
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 9

:0
5:

33
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Dimetallofulleren
aThe State Key Laboratory of Elemento-Or

Nankai University, Tianjin, 300071, China.
bCollaborative Innovation Center of Chem

University, Tianjin 300071, China

† Electronic supplementary informa
10.1039/c7ra00717e

Cite this: RSC Adv., 2017, 7, 16149

Received 17th January 2017
Accepted 1st March 2017

DOI: 10.1039/c7ra00717e

rsc.li/rsc-advances

This journal is © The Royal Society of C
e M2@C100 or carbide cluster
fullerene M2C2@C98 (M ¼ La, Y, and Sc): which ones
are more stable?†

Lei Mu,a Xiaodi Bao,a Shumei Yanga and Xianglei Kong*ab

The geometric and thermodynamic stability of the M2C100 (M ¼ La, Y, and Sc) series was systematically

investigated using density functional theory calculations on the level of B3LYP/6-31G(d) � Lanl2dz. In all

the cases, M2@D5(285913)-C100 isomers are the lowest-energy species. However, carbide endohedral

fullerenes M2C2@C1(230933)-C98 present excellent thermodynamic stabilities, except for those with La

metal. The main product in electric arc experiments at temperatures lower than 3500 K for La2C100

should be La2@D5(285913)-C100, which was successfully synthesized previously; for Y and Sc, the

predicted main products in these experiments should be M2C2@C1(230933)-C98. Further analysis of the

geometric structures of the M2C100 series showed that the dimetallofullerenes M2@C100 have greater

effects on the shapes of cages than M2C2@C98. These results provide some valuable guidance for the

synthesis and characterization of large endohedral fullerenes including La, Y or Sc.
Introduction

Endohedral dimetallofullerenes were rstly considered to exist
in the form of M2@C2n.1–9 However, based on 13C NMR spec-
troscopic studies, Wang et al. found that the previously sug-
gested endohedral metallofullerene (EMF) of Sc2@C86 was in
fact, Sc2C2@C84.10 Since then, many types of carbide cluster
fullerenes have been widely reported. It is well known that EMFs
of M2C2n may exist in two distinguished forms: classical dime-
tallofullerenes, M2@C2n, or carbide cluster fullerenes
M2C2@C2n�2.11–16 Among the reported carbide cluster fuller-
enes, Sc plays a very important role; for example, the reported
carbide cluster fullerenes with two Sc atoms include
Sc2C2@C84,8,10,17 Sc2C2@C82,12,18 Sc2C2@C80 (ref. 4 and 11) and
Sc2C2@C68.15 Recently, a family of Y2C2@C2n was isolated by
Dorn et al., and some of them were determined by 13C NMR
spectroscopy,9 whereas the isolation and crystallographic
characterization of La2C2@C2n is less reported.19,20 On the other
hand, many dimetallofullerenes of M2@C2n have also been
identied; for example, structures of Sc2@C66,21 Sc2@C82 (ref.
22) and Y2@C82 (ref. 23) have been determined by 13C NMR
spectroscopy. Dimetallofullerenes of La2@C2n including
La2@C72,24 La2@C78 (ref. 25) and La2@C80 (ref. 26) have also
been synthesized and characterized.
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Recently, endohedral fullerenes with large cage sizes (n > 90)
have attracted signicant research interest;27–30 for example, the
largest fullerene cage that has been identied by X-ray is
Sm2@D3d(822)-C104, which shows a nanotubular shape,27 and
a series of EMFs containing two gadolinium atoms with cages
from C90 to C124 have been observed by Yang et al.28 However,
the effective isolation and structural characterization of these
EMFs are still very challenging; for example, Christine M.
Beavers et al. discovered an extensive series of soluble dilan-
thanum endohedral fullerenes from La2C90 to La2C138, but only
a very few of them have been isolated in pure form and char-
acterized by single-crystal X-ray diffraction.29

