMO-
4)—(LUMO-3) gap found in the corresponding empty cages.?®
In particular, Campanera et al. found that the cages that had
been observed to encapsulate TNT units, namely, two isomers
of Cgo (Ds:6 and I;,:7), one isomer of C7g (D3;:5), and one non-
IPR isomer of Ceg (D3:6140), feature large (LUMO-4)—(LUMO-
3) gaps (larger than 1 eV in the generalized gradient approxi-
mation of DFT). We have recently shown that this simple rule
is also valid for all the new nitride EMFs whose structures have
been characterized by X-ray diffraction, i.e., one non-IPR isomer
of Cg4 (Cs:51365), one isomer of Cgg (D3:19) and one isomer
of Cgg (D»:35).2° Moreover, we have proposed six-cage isomers
as candidates for large nitride EMFs from Cy, to Cjop on the
basis of the aforesaid simple orbital rule.”® Recently, Popov and
Dunsch have published an exhaustive study regarding the
structure and the stability of nitride EMFs.” These authors use
the stability of the empty fullerene cages in the hexaanionic
state, C,,%, as criterion to predict the most stable nitride EMFs.
This criterion correctly predicts the cage isomers that encapsulate
nitride clusters known so far. Furthermore, they have proposed
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SCHEME 2: Bent Geometry of Sc,C; inside the Cs;
Cage

the cage isomers that should encapsulate TNTs from Cyg to Cog.
The proposals for large cages able to encapsulate TNTs using
the simple (LUMO-4)—(LUMO-3) rule agree very well with
those obtained with the more elaborated criterion of Dunsch
and Popov. The only case of disagreement occurs in the Cog
family. So, this simple orbital rule is not only able to justify
which carbon cages are present in the already characterized
nitride EMFs, but it also makes very reliable predictions for
the encapsulation of trimetallic nitrides inside large cages.

Similarly, DFT calculations disclose that the electronic
structure in carbide EMFs can be described by the ionic model
M,Cy* @C,,*~ with the transfer of four electrons from the metal
carbide to the carbon cage (Scheme 1).!8 Herein, we study the
electronic structure of carbide EMFs and confirm that it can be
described by the ionic model M,C,*t @C,,*~. Furthermore, we
analyze the possibility of rotation of the M>C, unit inside the
carbon cage and rationalize the stabilization of carbide EMFs
and related systems. Finally, we demonstrate that the use of a
simple orbital rule derived from an ionic model of interaction,
i.e., the (LUMO-3)—(LUMO-2) rule, is able to explain the larger
abundance of M,C, @Cg; (C3,:8) compared to other metal —carbide
EMFs.

Computational Methodology

The calculations were carried out by using DFT methodology
with the ADF code.’*3! The exchange-correlation functionals
of Becke?? and Perdew?? were used along with triple- polariza-
tion basis sets to describe the valence electrons of C, Sc, and
La. Frozen cores consisting of (i) the 1s shell for C; (ii) the 1s
to 2p shells for Sc and (iii) the 1s to 4d shells for La, were
described by means of single Slater functions. Relativistic
corrections were included by means of the ZORA formalism.
The geometries of all fullerene cages have been extracted from
the Fullerene Structure Library created by Mitsuho Yoshida
(http://www.cochem?.tutkie.tut.ac.jp/Fuller/Fuller.html). Single-
point calculations were performed for all empty cages except
for I,-Cg:7 and all the IPR isomers of Cg; in their neutral and
tetranionic states, which were fully optimized. Initially, all the
cages have been computed as closed-shell electronic structure
systems. The small number of cages whose electronic structure
has not been converged as a singlet state have been recomputed
as open-shell triplets. The geometries of all the EMFs computed
here have been completely optimized.

Results and Discussion

1. Electronic Structure of Metal Carbide Sc,C,@Csg;
EMFs. Our first goal is to confirm that the ionic model
(cluster)** @(cage)*™ is valid for the family M>C, @Cs,. For that,
we have optimized the geometry of six isomers of Sc,C,@Cyg;
in which the metal carbide unit Sc,C, shows different orienta-
tions inside the Cs, cage (i.e., what we call orientational
isomers), and we have analyzed their electronic structures. We
have considered that the encapsulated Sc,C, unit has a bent

