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Table 1
Complete list of all reported MCCFs.

MCCFs Single-crystal structure available?

Sc2C2@C68 No

Y2C2@C68 No

La2C2@C68 No
Sc2C2@C72 Yes
Sc2C2@C78 No
Ti2C2@C78 No
Zr2C2@C78 No
Hf2C2@C78 No
Sc2C2@C80 Yes
Sc3C2@C80 Yes
Sc4C2@C80 No
Sc2C2@C82 Yes
Y2C2@C82 No
ErYC2@C82 No
Er2C2@C82 No
Sc2C2@C84 Yes
Y2C2@C84 No
Gd2C2@C84 Yes
Sc2C2@C86 No
Lu3C2@C88 No
Sc2C2@C90 No
Y C @C No
0 P. Jin et al. / Coordination Chemi

. Introduction

Endohedral metallofullerenes (EMFs) are novel nanomaterials
nclosing a variety of metal ions or metal-containing clusters in
arious fullerene cages [1–3]. In the past two decades, EMFs have
ttracted widespread attention due to their unique structures and
roperties that are remarkably different from their parent cages.

 ubiquitous feature of EMFs is the existence of substantial charge
ransfer from the encased species to the outer carbon frameworks.
he negatively charged cages exhibit stabilities that are entirely
ifferent from those of the neutral cages. Thus, the formation of
MFs has been employed to help stabilize and synthesize many
therwise labile fullerenes that violate the isolated pentagon rule
IPR) [4] or are of large size [5,6]. More significantly, the physical
nd chemical properties of EMFs can be tuned by changing the
ncapsulated species, which endows EMFs with many promising
pplications in photovoltaics, spintronics, biomedicines, and
unctional materials [1–3].

Since the first experimental detection of LaC60 in 1985 [7], EMFs
ave a history only a few days shorter than the celebrated C60
uckyball [8]. EMFs can be classified in terms of the encapsulated
pecies. Two classical types, monometallofullerenes (mono-EMFs)
nd dimetallofullerenes (di-EMFs), can be distinguished according
o the number of the encased metals. The first stable mono-
MF La@C82 [9] and di-EMF La2@C80 [10] were both isolated in
991. Because the formal charge transferred from each metal to
he cage is 3 e, their electronic configurations can be denoted as
a3+@C82

3− and (La3+)2@C80
6−, respectively. Thereafter, numerous

onventional endofullerenes composed of different metals and cage
izes were successfully synthesized, isolated, and characterized.
he encaged metals originate from Groups I to IV on periodical
able, with lanthanide being the most popular.

In 1999, the first trimetallic nitride template (TNT) Sc3N@C80
as accidentally discovered (due to N2 leakage into the arc dis-

harge chamber) by Stevenson et al. and announced the birth of
 brand-new branch of EMFs: clusterfullerenes [11]. Its production
ield is lower than C60 and C70 and retains the most abundant EMFs
hus far. The successful synthesis of Sc3N@C80 drove a new wave
f clusterfullerene fever [12]. To date, in addition to the classical
etal nitride clusters (M3N, such as Sc3N, Y3N, Er3N, and Gd3N),

he inner compositions have expanded to metal carbides (M2,3,4C2,
.g., Sc2C2@C84) [13], hydrogenated metal carbides (Sc3CH, e.g.,
c3CH@C80) [14], metal nitrogen carbides (Sc3NC, e.g., Sc3NC@C80)
15], metal oxides (Sc2,4O1,2,3, e.g., Sc4O2@C80) [16], and metal sul-
des (Sc2S, e.g., Sc2S@C82) [17]. These achievements have greatly
nriched the EMF  family.

During this “new gold rush era”, however, many previously
ssumed classical EMF structures were seriously challenged. The
risis began in 2001 from the breakthrough reassignment of a
c2C86 isomer, the previously assumed di-EMF Sc2@C86 (I), as
he first metal carbide clusterfullerene (MCCF) Sc2C2@C84 [13].
n this unprecedented molecule, a C2 pair is “abandoned” by
he C84 cage carbons from constituting an otherwise C86 skele-
on and is unusually trapped together with the Sc atoms inside
he hollow. Following this prototype, a variety of new mem-
ers have joined the MCCF community through experimental
ndings and/or theoretical predictions, including Sc2C2@C68 [18],
2C2@C68 [19], La2C2@C68 [19], Sc2C2@C72 [20], Sc2C2@C78 [21],
i2C2@C78 [22–24], Zr2C2@C78, Hf2C2@C78 [25], Sc2C2@C80 [26],
c3C2@C80 [27,28], Sc4C2@C80 [29], Sc2C2@C82(I, II, III) [30–32],
2C2@C82(I, II, III) [33,34], ErYC2@C82 [35], Er2C2@C82(I, II, III) [36],
2C2@C84 [37–39], Gd2C2@C84 [39], Sc2C2@C86 [40], Lu3C2@C88

41], Sc2C2@C90 [40], Y2C2@C92 [37,42], Gd2C2@C92 [43,44], and
2C2@C100 [37]. A number of these MCCFs have been defini-
ively characterized using single-crystal X-ray crystallography
Table 1). Currently, the synthesis and characterization of new
2 2 92

Gd2C2@C92 Yes
Y2C2@C100 No

MCCFs has become a notably active research area in fullerene chem-
istry.

Recently, comprehensive reviews have been published
regarding conventional EMFs and/or clusterfullerenes [3], and
there is also a short account of MCCFs [45]. In contrast to these
contributions, this review article specifically focuses on the current
research progress of MCCFs from both experimental and theo-
retical aspects. Particularly highlighted are the novel structures
and fascinating properties that differ from conventional mono-,
di-, and TNT EMFs. The synthesis (DC-arc discharge of a metal
source/graphite composite rod) and separation (multi-step high-
performance liquid chromatography (HPLC)) methods for MCCFs
are not given in detail because they are the same as for traditional
EMFs. For the sake of completeness, other single carbon-trapping
clusterfullerenes, such as Sc3CH@C80 [14] and Sc3NC@C80 [15], are
also covered.