Due to the difficulty in synthesis, separation and structural
assignment of these species, theoretical study has been widely
performed to help to predict or determine the structure,
stability and properties of these species.31–36 There are at least
two challenges in these calculations that should be mentioned.
First, the number of different cage isomers for a particular cage
size quickly increases with the cage size. Since the non-IPR
cages can be greatly stabilized by the encaged metal atoms in
EMFs, they should be considered in many cases. Yang et al.
performed a systematic investigation on the structures of
Dy2@C100 including IPR and non-IPR isomers (with a total
number of 24 755) and found that the D5(285913)-C100 cage was
the most promising candidate for encapsulation.31 Second, for
EMFs having the form of M2C2n, both dimetallofullerenes
M2@C2n and carbide cluster fullerenes M2C2@C2n�2 should be
considered and compared. For example, in order to deduce the
most stable isomers of M2C98 (M ¼ Sc, Y, La, Gd, Lu), Zheng
et al. performed systematic studies on the series by density
RSC Adv., 2017, 7, 16149–16154 | 16149
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functional theory (DFT) methods, and found that the metal-
carbide endohedral fullerenes are more stable.34

In order to better understand the structures of large-sized
EMFs, herein, we conduct a comprehensive analysis on
M2C100 (M ¼ La, Y, Sc) with DFT methods. The geometric
structure and thermodynamic stability of M2C100 species,
including dimetallofullerenes of M2@C100 (based on the full
screening of 285913 C100 cages) and carbide cluster fullerenes of
M2C2@C98 (based on full screening of 231017 C98 cages), have
been systematically investigated. Interestingly, our results show
that compared with the previous results of M2C98 obtained by
Zheng et al.,34 the increase in the cage by only a single unit of C2

does affect their energy priorities for corresponding dimetallo-
fullerenes and carbide cluster fullerenes, implying the difficulty
in predicting their structures and energies for EMFs with
larger cages.

Computational details

It is known that each encapsulated metal atom of La, Y or Sc will
donate three electrons to the fullerene cage in M2@C2n

isomers;34–36 thus, the geometry optimization of M2@C2n

isomers (M ¼ La, Y, Sc) was set based on the optimization
results of C100

6�. Since non-IPR fullerenes can be stabilized by
the inside metal ions, the total of 24 755 isomers, including all
450 IPR (isolated-pentagon-rule) isomers and 24 305 non-IPR
isomers with less than two adjacent pentagons, were consid-
ered here. The 5 most stable isomers of C100

6� were taken from
the previous results reported by Yang et al.31 For M2C2@C98 (M
¼ La, Y, Sc), the encapsulated M2C2 clusters maintain a + 4
valence state and thus, their geometry optimizations were per-
formed based on the optimization results of C98

4�. A total of
17 941 carbon cages, including all 259 IPR and 17 232 non-IPR
cages with less than two adjacent pentagons, were rst calcu-
lated at the AM1 level (Table S1†). Then, the ten lowest-energy
C98

4� (Table S2†) cages and ve lowest-energy C100
6� cages

were further optimized at the level of B3LYP/6-31G. Aer that,
optimized metalloclusters M2 (M ¼ La, Y, Sc) or M2C2 (M ¼ La,
Table 1 Relative energies and HOMO–LUMO gaps of M2C100 isomers (

Spiral IDc IPR IDd PAe Sym.f DEg (La)

C98-230924 166 0 C2 45.0
C98-230925 167 0 C2v —
C98-230926 168 0 C1 45.2
C98-230933 175 0 C1 34.6
C98-230979 221 0 C2 52.0
C98-230600 1 C1 63.8
C100-285793 330 0 C2 21.8
C100-285858 395 0 D2d 22.8
C100-285864 401 0 C2 17.9
C100-285868 405 0 C1 26.4
C100-285913 450 0 D5 0

a Optimization was performed on the basis of B3LYP/6-31G(d) � Lanl2d
c Based on IUPAC standards to encode all of the carbon cages. d Based
e The number of adjacent pentagons. f Symmetry of the original empty
(aer the symbol of @). g Relative energy units in kcal mol�1. h Units in e

16150 | RSC Adv., 2017, 7, 16149–16154
Y, Sc) were put into the corresponding C100
6� and C98

4� cages in
different directions. All these isomers of M2@C100 and the six
most stable isomers of M2C2@C98 were at last optimized at the
B3LYP/6-31G(d) � Lanl2dz level and further veried by vibra-
tional analysis on the same level. For all these species, elec-
tronic energies were calculated at 0 K with zero-point energy
corrections and free energies were calculated at 298 K. All DFT
calculations were carried out using the Gaussian 09 program
package.37

Relative concentrations (Wi) of the ith isomer at different
temperatures were calculated using the following equation:38

Wi ¼
qi exp

�
� DH

�
0;i

RT

!