J. Phys. Chem. A, Vol. 112, No. 20, 2008 4551

o o
e © = o
o
° o ®°
S (¢ s > B
oY
o—g o—u ? o
o 0 o0 B 2
Y »<® /)3
@ Q 2 9 C'(g;) %) o
) o —a o o—0 @
© o)
o =)
(=]

e @ o

o
o
o
% o
[} o

Figure 1. Schlegel diagram that represents the six orientational isomers
of Sc,C,@Cy, studied here. The Schlegel diagram provides a 2D
representation of the 3D structure of the fullerene. Since the C atoms
of the Sc,C; unit are placed near the centroid of the cage, we omit
them for a clearer representation. The position of the Sc atoms for the
different isomers is represented with numbers, i.e., the two Sc atoms
of isomer 1 are represented with two 1’s, the two Sc atoms of isomer
2 are represented with two 2’s, and so on and so forth. The structural
motif that distinguishes the C3,-Cg»:8 from the [,-Cgo:7 cage is
highlighted.

TABLE 1: Most Significant Structural Parameters and
Relative Energies for the Six Orientational Isomers of
Sc;,C,@Cs; (C3,:8)

Iso 1 Iso 2 Iso 3 Iso 4 Iso 5 Iso 6

Cc—Ce 1.272 1.270 1.274 1.272 1.271 1.270
Sc—C? 2.254 2.164 2.236 2.183 2.205 2.139
2.258 2.183 2.239 2.246 2223 2.195
2.296 2.444 2.264 2.324 2.282 2410
2312 2.625 2.348 2.441 2.381 2.587
average 2.280 2.354 2272 2.299 2.273 2.333
Sc—C* 2.259 2.261 2.242 2.236 2.298 2234
2.272 2.295 2.307 2.310 2.301 2.281
2.235 2217 2314 2.226 2.235 2212
2.272 2.330 2.334 2.323 2.340 2.287
ol 124.4 115.3 147.4 124.8 144.2 116.3
AE* 23 4.6 4.0 0.0 2.9 52

@ C—C distance in the carbide unit. » Sc—C distances within the
Sco,Cy unit. € Sc—C distance between the Sc ions and the two
nearest C atoms of the carbon cage (the first two values are for Scl
and the other two values for Sc2). ¢ Bent angle in the Sc,C, unit.
¢Relative energy (in kcal mol™!) with respect to the most stable
isomer (4). Distances are in angstroms (A) and angles are in
degrees (°).

structure (Scheme 2) and that the carbon cage is isomer
Cs,—C3,:8, as obtained by Akasaka and Nagase from the X-ray
single-crystal analysis of a carbene derivative of ScyC,@Cg,.!8
After the geometry optimizations, the bent geometry of the
internal Sc,C, is maintained.

The six orientational isomers that we have studied are
represented in the Schlegel diagram of Figure 1. The small
energy range in which the selected isomers are found (the largest
energy difference among them being 5 kcal mol~!, see Table
1) indicates that some kind of rotation of the Sc,C, cluster can
exist in the interior of the Cg, cage. Experimental evidence on
the rotation of C, in Sc—carbide metallofullerenes has been
reported by Shinohara et al.3* Our result is also in good
agreement with NMR experiments: (i) the 16 signals obtained
in the '3C NMR spectrum, consistent with the Cs, symmetry of
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TABLE 2: Charge Transfer (in Electrons) from the Internal
Cluster to the Carbon Cage in Sc,C,@Cs, (C3,:8) and
SC3N@Cs() (Ih:7)

Mulliken Hirshfeld Voronoi MDC-q“
Sc,C,@Cy, 0.63 0.68 0.58 0.09
ScsN@Cy 1.28 1.10 0.94 0.92

¢ MDC-q: Multipole derived charge method.

the carbon cage, and (ii) the single line observed in the **Sc
NMR spectrum, which shows that the two Sc atoms are
equivalent.!® The most significant structural features for the six
isomers are collated in Table 1: the C—C and Sc—C distances
within the ScyC; unit, the shortest Sc—C contacts with the cage,
and the bent angle (o) of the Sc,C, unit (Scheme 2). The C—C
distance in the carbide is almost constant (around 1.27 A) for
the six isomers. The Sc—C distances within the Sc,C, unit differ
depending on the particular isomer: the four Sc—C distances
are similar in isomers 1, 3, and 5, whereas they are more
different in isomers 2, 4, and 6, making these units slightly
asymmetric (two short + two long distances). The average value
of the Sc—C distances for each isomer is around 2.3 A. The
distances between the Sc ions and the nearest C atoms of the
cage differ somewhat from one isomer to another, being in the
range between 2.21 and 2.31 A, very similar to the Sc—C
distances within the carbide. On the other hand, the shortest
C---C distances between the carbide and the cage vary from
3.35 to 3.45 A, showing that the direct interaction C?~+++Cs,
is small. Finally, the bent angle (o) in the carbide unit changes
moderately when comparing different isomers, indicating that
the ScoCs unit is quite flexible. So, the motion of the Sc,C,
inside the Cs; fullerene may resemble that of a butterfly inside
a cage.