2. Conventional or unconventional? (Mm@C2n+2 vs.
MmC2@C2n)

As mentioned above, the story of MCCFs began with the struc-
ture characterization of Sc2C86, which was  first detected in a mass
spectrum by Shinohara et al. in 1993 [46]. Two isomers were
isolated and were believed to adopt a classical di-EMF Sc2@C86
form in their subsequent spectroscopic experiments [47]. This
assumption was  soon overturned by the 13C NMR  spectrum mea-
surement by the same group [13]. For Sc2C86 (I) in CS2 solution,
12 lines (10 distinct lines of nearly equal intensity, one line with
half the intensity, and an additional line with 1/4 the intensity)
were observed (Fig. 1a). None of the 19 IPR isomers of C86 [48],
however, can exhibit this spectral feature. Therefore, an alterna-
tive Sc2C2@C84 formula with a novel Sc2C2 metal carbide unit
inside an IPR-satisfying D2d(51591)-C84 cage [49] was  conceived
(Fig. 1b). D2d(51591)-C84 is also one of the most abundant C84
fullerenes. The 13C NMR  spectrum was  thus rationalized: 11 of the
12 NMR  signals (ı = 129.55–148.27 ppm) stemmed from the par-

ent C84 cage, whereas the signal at ı = 92 ppm was attributed to
the internal Sc2C2 moiety (which is actually due to an impurity
as identified in a more sophisticated NMR  measurement [50] and
a density functional theory (DFT) study [51]). This revolutionary
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Fig. 1. (a) 13C NMR  spectrum of Sc2C86 in CS2 solution. (b) Schematic represent
eprinted with permission from Ref. [13]. Copyright Wiley-VCH 2001 (a and b). Rep

ssignment was further supported by their MEM  (maximum
ntropy method)/Rietveld analysis [52] of synchrotron powder
iffraction data. According to the MEM  charge density analysis,
he formal electronic structure was described as (Sc2C2)2+@C84

2−,
s a result of a 2 e transfer from Sc2C2 to C84 (further refined as
Sc3+)2C2

2−@C84
4− in Ref. [53]). The encapsulation of Sc2C2 into

2d(51591)-C84 is exothermic (binding energy: ca. 115.0 kcal/mol)
ccording to the DFT calculations [54]. Very recently, the
ndohedral carbide structure was definitively confirmed by single-
rystal X-ray diffraction (XRD) analysis (Fig. 1c) [55].

The discovery of MCCFs is of great significance to EMF  character-
zation. To structurally identify a newly observed metallofullerene,
t least two possible candidate formulas should be considered and
arefully compared: conventional Mm@C2n+2 vs. unconventional

mC2@C2n. Herein, some representative cases, where MCCFs defeat
r coexist with their opponents, are given.

.1. Sc2@C70 vs. Sc2C2@C68

Among 8149 cage isomers of C70, only one with D5h symme-
ry (No. 8149) obeys the IPR [48]. Despite the fact that it is the
econd most abundant fullerene after C60, no endohedral deriva-
ives of C70 were experimentally realized until 1999, when Wang
t al. reported the production and isolation of Sc2@C70 [56]. This

olecule attracted attention because it was the first structurally

onfirmed C70-based EMF. Unfortunately, Sc2@C70 was  later sug-
ested to actually be a C68 cage trapping a Sc2C2 cluster inside
ased on both experimental and theoretical evidence [18,19]. In
f the Sc2C2@C84 molecule. (c) Sc2C2@D2d(51591)-C84·[Co(OEP)]2·2.5CHCl3·CS2.
 with permission from Ref. [55]. Copyright 2012 American Chemical Society (c).

Shi et al.’s 13C NMR  experiment, 21 distinct lines were observed for
the Sc2C70 in CS2 solution (Fig. 2a) [18]. Accordingly, they selec-
tively investigated the possibility of enclosing a Sc2 dimer in the
only IPR D5h(8149)-C70 cage (Fig. 2b) and all the non-IPR C70 iso-
mers featuring 21 nonequivalent carbon types. However, due to
the small rotation barrier (1.6 kcal/mol) for the Sc2 unit, the low
energy Sc2@D5h(8149)-C70 may  exhibit only five NMR  lines at room
temperature, inconsistent with the 21 lines in the observation.
Alternatively, a kinetically more stable Sc2C2@C2v(6073)-C68 iso-
mer  satisfies the 13C NMR  observation and was finally proposed as
the observed species (Fig. 2c). Note that C68 has no IPR isomers, and
C2v(6073)-C68 holds two pairs of pentalene motifs. Thus, Sc2C2@C68
would be not only the first non-IPR MCCF but also the smallest one
if unambiguously confirmed. Y2C2@C68 and La2C2@C68 were also
theoretically investigated [19].

Recently, a conventional Sc2@C2v(7854)-C70 structure was sug-
gested to be energetically more stable than Sc2C2@C2v(6073)-C68
by > 30 kcal/mol (with B3LYP and PBE1PBE density functionals),
and the simulated UV–vis–NIR spectrum for Sc2@C2v(7854)-C70
agrees well with the experimental data [57]. Sc2@C2v(7854)-C70
has three pairs of pentagon fusions, two  of which are close to the
two metal ions (Fig. 2d). Interestingly, Sc2C2@C2v(6073)-C68 and
Sc2@C2v(7854)-C70 have a similar structural relationship: one can

obtain the latter by shifting the carbide carbon atoms of the former
outwards to the hexagon ring on the top of the C68 cage. Because no
concrete single-crystal XRD data are available to date, the debate
between Sc2@C70 and Sc2C2@C68 will surely last for a while.
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ig. 2. (a) 125 MHz 13C NMR  spectrum of Sc2C70 in CS2 solution presents 21 l
c2@C2v(7854)-C70 (the adjacent pentagons colored with blue).

eprinted with permission from Ref. [18]. Copyright Wiley-VCH 2006 (a, b and c). R

.2. Sc2@C74 vs. Sc2C2@C72

Along with Sc2C86, Sc2C74 was first detected and isolated by Shi-
ohara et al. in 1993 and was proposed as a conventional Sc2@C74
46]. Without further experimental identification, this molecular
ormula was adopted for many years (Fig. 3a) [58–63]. Previously,
iu and Hagelberg selectively calculated a Sc2C2@D6h-C72 carbide
tructure and found that it was energetically much higher than
he lowest-energy Sc2@C74 [62]. However, Feng et al. unambigu-
usly characterized Sc2C74 as an MCCF Sc2C2@Cs(10528)-C72 by
ombining XRD and 13C NMR  methods [20]. The single crystal
RD data clearly showed its carbide structure with a Cs(10528)-
72 outer framework (Fig. 3b). Consistent with the XRD result, they
bserved 39 lines (33 full, 6 half intensity) in the 13C NMR  spec-
rum. DFT calculations suggested a closed-shell configuration of
Sc3+)2C2

2−@C72
4−. The Cs(10528)-C72 is an IPR-violating cage fea-

uring two pairs of fused pentagons. Because the carbide structure
f Sc2C2@C68 is still unjustified [57], Sc2C2@Cs(10528)-C72 is the
rst experimentally confirmed non-IPR MCCF.