Xn
j¼1

qj exp

 
� DH

�
0;j

RT

!

where R is the gas constant, T is the absolute temperature, qi
and DH

�
0;i are the partition function and the relative heat of

formation at absolute zero temperature of the ith isomer,
respectively. Chirality contributions were also taken into
account by doubling their partition functions for enantiomeric
pairs, and rotational–vibrational partition functions were
calculated from the optimized structural and vibrational data
obtained at the level of B3LYP/6-31G(d) � Lanl2dz without
frequency scaling.
Results and discussion

Table 1 shows the relative energies and HOMO–LUMO gaps of
M2C100 isomers (M ¼ La, Y, Sc) optimized at the level of B3LYP/
6-31G(d) � Lanl2dz. All the isomers were calculated based on
closed-shell electron congurations. The results show that for
La, the two isomers with lowest energies are La2@D5(285913)-
C100 and La2@C2(285864)-C100, in which the latter has an energy
of 17.9 kcal mol�1 higher than that of the former. Among the
carbide cluster fullerenes, the isomer with the lowest energy is
La2C2@C1(230933)-C98, which is 34.6 kcal mol�1 higher in
M ¼ La, Y, and Sc)a,b

Gaph (La) DEg (Y) Gaph (Y) DEg (Sc) Gaph (Sc)

1.05 18.4 1.16 9.6 1.13
— — — 10.5 1.57
1.25 17.9 1.25 8.2 1.26
1.48 10.7 1.48 0.9 0.90
1.50 24.0 1.36 13.9 1.38
1.04 31.0 1.05 15.2 1.44
1.08 17.0 1.19 14.4 1.41
1.26 18.6 1.34 13.9 1.61
0.88 19.6 1.10 19.6 1.22
0.84 20.7 0.89 14.8 1.32
1.54 0 1.54 0 1.85

z. b Optimization of the isomers of M2@C98-230925 (M ¼ La, Y) failed.
on IUPAC standards to encode the carbon cages abiding by IPR rules.
carbon cage, which is also applied in the nomenclature of the EMFs
V.

This journal is © The Royal Society of Chemistry 2017
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energy than La2@D5(285913)-C100. A comparison among their
relative energies is also shown in Fig. S1a,† where it can be seen
that the energies of the La2@C100 isomers are generally lower,
compared to those of La2C2@C98. It is also revealed in Table 1
that the isomer La2@D5(285913)-C100 has a considerably large
HOMO–LUMO gap (1.54 eV), indicating its prominent chemical
stability. For the IPR-violating fullerene of La2@C1(230600)-C98,
its relative energy is found to be much higher, compared to
those of IPR. To further conrm the results, a different pseu-
dopotential of ECP46MHF was also applied,39 and the results
were similar. The energy of La2C2@C1(230933)-C98 is 40.2 kcal
mol�1 higher than that of La2@D5(285913)-C100 and their gaps
are 0.1 eV and 0.02 eV lower than the results obtained with the
pseudopotential of Lanl2dz for the two species, respectively.

To evaluate the overall thermodynamic stability of these
EMFs at relatively high temperatures, their temperature-relative
concentration curves were calculated and are shown in Fig. 1a.
All thermodynamic properties were evaluated using the
harmonic approximation to calculate the partition function.
Errors caused by anharmonicity are not considered here. Under
Fig. 1 Relative concentrations of low-energy isomers of (a) La2C100,
(b) Y2C100 and (c) Sc2C100.