From the occupation and composition of the molecular
orbitals (MOs), we have verified that scandium atoms are
formally Sc3" ions, the C, unit is a carbide (C,>7), and,
consequently, four electrons are transferred from the inner
cluster to the carbon cage, Sc,Cr*T @Cqgy*~. The neutral C,
unit has the following ground-state electronic configuration:
KK(0,28)%(0,*28)X(7142p)*(0,2p)°, with four electrons occupying
the MO derived from the bonding combination of ;7 symmetry
of the 2p C atomic orbitals, i.e., ,2p. When the Sc2C; cluster
is inside the carbon cage, however, two extra electrons are
incorporated to the C, unit, yielding a carbide, C,?>~, now with
the 0,2p MO doubly occupied (Figure S1, Supporting Informa-
tion). Different population analyses provide atomic charges
consistent with the carbide assignment (Table S1, Supporting
Information), the amount of negative charge in the C atoms of
the C, unit being much larger than that in the C atoms of the
cage. We have also compared the amount of charge transferred
from the internal cluster to the carbon cage in Sc,C,@Cg,
(formally four electrons) with that in ScsN@Cyg, (formally six
electrons) (Table 2). The four methods considered here to
perform the population analyses confirm that the amount of
charge transfer in carbide EMFs is much smaller than that in
nitride EMFs. The value predicted for the carbide from the
MDC-q method is, however, distrustfully small. The different
amount of charge transfer to the carbon cage may lead to
different exohedral reactivity, as noted previously for 1,3-dipolar
cycloadditions in MsN@Cgy EMFs when M = Sc is substituted
by the more electropositive Y atom. The study of the
regioselectivity in the C3,-Cg»:8 cage when it is externally
functionalized and the comparison with the 7,-Cso:7 cage will
be presented in a future article.

Valencia et al.

Figure 2. Two different views of the HOMO (bottom) and the LUMO
(top) of the most stable orientational isomer of MyC,@Cg,. The LUMO
shows much more contribution of the inner cluster than the HOMO.

SCHEME 3: Simplified View of the Topology of the
LUMO in the Internal Cluster

C
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Figure 2 shows the HOMO and the LUMO of the most stable
orientational isomer of M,C,@Cg, from the six that we have
selected. The HOMOs, as well as the LUMOs, are very similar
for all the orientational isomers. The HOMO shows only
contribution from the carbon cage, whereas the LUMO has a
significant contribution from the 3d orbitals of the Sc ions (25%
cluster/75% cage, Figure 2).

Therefore, when the system is oxidized, the electron is
removed exclusively from the Cg, cage, but when the system is
reduced, the incoming electron has a non-negligible probability
of being found in the internal cluster. In order to verify these
predictions, we have also computed the oxidized and the reduced
systems, [ScoCr@Cgy]™ and [Sc,Cr @Cy,] ™, respectively. From
an analysis of the spin density distribution (see Supporting
Information for plots of the spin density), we have confirmed
that oxidation occurs in the carbon cage (spin density: 2%
cluster/98% cage), whereas part of the extra electron is localized
in the internal cluster when the system is reduced (spin density:
46% cluster/54% cage). A closer inspection of the topology of
the LUMO reveals that the contributions of the internal cluster
can be described in a simplified manner by the combination of
atomic orbitals displayed in Scheme 3. There is a bonding
interaction between the Sc atoms and the carbide, but an
antibonding interaction exists between the two C atoms of the
carbide. So, when one electron is occupying this MO (i.e., after
a monoelectronic reduction), a shortening of the Sc—C distances
and a lengthening of the C—C distance should occur. For
reduced isomer 4, the average of the four Sc—C distances is
2.228 A, and the C—C distance is 1.286 A (to be compared
with 2.299 A and 1.272 A, respectively, for the neutral system).