.3. Sc2@C80 vs. Sc2C2@C78
In 2004, Wang et al. first isolated three isomers (I, II, III) for
c2C80 using a three-stage HPLC process [64]. Although the attempt
o perform 13C NMR  measurements on these three isomers failed,
ptimized geometry of (b) Sc2@D5h(8149)-C70 and (c) Sc2C2@C2v(6073)-C68. (d)

ted with permission from Ref. [57]. Copyright 2012, AIP Publishing LLC (d).

a qualitative comparison of the HPLC retention times (shorter and
longer times imply more spherical and more elongated cages,
respectively [65]) led them to propose Sc2C80(I) and Sc2C80(III)
as Sc2@Ih(31924)-C80 and Sc2@D5h(31923)-C80, respectively. The
detailed structures for the Sc2C80 isomers remained unclear for
years until a systematic DFT study was reported in 2012 [21].
According to the computational results, in addition to the two di-
EMF  isomers, the third isomer is likely Sc2C2@C2v(24107)-C78 due
to its favorable energy (Fig. 4). It is a recurrent phenomenon that
both conventional and carbide-embedded structures coexist as dif-
ferent isomers of a given EMF  [66]. Therefore, relevant structural
characterization and identification becomes a highly complicated
and challenging task.

2.4. Ti2@C80 vs. Ti2C2@C78

Ti2C80 was long believed to be a classical di-EMF since its first
synthesis by Shinohara’s group in 2001 [67–72]. The eight observed
lines (3 full, 4 half, and 1 one third intensity; 130–145 ppm) in the
13C NMR  spectrum were previously thought to originate from a
mixture of two Ti2@C80 isomers bearing D5h- and Ih-C80 cages in a

ratio of 3:1 (Fig. 5a) [67]. Almost simultaneously in 2005, however,
both Yumura et al. [22] and Tan et al. [23] challenged the con-
ventional Ti2@C80 structure with an alternative carbide Ti2C2@C78
model by means of density functional computations. According to
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Fig. 3. (a) Optimized structure of Sc2@D3h-C74 from Ref. [59]. (b) Ortep drawing of Sc2C2@Cs(10528)-C72·NiII(OEP) with 10% thermal ellipsoids.
Reproduced from Ref. [20] with permission of The Royal Society of Chemistry.
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Fig. 4. DFT-optimized structures of (a) Sc2@Ih(31924)-
eprinted with permission from Ref. [21]. Copyright Wiley-VCH 2012.

an et al.’s computations, the energetically most favorable Ti2@Ih-
80 favors a triplet D2h configuration (14.0 kcal/mol lower in energy
han its singlet state), thus it should have no signals in the NMR

easurement due to its paramagnetic nature. To entrap the Ti2C2
luster, both groups suggested the same D3h(24109)-C78 as the
ost favorable parent cage, which would accept six electrons from

he encapsulated metal carbide cluster. The resultant diamagnetic
lectronic configuration (Ti4+)2C2

2−@C78
6− may  give rise to eight

2
MR  lines in the typical range for sp -hybridized carbon atoms.
umura et al. found that the encapsulated Ti2C2 cluster may  adopt
ither a linear or butterfly configuration (Fig. 5b) depending on the
etal binding sites inside the cage, with the former energetically

Fig. 5. (a) 13C NMR  spectrum and structures of two Ti2@C80 isome
eprinted with permission from Ref. [67]. Copyright 2001 American Chemical Society (a). A
b).
) Sc2@D5h(31923)-C80 and (c) Sc2C2@C2v(24107)-C78.

more favorable than the latter. Moreover, the linear isomer is ca.
19.1 kcal/mol lower in energy than the most stable Ti2@Ih-C80.
In contrast, a butterfly mode was  favored in Tan et al.’s study, in
which the C2 moiety may  rotate freely around the C3 axis of C78
with a relatively small energy barrier (ca. 0.1 kcal/mol); thus, the
whole molecule essentially exhibits D3h symmetry and eight peaks
on the NMR  timescale. Recently, the linear-cluster isomer was
calibrated as the ground state for Ti2C2@C78 [25,73]. The simulated

chemical shifts for Ti2C2@C78 are in good agreement with the
experiments [23]. Direct experimental evidence for the Ti2C2@C78
structure was  soon reported by Sato et al. [24]. Consistent with
the above DFT results, the high-resolution transmission electron

rs. (b) DFT-optimized geometries of Ti2C2@D3h(24109)-C78.
dapted with permission from Ref. [22]. Copyright 2005 American Chemical Society

mailto:Sc2C2@C2v(24107)-C78
mailto:Ti2C2@D3h(24109)-C78
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(Sc3+)3(C2)3−@C80
6− [96]. More detailed synchrotron X-ray anal-

ysis confirmed the Sc3C2@C80 structure [28], although the same
method previously suggested it as Sc3@C82, most likely due to an
Fig. 6. (a) Sc2C2@C2v(31922)-C80·Co(OEP)·2CH
eprinted with permission from Ref. [55]. Copyright 2012 American Chemical Socie

icroscopy (HRTEM) clearly visualized two configurations for
he inner Ti2C2 cluster, indicating the coexistence of linear and
utterfly shapes. The good agreement between the measured
ltraviolet photoelectron spectra (UPS) and the simulated density
f state (DOS) based on the D3h(24109)-C78 cage also supported
he above isomer assignments [74].

In addition to Ti, recent DFT computations suggested that two
eavier Group IV elements, Zr and Hf [75], may  form similar carbide
lusterfullerenes, Zr2C2@D3h-C78 and Hf2C2@D3h-C78 [25].

.5. Sc2@C82 vs. Sc2C2@C80

Similar to the case of Sc2C80, the coexistence of MCCFs and di-
MFs was also disclosed for Sc2C82 and Gd2C94.

Along with Sc2C86, Sc2C82 was first synthesized, isolated and
pectroscopically characterized by Shinohara’s group, and two dis-
inct isomers (I, II) were identified [46,47,76]. A Sc2@C82 model
ith the two Sc atoms along the C2 axis of a C2(39712)-C82

age was initially assumed for Sc2C82 (I) in their computational
tudy [47]. Recently, Sc2C82 (I) was conclusively reassigned as
c2C2@C2v(31922)-C80 by Akasaka and coworkers’ 13C NMR  spec-
roscopy and X-ray crystallographic study (Fig. 6a) [26,55,77]. They
urther characterized Sc2C82 (II) as a classical Sc2@C3v(39717)-C82,
hich, as the authors underscored, is the first ascertained scan-
ium dimetallofullerene (Fig. 6b) [78]. The Sc2C82

+ ion presented
wo distinct peaks in the early ion mobility measurement, implying
hat two cages of different sizes coexisted [66].

For Gd2C94, two distinct isomers were successfully isolated
44]. Isomer I was revealed by an X-ray crystallography study as

 Gd2C2@D3(126408)-C92 (Fig. 7), whereas isomer II was  proposed
o be a conventional Gd2@C2(153480)-C94 which is lower in energy
ccording to the DFT calculations [44].