This journal is © The Royal Society of Chemistry 2017
temperatures lower than 2000 K, the relative concentration of
La2@D5(285913)-C100 dominates the distribution. With
increasing temperature, the concentration decreases and is
surpassed by the isomer of La2C2@C1(230933)-C98 at 3500 K. At
about 3500 K, the relative concentration of La2C2@C1(230933)-
C98 ascends to 35% and prevails with the increase in tempera-
ture. As a result, dimetallofullerenes display distinct stability at
low temperature, but carbide cluster fullerenes are more stable
when the temperature is higher than 3500 K. The result suggests
that the isomer of La2@D5(285913)-C100 may exist and accounts
for an important component in the synthesis, which matches
well with the experimental results reported by Beavers et al.29 In
their electric arc experiments, a series of EMFs from La2C90 to
La2C138 was discovered, and the most abundant product was
found to be La2@D5(285913)-C100, which was isolated in pure
form and characterized by X-ray diffraction. The consistent
results also prove that our theoretical calculation results per-
formed here are reliable and credible.

Based on a similar calculation strategy, further studies with
Y and Sc atoms were also carried out. These results are also
shown in Table 1. Y2@D5(285913)-C100 and Sc2@D5(285913)-
C100 are the lowest-energy isomers of Y2@C100 and Sc2@C100,
respectively. For carbide cluster fullerenes, the isomers with the
lowest energies still have the IPR cages of C1(230933)-C98.
However, the energy differences between pure EMFs and metal
carbide EMFs for different metal atoms are different. The
energy of Y2C2@C1(230933)-C98 was found to be 10.7 kcal mol�1

higher than that of Y2@D5(285913)-C100, and the value
decreases to 0.90 kcal mol�1 in the case of Sc2C100. A compar-
ison among the relative energies of all calculated isomers of
M2@C100 and M2C2@C98 (M ¼ Y, Sc) is shown in Table S4,†
where their differences are clearly reected. For Y2C100, the
energies of Y2@C100 isomers and those of Y2C2@C98 are very
close, and they change their energy orders sequentially.
However, the energies for corresponding Sc2C2@C98 isomers
are generally lower than those of Sc2@C100, except for the most
stable isomer of Sc2@D5(285913)-C100. Triplet states of some
isomers are also considered (Table S4†) and their energies are
obviously higher than those of singlet states.

Relative concentrations of M2C100 (M ¼ Y, Sc) isomers under
different temperatures are shown in Fig. 1b and c, respectively.
Y2@D5(285913)-C100, the lowest-energy structure in the Y2C100

series is prevalent under low temperature below 500 K. With
temperature increasing, its relative concentration descends
sharply and is surpassed by Y2C2@C1(230933)-C98 at 1100 K. At
about 1700 K, the relative concentration of Y2C2@C1(230933)-
C98 ascends to its maximum yield of 65%. Though its concen-
tration decreases aer 1700 K, it still occupied the main frac-
tion. Y2C2@C1(230933)-C98 together with the other three
carbide cluster fullerenes share the largest contributions when
the temperature is higher than 3500 K. For the Sc2C100 system
(Fig. 1c), the relative concentration of Sc2@D5(285913)-C100,
which is the lowest-energy structure at 0 K, can be totally
neglected under general temperature. In contrast, the relative
concentration of Sc2C2@C1(230933)-C98 decreases to about 55%
at 2000 K and keeping declining with increasing temperature,
but is still signicantly higher than other isomers. Like the
RSC Adv., 2017, 7, 16149–16154 | 16151
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Y2C100 system, carbide cluster fullerene isomers are dominant
in the high temperature region. The results reect a similar
trend to the M2C98 (M ¼ Y, Sc) series, in which
M2C2@C2(230933)-C98 are the most stable isomers because of
their thermodynamic and kinetic stabilities.

Chen et al. and Deng et al. discussed the possible geometric
shapes of carbide clusters with different M–Mdistances,43,44 and
revealed that Sc2C2 was a planar, twisted unit. The structures of
the most stable isomers of M2C2@C98 and M2@C100 (M ¼ La, Y,
Sc) are shown in Fig. 2, and some of their structural parameters
are listed in Table 2. For M2C2@C98 isomers, the Sc2C2 cluster
tends to retain a linear structure, while La2C2 tends to form
a buttery-shaped structure. As shown in Table 2, the average
La–C–C angle is about 83�, while that of Sc–C–C is about 162�,
and the dM-cage values for La and Sc are 2.65 Å and 2.29 Å,
respectively. They all have very similar C–C distances (�1.26 Å)
in the cages, indicating the existence of a triple bond between
the two carbon atoms, which is also consistent with the NBO
bonding analysis (Table S8†). These results are very similar to
the previous results of M2C2@C96 (M ¼ La, Y, Sc) reported by
Zheng et al.34 On the other hand, the longest distances of the
surfaces of three cages are 9.71, 9.70 and 9.69 Å, which are all
very close to the corresponding value for the empty cage (9.71
Å), showing that the encapsulation of M2C2 has an insignicant
effect on the shape of the cage. For M2@C100 isomers, the dM–M