2. Stabilization of Cg, Carbide EMFs and Related Sys-
tems. The cage that encapsulates the Sc,C, unit, C3,-Cs»:8, is
the least stable isomer among the nine IPR empty-cage Csg»
fullerenes with an energy 24.6 kcal mol~! higher than C,-Cg;:3
(see Figure 3 and Table S2). After encapsulation and as a
consequence of the electrons transferred from the internal cluster
to the carbon cage, the relative stability of the isomers is altered.
On the basis of the ionic model and the formal transfer of three
electrons from M to the cage (Scheme 1), isomer C»,:9 has been
predicted to be the cage that encapsulates the M atom (M =
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Figure 3. Energies (in kcal mol™!) of Cs, (empty diamonds) and Cg*~
isomers (filled squares) relative to Cg,—C,:3 isomer. The numbering
of the isomers follows the nomenclature of Fowler and Manolopoulos.*

TABLE 3: Relative Energies” and Formal Electron
Transfers’? for the Two Cg, isomers, C3,:8 and C,,:9, When
They Are Empty and When They Are Encapsulating a La
Atom in Their Interior®

C,-Cs2:9 C5,-Cs2:8 formal transfer
empty cage 0.0 11.9 0
La@Cg, 0.0 5.4 3
[La@Cs,]~ 0.0 —2.8 4

“In kcal mol™!. »Number of electrons. ¢ Although different
positions of the La atom inside the cage are possible, we have only
computed the lowest-energy structures predicted by Kobayashi and
Nagase.®

Group 3 or lanthanide metal atom) in the neutral M@Csg,
compounds, in good agreement with experiments.!'?3637 These
authors computed the relative stability of the trianion Cg,*~ for
the nine IPR structures and found that isomer C»,:9 is the most
stable structure with a somewhat lower energy than isomer Cj3,:
8.36 Our computations for the neutral system La@Cg, are in
agreement with the previous results, namely, the endohedral with
the C,,:9 cage is more stable than that with the Cs,:8 framework
with an energy difference between isomers that is reduced to
5.4 kcal mol ™! (Table 3). For formal transfers of four electrons,
as occurs for the M,C, @Cyg, family or the reduced [M@Cg,] ™
systems, the relative stability of the different endohedrals can
be predicted by computing the corresponding tetraanion Cgy*~
for each isomer. The relative stability of the cages is now
inverted, the three most stable isomers being C3,:8 (0.0), C»,:9
(2.4), and C:6 (8.0 kcal mol™!, Figure 3), in good agreement
with experimental findings.!® Moreover, for [La@Cg,]~, isomer
C3,:8 is computed to be somewhat more stable than C,:9 (Table
3). The fact that isomer C,,:9 is the cage experimentally
observed in [M@Cg,]™ indicates that, after reduction of the
neutral form,3”38 kinetic products are formed. These products
would have to overcome a very high barrier in order to isomerize
to the most stable thermodynamic products.

3. Sc;C,@Cg; (C3,:8): The Most Abundant Carbide EMF
Known so Far. After proving the validity of the ionic model
in carbide EMFs, ScyCr*t@Cgy*~, we have computed the
(LUMO-3)—(LUMO-2) gaps for the 1267 IPR structures from
Ceo to Cjgp so as to check whether other cages different from
Cs, were able to encapsulate M»C, carbides. Interestingly, only
the C3,-Cs,:8 isomer shows a (LUMO-3)—(LUMO-2) gap larger
than 1 eV, and no more than 2 % of the cages display a gap
larger than 0.75 eV (Figure 4).
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Figure 4. The (LUMO-3)—(LUMO-2) gap for each of the 1267 IPR
isomers from Cgy to Cigo. The empty square represents the Cs,-Cg»:8
isomer, which is the cage observed in the most abundant metal—carbide
EMF. Empty diamonds represent the isomers with the largest (LUMO-
3)—(LUMO-2) gaps (those in Table 4), i.e., the cages with a suitable

electronic structure to accept four electrons.