.6. Sc3@C82 vs. Sc3C2@C80

The first synthesis and isolation of Sc3C82 was independently
eported by two groups through arc discharge of Sc-impregnated
raphite rods in 1992 [76,79]. They both suggested a Sc3@C82
tructure with an equivalent Sc trimer [80] confined in a C82
age. Afterwards, numerous studies were conducted by adopt-

ng this simple model, including ESR/EPR [81–88], electrochemical

easurement [89,90], synchrotron X-ray diffraction [91], and
heoretical calculations [92,93]. Fig. 8a depicts the schematic rep-
esentation with a triangular Sc3 (Sc–Sc distance: 2.3 Å) encased
) optimized structure of Sc2@C3v(39717)-C82.
. Reproduced from Ref. [78] with permission of The Royal Society of Chemistry (b).

in a C3v(39716)-C82 from the MEM/Rietveld analysis [91] (though
it may  not be the lowest-energy isomer of Sc3@C82 [93]). Because
Sc3C82 is a paramagnetic radical in the neutral state, Akasaka and
coworkers measured the 13C NMR  spectrum of the (Sc3C82)− anion
in acetone-d6/CS2 solution. Instead of having 16 lines as expected
for a C3v–C82 cage, the 13C NMR  spectrum showed only two  peaks
[27], which were similar to that of Sc3N@Ih(31924)-C80, indicating
that Sc3C82 has the same parent Ih-C80 cage [11]. The single crys-
tal X-ray analysis of the adamantylidene carbene (Ad) adduct of
Sc3C82 unambiguously verified that it is an Ih-C80 cage enclosing
a Sc3C2 unit (Fig. 8b). In Shinohara et al.’s early ion mobility mea-
surement, only one peak with a shorter drift time was observed
for the Sc3C82

+ ion, which was  the first clue of its smaller cage
compared to C82 [66]. Sc3C2@C80 has an open-shell radical nature.
DFT calculations revealed that Sc3C2 transfers almost six elec-
trons to the C80 and achieves a closed-shell structure on the cage
[27], obeying the stable closed-shell electronic configuration rule
(CSECR) [94,95]. Its electronic configuration can be described as
Fig. 7. Gd2C2@D3(126408)-C92·Ni(OEP).
Reprinted with permission from Ref. [44]. Copyright 2008 American Chemical Soci-
ety.
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it will not disturb the symmetry of the parent C80 cage [104].
Nevertheless, a more recent DFT study on this molecule argued
that the Sc4C2 rotation at room temperature could be hindered by
a relatively large energy barrier (ca. 13.1 kcal/mol) [105,106].
ig. 8. (a) A schematic representation of the structure model of Sc3@C82 determi
tructures of Sc3C2@C80(Ad).

eprinted with permission from Ref. [27]. Copyright 2005 American Chemical Socie

ncorrect structural model and low resolution [91]. Similar to a
ow-energy isomer in previous DFT results [96], the MEM/Rietveld
nalysis showed that the Sc3C2 cluster resides on the cyclacene-like
elt of the C80 cage (Sc-Sc distance: 3.61 Å) with a C2 unit at the cage
enter. Its endohedral carbide structure was further supported by
bserving that there was no cross-peak between the C2 chemical
hift and the two lines from the Ih-C80 cage in a recent 2D INAD-
QUATE (incredible natural abundance double quantum transfer
xperiment) NMR  spectrum of 13C-enriched [Sc3C2@Ih-C80]− [50].

Although “Sc3@C82” has been convincingly proven to be an
CCF Sc3C2@C80, attempts to trap three metals in the cage without

ny exotic mediator were pursued. The recent study combin-
ng both DFT calculations and mass spectroscopy suggested an
3@Ih-C80 structure for the Y3C80 composition produced by the
eactive atmosphere method [97]. Xu et al. synthesized and isolated

 Sm3@Ih-C80 molecule, which was subsequently characterized
s the first tri-EMF molecule by XRD [98]. The DFT calculations
evealed that both Y3@Ih-C80 and Sm3@Ih-C80 possess a non-
uclear attractor (or pseudoatom) at the cage center, which bonds
o and helps stabilize the surrounding metals. This raises the ques-
ion of which class do the previously reported Er3C74 [99], Tb3C80
100], and Dy3C98 [101] belong to: MCCFs or tri-EMFs? This ques-
ion has not yet been answered.

After Sc3C2@C80, the second tri-metal MCCF Lu3C2@D2(81738)-
88 was prepared, isolated and spectroscopically characterized
y Xu et al. in 2011 [41]. It was relatively stable as the HPLC
etention time and UV-vis spectrum remained unchanged after
hree months. The low energy Raman spectrum exactly matches
u3N@C88, Y3N@D2-C88, and Gd3N@D2-C88 [102], suggesting that
t bears the same D2-C88 framework. According to DFT com-
utations [41,103], the Lu3C2 cluster adopts an almost planar
eometry inside the D2(81738)-C88 cage (Fig. 9). An unpaired elec-
ron remained on the inner cluster after transferring 6 e to the
88 cage, resulting in an open-shell (Lu3+)3C2

3−@C88
6− electronic

onfiguration.
.7. Sc4@C82 vs. Sc4C2@C80

As a byproduct in the synthesis of Sc2C82 and Sc2C86,
c4C82 was first reported by Shinohara’s group in 1999 [47]. Its
y Rietveld analysis from Ref. [91]. (b) ORTEP drawing of the X-ray single-crystal

candidate formula of a metal carbide endofullerene, Sc4C2@C80,
was predicted by DFT computations in 2006 [96,104]. According to
the theoretical results, a C2 moiety preferentially resides at the cen-
ter of the Sc4 tetrahedron in a �4 coordinated manner within the
Ih-C80 cage. Thus, the whole molecule resembles an angstrom-scale
Russian doll: C2@Sc4@Ih-C80. Sc4C2@C80 features a closed-shell
electronic configuration and is energetically more favorable than
the possible Sc4@C3v-C82 isomers by >45 kcal/mol. Shortly after
the theoretical conjecture, this novel MCCF was  successfully
synthesized, isolated, and characterized by Wang et al. by means
of mass spectrometry, UV–vis, FTIR, and 13C NMR  measurements,
as well as DFT calculations [29]. The two lines observed at 137.8
and 144.7 ppm (1:3 intensity ratio) in the 13C NMR  measurement
undoubtedly demonstrated the carbon framework as Ih-C80, not a
C82 isomer (Fig. 10). This structure assignment was consistent with
Krokos’s further experimental elucidation [63]. Although it is the
largest encased cluster for EMFs reported thus far, the inner Sc4C2
unit may  still freely rotate within the cage due to the large interior
cavity and smooth potential surface (barrier: 2.8 kcal/mol); thus,
Fig. 9. Optimized Lu3C2@D2(81738)-C88 structure from Ref. [103].

mailto:Sc3C2@C80(Ad)
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ig. 10. (a) (top) Experimental (CS2, 150 MHz, 293 K) and (bottom) simulated 13C
c4C2@Ih-C80 and (right) calculated Sc–C and C–C bond lengths (Å) in the encaged S

dapted with permission from Ref. [29]. Copyright 2009 American Chemical Societ

Recent DFT computations suggested that it is feasible to obtain
 non-transition metal carbide C@Al4@Ih-C80 nesting structure
Fig. 11) [107]. The structure is expected to exhibit novel properties
hat are different from transition metal clusterfullerenes.