values are much larger than those in M2C2@C98 isomers. The
metal atoms are oriented with the longest metal–metal
distances tominimize the electrostatic repulsion between them.
Fig. 2 Geometric structures of the most stable isomers of M2@C100

and M2C2@C98 (M ¼ La, Y, and Sc).

Table 2 Structural parameters of M2 or M2C2 clusters in some importan

M–C–C angle (deg) dM–M
a (Å)

La2C2@C1(230933)-C98 84.4, 82.5 4.58
Y2C2@C1(230933)-C98 108.2, 131.4 4.95
Sc2C2@C1(230933)-C98 158.8, 164.2 5.32
La2@D5(285913)-C100 — 5.63
Y2@D5(285913)-C100 — 6.05
Sc2@D5(285913)-C100 — 6.41

a Distance between two metal atoms. b Distance between carbide atoms
carbine fragment. d Distance between metal atoms and the nearest car
atoms on the cage. Values of L for the empty cages of C98 and C100 are 9.

16152 | RSC Adv., 2017, 7, 16149–16154
The calculated dLa-cage and dLa–La are 2.50 and 5.63 Å, respec-
tively, which are very close to the experimentally reported values
of 2.45 and 5.74 Å.35 However, for Y and Sc, their dM-cage values
decrease and dM–M values increase correspondingly, suggesting
that the interactions between the Sc atoms and the nearby
hexagons are the strongest, compared to the cases of Y and La.
The longest distances between the two carbon atoms along the
axis are 10.59 Å for La, 10.44 Å for Y and 10.43 Å for Sc,
respectively. These distances are all much longer than that of
the empty cage (10.28 Å), indicating that the cages are elongated
aer the metal clusters of M2 are encapsulated.

NBO charge distributions of M2C2 or M2 entrapped in cages
C1(230933)-C98 or D5(285913)-C100 were employed and are
shown in Fig. S2.† For all structures, carbon cages and encap-
sulated carbon atoms present negative charge states and metal
atoms present positive charge states. The carbon atoms in
carbide clusters are much more negatively charged than those
on cages. It has also been found that the electrons are more
centralized at the adjacent pentagon pole. The strong electronic
interaction between the metal ion and the pentagon also helps
to signicantly stabilize the whole EMF.

In order to investigate the electronic structures of the ther-
modynamically favorable isomers, frontier molecular orbitals of
M2C2@C98 and M2@C100 (M ¼ La, Y, Sc) are presented in Fig. 3.
In M2C2@C1(230933)-C98 isomers, all HOMO and LUMO
orbitals have similar energy levels. The HOMO–LUMO gap of
the C1(230933)-C98 empty cage is enlarged when the cage
encapsulates M2C2 clusters. In other words, entrapping M2C2

clusters can obviously make the C1(230933)-C98 cage more
stable, and the type of metal element is independent of elec-
tronic structures. Similar results have been found for the
isomers of M2@D5(285913)-C100 (Fig. 3b). In these species, the
HOMO is mainly localized on the carbon cage. However, the
LUMO is completely localized on the two encaged metals. It
shows a very unique situation in these isomers, in which the
metal ions with 3+ oxidation state undergoing strongly repul-
sive Coulomb interaction might still have metallic interactions
over a very long distance of 5–6 Å. The results also indicate that
such structures might have a very stable and less reactive carbon
cage.