TABLE 4: Ten Largest Computed Values of the
(LUMO-3)—(LUMO-2) Gap for the Empty Cages (in eV)
from C60 to C100

cage isomer (LUMO-3)—(LUMO-2) gap
sz C3,7—C3218 1.09
Css C-Cy:8 0.90
Cz,y-fo,I9 0.84
C92 C[—C92167 0.84
D3—C92185 0.86
C\)4 Cz—C94Z96 0.93
C3-Cos:110 0.85
C\)x C.Y—ng:ISI 0.84
Cioo C1-Ci0:17 0.91
C]—C]()()Z335 0.81

These values, which are in general much smaller than those
reported for (LUMO-4)—(LUMO-3) gaps,?® may explain the
lower stability of carbide EMFs compared to nitride endohedrals.
Furthermore, isomer C3,-Cs;:8 is the cage present in the most
abundant isomer of Y,C,@Cyg; and the cage observed by X-ray
diffraction in a carbene derivative of ScoCr@Cg,.18:19 So, this
simple orbital rule based on the charge transfer from the
encapsulated metal cluster to the cage seems to work for carbide
EMFs as well. No other carbon cage is predicted to form a
carbide EMF as stable as M,C,@Cg, (C3,:8). Therefore, we can
state that isomer C3,-Cgp:8 is the archetype cage for M,C,
carbide EMFs, as isomer [;,-Cg:7 is for nitride EMFs. Table 4
shows the 10 largest computed values of the (LUMO-
3)—(LUMO-2) gap for all the empty cages from Cgy to Cjgp.
Figure 5 displays the geometry and the electronic structure of
cage C3,-Cg:8 compared to those of [,-Csgp:7. The two geom-
etries are related by a Stone—Wales isomerization followed by
a C, extrusion (Scheme 4).3° Although other mechanisms that
will not be discussed here may play important roles, this two-
step process may also contribute to the formation of M, @ Cgg
from M, @Cs; species (M = La, Ce, etc.) at high temperatures.
The electronic structures of the two cages are, however,
different: isomer 7;-Cg:7 is stabilized by accepting six electrons,
whereas isomer C3,-Cg,:8 may be stabilized by accepting four
(Figure 5).

Other M,C,@Cy, carbides exist, as for example, Sc,Cr @Cgy,
but at lower yields compared to the most abundant Sc,C, @ Csgs.
Although the structure of Sc,C,@Cg4 has not been unambigu-
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Figure 5. Comparison of geometries and electronic structures (energy,
in eV, and symmetry of HOMO and LUMOs) of C3,-Cs»:8 and 1,-Cs:
7. The structural differences between the two structures are highlighted
(top of the molecule).

SCHEME 4: From C3,-Cg;:8 to I,-Cg:7
C3,-Cs2:8 Ih-Cgo:7

Stone-Wales
C; extrusm.

isomerization

ously determined by single-crystal X-ray diffraction, the '3C
NMR spectrum and synchroton X-ray diffraction experiments
on the powder sample indicate that the Sc,C, cluster is
encapsulated in the most stable empty fullerene cage (D24-Css).2
The absence of a cage isomer with a large (LUMO-3)—(LUMO-
2) gap at an attainable energy in the Cgs4 family leads to the
encapsulation of the carbide in the most stable empty cage. On
the other hand, Shinohara et al. have recently isolated and
characterized the first metal carbide EMF with a non-IPR carbon
cage, ScyCy@Cgg.2' The non-IPR carbon cage that is supposed
to encapsulate the Sc,C, cluster, Cp,—Cgs:6073, is the most
stable non-IPR carbon cage with C,, symmetry in the tetraan-
ionic state, Cgg?~.2!

Conclusions

We have confirmed that the ionic model based on the formal
transfer of four electrons from the encapsulated M,C, carbide
to the carbon cage is valid for the M,C,@Cgs, family. We have
observed that the internal metal—carbide cluster is able to rotate
inside the carbon cage. Using the aforementioned ionic model,
we have understood the higher stability of M,C,@Cs; (C3,:8)
when compared to carbide endohedrals with other IPR Cg;
isomers. Moreover, we are able to explain the larger abundance
of M,C,@Cg; (C3,:8) with respect to carbide EMFs with carbon
cages of different sizes, M,C,@C,, (2n = 60, 100). Among
the 1267 IPR structures from Cgp to Cjgp, only the Cz,-Cs2:8
isomer displays a favorable electronic structure to accept four

Valencia et al.

electrons. Therefore, similarly to what occurs for the 7;,-Cgo:7
cage in the family of nitride EMFs, we may regard the Cs,-
Cs2:8 isomer as the archetype cage for encapsulating M,C,
carbides or other metal clusters, provided that four electrons
are formally transferred from the cluster to the cage. Further-
more, the smaller abundance of M»>C, carbide EMFs with respect
to nitride EMFs may be correlated to the smaller values of the
(LUMO-3)—(LUMO-2) gaps of the cages that encapsulate M,C,
carbides as compared to the (LUMO-4)—(LUMO-3) gaps of
the cages that encapsulate M3N nitrides.
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