.8. Sc2@C84 vs. Sc2C2@C82

Three Sc2C84 isomers (I, II, III) have been isolated, and the third
s the most abundant [76,108]. The 13C NMR  studies observed 46,
4, and 11 lines for Sc2C84(I), Sc2C84(II) and Sc2C84(III), respec-
ively. Correspondingly, Sc2@Cs(51578)-C84, Sc2@C2v(51585)-C84
nd Sc2@D2d(51591)-C84 structures were proposed (Fig. 12a)
108,109]. Numerous early studies including STM [110,111],
EM [112], 13C NMR  [108], X-ray photoelectron spectroscopy
113], 45Sc NMR  [114], IR [115], Raman [116–118], and theo-
etical calculations [59,119,120] took the assumed Sc2@C84 for
ranted. The intramolecular structures were demonstrated by both
EM/Rietveld analysis [121] and HRTEM study [122].
In sharp contrast, an improved 13C NMR  measurement con-

ucted by Akasaka and coworkers in 2006 showed 17 lines,
ncluding 11 full-intensity, 5 half-intensity and one 1/6 intensity,
ut not the signal for the carbide C2 unit [50] for Sc2C84(III) [30].
his 13C NMR  spectrum precluded any of the 24 IPR C84 cages.
he close similarity between the visible-NIR and 13C NMR  spec-
ra and the previously reported Y2C2@C3v(39717)-C82 (vide infra)
ed to the conclusion that the Sc2C84(III) was not Sc2@C84 but
c2C2@C3v(39717)-C82. The 2D INADEQUATE NMR  spectra revealed
he absence of a cross-peak between the 13C chemical shifts of
he C2 unit and those of the cage carbons, suggesting its isola-
ion from the carbon framework [50]. The refined MEM/Rietveld
nalysis supported this metal carbide structure [123]. The recent
-ray single-crystal analysis on its carbene derivative and cocrys-
als with metal porphyrin, as well as DFT calculations, conclusively
emonstrated its endohedral carbide nature, and its electronic con-
guration is described as (Sc2C2)4+@C82

4− (Fig. 12b) [55,124,125].
wo minor isomers, Sc2C84(I) and Sc2C84(II), were assigned as

ig. 11. Optimized structures of Al4C@Ih(31924)-C80 and the trapped Al4C cluster
rom Ref. [107].
 spectra of the Ih-C80 cage in Sc4C2@Ih-C80. (b) (left) DFT-optimized structure of
oiety.

Sc2C2@Cs(39715)-C82 and Sc2C2@C2v(39718)-C82, respectively, by
means of both NMR  spectroscopy and X-ray crystallography
(Fig. 12b) [31,32], and not the previously assumed Sc2@Cs(51578)-
C84 and Sc2@C2v(51585)-C84 [109]. Therefore, all three isolated
Sc2C84 isomers have been classified into the MCCF family.

2.9. Y2@C84 vs. Y2C2@C82

As the second MCCF and the first diyttrium MCCF, one Y2C84
isomer (III), Y2C2@C82 was  produced and characterized by Shino-
hara’s group in 2003 [33]. The 13C NMR  measurement showed 17
distinct lines (11 full, 5 half, and 1 1/6 intensity), thus precluding
any possibility of an IPR C84 cage. The C3v(39717)-C82 isomer was
chosen as the candidate to satisfy the NMR  observation, and an
endohedral Y2C2 was proposed, for which no 13C NMR  signals are
available in this first report. Holding a similar spherical structure as
Ih-C80, this cage may  endow the Y2C2 moiety to freely rotate inside
the cage due to the flat electrostatic potential [93]. Thus, the C3v
symmetry of the whole system does not decrease. Similarly, two
other isomers, Y2C2@C82 (I, II), were characterized by means of 13C
NMR  measurements, and their cages were assigned as Cs(39715)-
C82 and C2v(39718)-C82, respectively [34]. In total, 4 e charge may
transfer from the Y2C2 cluster to the C82 cage [37]. Thus, as Sc2C84,
all the Y2C84 (I, II, III) isomers reported so far are MCCFs (Fig. 13).

The cage structure of Y2C2@C82(III) was further verified by the
good agreement between experimentally measured and theoret-
ically simulated UPS based on the Y2C2@C3v(39717)-C82 model
[126]. The MEM  charge density confirmed its carbide endofullerene
structure but suggested a different formal electronic structure of
(Y2C2)+5.6@C82

−5.6 [123,127]. With the C2 inside, the hopping of
Y2 exhibits a pentagonal-dodecahedral charge density. Theoreti-
cal computations showed that Y2C2@C3v-C82 is lower in energy
than Y2@D3d-C84 and supported the ionic nature for the interaction
between Y2C2 and the cage [128].

2.10. Other clusterfullerenes containing two entrapped carbons

The discoveries of MCCFs are not limited to the above cases.
One intriguing case is Y2C2@C84, which was recently synthesized
and isolated by Dorn and coworkers [37]. Although the poor signal-
to-noise ratio of the measured 13C NMR  spectrum hindered the
cage symmetry assignment, a plausible low-symmetric non-IPR
cage was  suggested following the 13C NMR  observation of at
least 70 lines (84 peaks of nearly equal intensity in the latest
report [39]) in the aromatic region and two highly deshielded
peaks (161.7 and 160.6 ppm), which are typical for fused pental-
ene carbons. After an exhaustive cage isomer search, Yang et al.

theoretically assigned an IPR-violating C1(51383)-C84 (Fig. 14a) as
the observed cage, mainly based on its overwhelming thermody-
namic stability within the temperature region for EMFs formation
(500–3000 K) [38]. In sharp contrast to the D2d(51591) cage of
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Fig. 12. (a) Molecular structures of Sc2@C84 (I, II, III). (b) pyrrolidino derivatives of (top) Sc2C2@Cs(39715)-C82 and (middle) Sc2C2@C2v(39718)-C82 as well as (bottom)
Sc2C2@C3v(39717)-C82·Co(OEP)·2CHCl3.
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eprinted with permission from Ref. [109]. Copyright 2000 American Chemical So
ociety (b top). Reprinted with permission from Ref. [32]. Copyright Wiley-VCH 2012
ociety (b bottom).

c2C2@C84, Y2C2@C1(51383)-C84 features one pair of fused pen-
agons: one yttrium ion is located close to the pentagon fusion,
hereas the other resides on a hexagonal ring, violating the IPR rule.
hough a possible Y2C2@D2d(51591)-C84 structure (Fig. 14b) is the
owest-energy isomer at low temperature (4.9 kcal/mol lower than
2C2@C1(51383)-C84), its concentration decreases dramatically at