These results can be compared with the previous results of
M2C98 (M ¼ La, Y. Sc) reported by Zheng et al.34 Table 3 shows
the relative energies of the most stable isomers at 0 K. It is
t M2C100 species

dC–C
b (Å) dM–C

c (Å) dM–cage
d (Å) Le (Å)

1.26 2.54, 2.55 2.65 9.71
1.26 2.28, 2.30 2.47 9.70
1.25 2.14, 2.15 2.29 9.69
— — 2.50 10.59
— — 2.34 10.44
— — 2.18 10.43

. c Distance between metal atoms and neighbouring carbon atoms of
bon atoms of the fullerene cage. e Maximum distance of two carbon
71 Å and 10.28 Å, respectively.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Main frontier molecular orbitals of the most stable isomers of
M2@C100 (bottom) and M2C2@C98 (top) (M ¼ La, Y, and Sc) and cor-
responding cages.
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revealed that for M2C98 and M2C100 species, the classical
dimetallofullerenes have a lower energy for La, but a higher
energy for Sc. On the other hand, with the size of the carbon
cage increasing, the advantage of the dimetallofullerene grad-
ually increases. In order to make the results more reliable, the
method of M06-2X/6-31G(d) � Lanl2dz40–42 was also applied to
the lowest-energy isomers of M2@C100 and M2C2@C98 (Tables
S6–S8†). Although the energy values are different, the tendency
remains the same. However, considering the temperature effect
on the distribution of all possible isomers, it should be noticed
that the most stable species at higher temperatures, such as
3500 K, are still governed by metal-carbide EMFs, except in the
case of La2C100. The result also implies that dimetallofullerenes
might be more readily synthesized experimentally for carbon
cages with larger sizes (n > 100). A systematic calculation on
Table 3 Comparison of the relative energies of the most stable
isomers of M2C100 and M2C98 (M ¼ La, Y, and Sc) at 0 Ka

M2C2@C2n�2 M2@C2n DEb

La2C2@C96-191809 La2@C98-168785 �4.8
Y2C2@C96-191809 Y2@C98-168785 17.1
Sc2C2@C96-191809 Sc2@C98-230924 19.7
La2C2@C98-230933 La2@C100-285913 �34.6
Y2C2@C98-230933 Y2@C100-285913 �10.7
Sc2C2@C98-230933 Sc2@C100-285913 �0.9

a Energies of M2C98 species were taken directly from ref. 33. b Relative
energies (in kcal mol�1) were calculated by DE ¼ E(M2@C2n) �
E(M2C2@C2n�2).

This journal is © The Royal Society of Chemistry 2017
M2C102 may help us to see if the suggestion is correct. The
relevant work is ongoing in our lab.
Conclusions

Theoretical investigations have been performed on EMFs of
M2C100 (M ¼ La, Y, Sc) by DFT calculation. In all cases, isomers
of M2@D5(285913)-C100 are the lowest-energy species. However,
statistical thermodynamic analysis shows that the most stable
isomers under high temperatures (for example, T ¼ 3000 K)
should be metal-carbide endohedral fullerenes, except for La
metal. Based on these results, the main product in electric arc
experiments for La2C100 should be La2@D5(285913)-C100, which
has been proven by the successful synthesis and X-ray crystal-
lographic characterization conducted by Christine M. Beavers
et al. in 2011.29 For Sc2C100, the main products should be
Sc2C2@C1(230933)-C98, and for Y2C100, the main products
should be Y2C2@C1(230933)-C98, although some classical
dimetallofullerenes might also be synthesized in the process.
Further analysis on the geometric structures of M2C2@C98 and
M2@C100 showed that the positions of M2 or M2C2 clusters rely
very much on metal atoms. The effects of the encaged clusters
on energies and shapes of the cages are also compared.
Although both M2 and M2C2 clusters can make outside cages
more stable, the M2C2 clusters have a lesser effect on the shapes
of the cages than M2 clusters. The analyses on NBO charge
distributions and frontier molecular orbitals reveal a strong
electrostatic interaction between metal atoms and cages. It is
also revealed that the LUMO orbital is mainly distributed on the
metal atoms in the species of M2@C100. Simulated IR spectra of
main M2C100 isomers are shown in Fig. S4.† These results not
only provide some valuable information for the experimental
characterization and synthesis of large EMF species of M2C100,
but can also help us to determine structures of larger EMFs of
M2C2n (2n > 100, M ¼ La, Y, Sc).
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