Fig. 13. Molecular structures
dapted with permission from Ref. [34]. Copyright 2004 American Chemical Society.
(a). Reprinted with permission from Ref. [31]. Copyright 2011 American Chemical
ddle). Reprinted with permission from Ref. [55]. Copyright 2012 American Chemical

high temperatures. The carbide structure of Y2C2@C1(51383)-C84
was strongly supported by its similarity to the XRD-characterized
Gd2C2@C1(51383)-C84 (Fig. 14c) in both retention time and UV-vis

spectra. Thus, in addition to the confirmed Sc2C2@Cs(10528)-C72,
Gd2C2@C1(51383)-C84, and the plausible Sc2C2@C2v(6073)-C68,
Y2C2@C1(51383)-C84 is a another promising new non-IPR MCCF.

 of Y2C2@C82 (I, II, III).
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Fig. 14. Optimized structures of (a) Y2C2@C1(51383)-C84 and (b) Y2C2@D2d(51591
Reprinted with permission from Ref. [38]. Copyright 2012 American Chemical Society (a a
(Ref.  [39]). Copyright 2013 (c).

Fig. 15. Optimized structure of Y2C2@D3(126408)-C92.
R
e

A

eprinted with permission from Ref. [37]. Copyright 2012 American Chemical Soci-
ty.

Fig. 16. Schematic molecular stru
dapted with permission from Ref. [36]. Copyright 2007 American Chemical Society.
)-C84. (c) X-ray single-crystal results for Gd2C2@C1(51383)-C84 enantiomers.
nd b). Reprinted by permission from Macmillan Publishers Ltd: [Nature Chemistry]

Y2C2@C92 was  first prepared in Dorn’s group [129]. The Raman
spectrum of Y2C2@C92 is analogous to that of Gd2C2@D3(126408)-
C92 for the cage modes above 300 cm−1, suggesting their similar
carbon skeletons [43]. The cage symmetry was  confirmed by
200 MHz 13C NMR  measurements [37]. Fig. 15 depicts the DFT opti-
mized Y2C2@D3(126408)-C92, in which two  Y ions slightly deviate
from the C3 axis of the cage.

Aside from the sensitive 13C NMR  and powerful XRD,
UV–vis–NIR absorption spectra often play an important role in
identifying different isomers of MCCFs. The electronic spectra of
EMFs mostly depend on the cage geometry and charge state, irre-
spective of the internal species [3]. One successful case is the
structural characterization of the only di-erbium MCCF, Er2C2@C82,
of which three isomers (I, II, III) were isolated in Shinohara’s group,

the third isomer being the most abundant [36,130]. Their cage sym-
metries were identified as Cs(39715), C2v(39718), and C3v(39717),
respectively, due to the close resemblance of their absorption

ctures of Er2C2@C82(I, II, III).
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Fig. 17. (a) Structure of Sc3NC@Ih(31924)-C80·NiII(OEP)·1.5C6H6. (b) Optimized structure of Sc3NC@C2(22010)-C78 (The carbon atoms in two pairs of adjacent pentagons are
d
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D2d(51591)-C84 and even non-IPR Cs(51365)-C84 cages by DFT cal-
culations [137].

Using the arc burning method in a reactive CH4 atmo-
sphere, Dunsch’s team synthesized and characterized the first
enoted by the yellow color).

eprinted with permission from Ref. [15]. Copyright 2010 American Chemical Soc
ociety  (b).

pectra to Sc2C2@C82(I, II, III) and (Y2C2)@C82(I, II, III) [34,36,109]
Fig. 16). A mixed metal carbide ErYC2@C82 was also prepared and
solated [35]. By means of UV spectroscopic comparison, ErYC2@C82

as suggested to bear the same Cs(39715) cage as Er2C2@C82(I).
he same spectral features suggested the three isomers (I, II, III)
f Dy2C84 [131] were Dy2C2@Cs(39715)-C82, Dy2C2@C2v(39718)-
82, and Dy2C2@C3v(39717)-C82, respectively [33,34]. On the
ther hand, Er2C94(I) [99] and Dy2C94(I) [101] were identified as
r2C2@D3(126408)-C92 and Dy2C2@D3(126408)-C92, respectively,
ue to the similarity to the well-defined Gd2C2@D3(126408)-C92
f the adsorption spectra [44]. Moreover, Gd2C90 and Gd2C92 were
uggested to be Gd2C2@D2(81738)-C88 and Gd2C2@C1(99893)-C90,
espectively, because their UV–vis–NIR spectra are almost identical
o Sm2@D2(81738)-C88 and Sm2@C1(99893)-C90 [132].

.11. Other clusterfullerenes containing one entrapped carbon

In addition to the typical MCCFs discussed above, metal nitro-
en carbide (or metal cyanide) EMFs, such as Sc3NC@C80, were also
chieved in recent years [15]. In 2010, according to the signal of
/z = 1121 observed by Dorn and coworkers in their mass spec-

rum, Jin et al. first theoretically characterized a novel EMF  with
n Ih-C80 cage encapsulating an unusual quinary Sc3NC unit using
ystematic DFT calculations [133]. In contrast to conventional TNT

MFs, this molecule energetically favored the carbon in the cage
enter rather than the normal N atom. To explore the cage size
imit to accommodate this metal cyanide cluster, the authors con-
inued their exploration by decreasing to C78 and even the “tiny”

ig. 18. Optimized structure of Sc3CH@C80 (Gray: C80 cage atoms; black: carbon
tom of the Sc3CH cluster; pink: scandium atoms; blue: hydrogen atom).

eprinted with permission from Ref. [14]. Copyright Wiley-VCH 2007.
). Reprinted with permission from Ref. [135]. Copyright 2011 American Chemical

C68 and suggested great possibilities for realizing Sc3NC@C78 and
Sc3NC@C68.

Shortly after the theoretical report, Wang et al. successfully
synthesized and unambiguously characterized the structure of
Sc3NC@C80 by XRD (Fig. 17a) [15]. In contrast to the DFT results
regarding the center atom type, however, X-ray diffraction data
showed an N instead of C core for the planar Sc3NC cluster. Recent
ESR simulations of the Sc3NC@C80 anion based on the C-centered
model led to hyperfine coupling constants (hfcc) closer to the
observation than the N-centered model, and thus supported the
theoretical predictions of the early DFT calculations [134].

Sc3NC@C78 was  synthesized and characterized as holding a non-
IPR C2(22010)-C78, in which two Sc ions are situated near two
adjacent pentagon pairs (Fig. 17b) [135].

Although the experimentally realized M3NC-template cluster-
fullerenes are still limited to Sc3NC@C78 and Sc3NC@C80, new
members, especially some bearing larger cages, are anticipated.
Sc3NC was recently suggested stable in D5h(31923)-C80 [136],
Fig. 19. Drawing of the crystallographically determined structure of
YCN@Cs(39715)-C82 with the major C82 cage (0.55 occupancy) and the most
abundant yttrium location (0.50 occupancy), and its relation to the NiII(OEP)
molecule (inset shows the triangular configuration of the internal YCN cluster. Red:
Y;  Blue: N; Gray: C).

Reprinted by permission from Macmillan Publishers Ltd: [Scientific Reports] (Ref.
[139]). Copyright 2013.
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Scheme 1. Reported geometries 

ydrogenated metal carbide Sc3CH@Ih-C80 [14]. DFT calculations
uggested an isomer with a slightly pyramidal Sc3CH cluster in the
80 cage as the lowest-energy structure (Fig. 18) among different
andidates. The structure of Sc3CH@C80 resembles Sc3N@C80 and
xhibits a closed-shell electronic configuration with a large HOMO
highest occupied molecular orbital)–LUMO (lowest unoccupied

olecular orbital) energy gap (1.7 eV). In contrast to previous
omonuclear molecular hydrogen in C60 [138], the hydrogen atom

n the Sc3CH cluster is stabilized due to its chemical bonding with
he Sc3C moiety. Featuring a carbon core at the cage center sur-
ounded by metals, Sc3CH@Ih-C80 represents a brand-new type of
arbide clusterfullerene.

All the clusterfullerenes reported so far need at least two metal
toms to stabilize the otherwise labile clusters. It has long been
elieved that mono-EMFs only exist as M@C2n. This belief was
verthrown by Yang et al.’s synthesis and structural characteri-
ation of the monometallic clusterfullerene, YCN@Cs(39715)-C82
139]. Single crystal XRD data revealed an unusual triangular
CN cluster, though the Cs(39715)-C82 cage is spacious enough to
ccommodate a more relaxed linear configuration (Fig. 19). This
ndicates strong coordination interactions between yttrium and
he CN moiety inside the confined cavity. Its remarkable stabil-
ty might be ascribed to a closed-shell electronic configuration
Y3+(CN)−]2+C82

2−, as suggested by XPS, ESR and cyclic voltam-
etric studies. The discovery of YCN@Cs(39715)-C82 has opened

 brand-new era for clusterfullerene research. After Yang et al.’s
ioneering study, more new monometallic clusterfullerenes will

ikely be realized and will enrich the mono-EMFs family in the near
uture.

. Novel structures and cluster–cage interplay

MCCFs with various cages ranging from C68 to C92 and even
100 have been experimentally demonstrated or theoretically sug-
ested. Both IPR-satisfying and IPR-violating carbon frameworks
re involved. Compared with the diversity of conventional EMFs,
owever, the metals in MCCFs are still limited to Sc, Ti, Y, Gd, Dy,
r, and Lu. Among them, Sc is especially favorable to the formation
f clusterfullerene, mainly due to its small ionic radius and strong
oordination ability. Combining the inner C2 unit with two, three
r four metal ions, the largest cluster size trapped in MCCFs has
urrently reached six in Sc4C2@C80 [29].

.1. Compressed metal carbide clusters

Metal carbide clusters can exhibit diverse shapes in the fullerene
ollows. Scheme 1 summarizes all possible structures for the clus-
ers reported thus far.

For di-MCCFs, we assume that the M2C2 unit is of a linear or
 butterfly shape. A perfect linear shape is scarce, only Ti2C2@C80

as theoretically suggested to adopt this configuration [22,25]. In

omparison, the butterfly shape, which features a C2 motif per-
endicular to the line of two metal atoms, is very common in the
ongested interior (Table 2). A bias linear (Sc2C2@C90 [40] and
 metal carbide moiety in MCCFs.

Y2C2@C100 [37]) or a zigzag shape (Hf2C2@C78 [25], Sc2C2@C86
[40], and Y2C2@C92 [37]) is often favored when the cage size is
sufficiently spacious to accommodate the M2C2 unit. The zigzag
configuration may  serve as the transition state connecting the lin-
ear and butterfly modes [22].

For tri-MCCFs, the M3C2 cluster can assume a planar or trifoliate
shape (Scheme 1). The trifoliate configuration, in which the C2 axis
at the center is perpendicular to the M3 plane, is only found in
Sc3C2@C80 [25,26,82], whereas the more relaxed planar shape is
always preferred within a larger cage, such as Lu3C2@C88 [41]. The
nesting peculiarity of the Russian doll shape requests a minimum
M4 subshell surrounding the C2 core; thus, it is only applicable for
Sc4C2@C80 [29] and a plausible Al4C@C80 [107].

The cage size dictates the shape of a metal carbide cluster.
Consistent with our intuition, small carbon cages induce more com-
pression, and thus a more bent cluster structure inside the cage.
For example, freestanding Y2C2 favors the linear ground state for
both neutral and tetracation. When encapsulated into cages as
large as C100, Y2C2 adopts a bias linear structure, whereas upon
encapsulation into C82, C84, and C92, Y2C2 has a butterfly shape
[37,128,140]. Both the Y–C and Y–Y distances of the (Y2C2)4+ cluster
are shortened as the cage size decreases [37]. Likewise, the butter-
fly structure of the Sc2C2 cluster preferentially becomes more bent
as the cage changes from D2d-C84 to C3v-C82 and C2v-C80, as indi-
cated by the decreased Sc–Sc distances and the Sc–C2–Sc dihedral
angles [55]. In other words, the metal carbide cluster always tends
to pursue a more stretched geometry as long as the inner space is
large enough.

On the other hand, the size of the endohedral metal ion affects
the cluster structure. For the Group IV elements, the ionic radius is
ordered as Ti4+ < Hf4+ < Zr4+ [141]. DFT calculations elucidated that
the M2C2 cluster in M2C2@C78 preferentially adopts a linear geome-
try for M = Ti, a zigzag geometry for M = Hf, and a butterfly geometry
for M = Zr [25].

3.2. Expanded and distorted cages

The interior spaces of fullerenes exert considerable influences
on the geometries of the encapsulated species and vice versa. For
example, the C78 cage in Sc2C2@C78 increases from 7.51 Å for C78

4−

to 7.90 Å upon Sc2C2 cluster encapsulation [21]. The linear TiC-
CTi cluster on the C3 axis of D3h-C78 induces substantial strain
on the cage, which expands along the axis (8.236 Å) in reference
to pristine C78 (8.051 Å) [22], and the DFT computed deformation
energy for the fullerene cage is 39.6 kcal/mol [143]. C84 slightly
expands upon Sc2C2 cluster insertion, with the polar carbon atoms
at hexagon fusions close to the Sc atoms punched out [54]. To
enhance the metal–cage interactions, the Sc–Sc and C–C distances
of the butterfly-like Sc2C2 moiety become longer and shorter,
respectively. The strain due to the cluster encapsulation may be

partially reflected by Raman spectroscopy. For example, Wang et al.
observed cage mode splittings in the low-energy Raman spectrum
of Sc4C2@Ih-C80, which imply substantial distortion of the C80 cage
due to Sc4C2 insertion [29].
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Table  2
Summary of reported geometries, electronic configurations, and motions of carbide clusters in MCCFs.

MCCFs Cage No. Shape Configuration C2 bond length
(Å)a

Metal positionb Rotation Ref.

Sc2C2@C68 non-IPR C2v(6073) Butterfly [(Sc3+)2(C2)2−]4+ (1.26) Near [5,5] bond C2 rotating and
oscillating

[18]

Sc2C2@C72 non-IPR Cs(10528) Butterfly [(Sc3+)2(C2)2−]4+ Disordered Metals jumping [20]
Sc2C2@C78 C2v(24107) Butterfly [(Sc3+)2(C2)2−]4+ (1.27) Near [6,6] bond [21]
Ti2C2@C78 D3h(24109) Linear [(Ti4+)2(C2)2−]6+ (1.24) Under 6MR  Fixed [22,25]
Zr2C2@C78 D3h(24109) Butterfly [(Zr4+)2(C2)2−]6+ (1.28) Under 6 MR C2 rotating [25]
Hf2C2@C78 D3h(24109) Zigzag [(Hf4+)2(C2)2−]6+ (1.26) Under 6 MR C2 rotating [25]
Sc2C2@C80 C2v(31922) Butterfly [(Sc3+)2(C2)2−]4+ 1.20 One under 6 MR,

the other near [6,6]
bond

Fixed [26,55]

Sc3C2@C80 Ih(31924) Planar or trifoliate [(Sc3+)3(C2)3−]6+ 1.11 Disordered Rotating [27,28,96]
Sc4C2@C80 Ih(31924) Russian doll [(Sc3+)4(C2)6−]6+ (1.48) Rotating [29,104]
Sc2C2@C82(I) Cs(39715) Butterfly [(Sc3+)2(C2)2−]4+ 1.21 One under 6 MR,

the other near
[5,6,6] junction

[31,142]

Sc2C2@C82(II) C2v(39718) Butterfly [(Sc3+)2(C2)2−]4+ 1.18 [32]
Sc2C2@C82(III) C3v(39717) Butterfly [(Sc3+)2(C2)2−]4+ 1.19–1.20 Disordered Oscillating [55,124,125]
Y2C2@C82 (I) Cs(39715) Butterfly [(Y3+)2(C2)2−]4+ [34,37,142]
Y2C2@C82 (II) C2v(39718) Butterfly [(Y3+)2(C2)2−]4+ [34]
Y2C2@C82 (III) C3v(39717) Butterfly [(Y3+)2(C2)2−]4+ (1.27) Along C3 axis Hopping [33,34,37,127]
Sc2C2@C84 D2d(51591) Butterfly [(Sc3+)2(C2)2−]4+ 1.20 Disordered Rotating [13,53,55]
Y2C2@C84 non-IPR C1(51383) Butterfly [(Y3+)2(C2)2−]4+ One under 6 MR,

the other near [5,5]
bond

[38]

Gd2C2@C84 non-IPR C1(51383) Butterfly 1.23 one under 6 MR,
the other near [5,5]
bond

[39]

Lu3C2@C88 D2(81738) Planar [(Lu3+)3(C2)3−]6+ (1.30) Oscillating [41,103]
Y2C2@C92 D3(126408) Zigzag [(Y3+)2(C2)2−]4+ (1.27) C2 rotating [37,42]
Gd2C2@C92 D3(126408) Butterfly [(Gd3+)2(C2)2−]4+ 1.04 Disordered Metals moving [44]
Y C @C D (285913) Bias linear [(Y3+) (C )2−]4+ (1.26) [37]
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a Computational results are given in parentheses.
b 5 and 6 denote pentagon and hexagon, respectively, 6MR  and 5MR  denote six-m

In addition to the steric effect, the charge transfer from the
luster HOMOs to the cage LUMOs could shorten and elongate the
onds of the bonding and anti-bonding natures, respectively, and
onsequently lead to apparent cage distortion.

.3. Electronic structure

Due to the intramolecular multielectron transfer from the
arbides to the fullerene cages, the electronic structures of
CCFs can be formally described using an ionic model,

(M3+,4+)2,3,4(C2)2−,3−,6−]4+,6+@C2n
4−,6−. The Group III or lanthanide

nd the Group IV metals present M3+ and M4+, respectively,
hereas the formal charge of a C2 unit depends on its coordination

ype: �2-C2
2−, �3-C2

3−, or �4-C2
6− (Table 2). Therefore, a smaller

umber of electrons is expected to transfer from the metal carbide
o the cages than the relevant pure metal clusters. The charge trans-
er generally leads to a stable closed-shell electronic configuration
ither for the carbon cage [94] or the whole MCCF [95].

The addition of electrons to a neutral empty fullerene changes
he relative stability of the different isomers due to the alteration
f the frontier orbital energy levels. As a result, the isomer favoring
luster incorporation is usually different from the most stable
ristine fullerene. The filled orbitals include the LUMO to the
UMO + 2 and the LUMO to the LUMO + 1 for hexa-anionic and
etra-anionic cages, respectively. Accordingly, Poblet et al. pro-
osed that free fullerene cages with large (LUMO + 3)–(LUMO + 2)
144] or (LUMO + 2)–(LUMO + 1) gaps [125] have considerable
inetic stability when encaging hexavalent or quadrivalent metal
lusters. Despite being the least stable IPR isomer of C80, Ih(31924)-

80 has a (LUMO + 3)–(LUMO + 2) gap as large as 1.86 eV [145],
nd thus is most stable when trapping metal clusters in the 6+
tate [146]. Similarly, C3v(39717)-C82 is very favorable for the
M2C2]4+ (M = Sc, Y, and Er) encapsulations, although it is actually
ered rings and five-membered rings.

the highest in energy among the nine IPR C82 cages [125]. The
marked stability stems from its unique (LUMO + 2)–(LUMO + 1) gap
of greater than 1 eV among all IPR cages ranging from C60 to C100.
Sc2C2@C3v(39717)-C82 remains the most abundant MCCF reported
so far. Moreover, the molecular orbital rules have been validated in
terms of excellent agreement between the computations and the
XRD characterizations of the detailed molecular geometries, such
as Sc2C2@Cs(39715)-C82 [31] and Gd2C2@D3(126408)-C92 [44].

Theoretical calculations play an important role in the struc-
tural characterization when XRD data or NMR spectra are absent
(due to low yield or poor solubility of the EMF  samples). The
number of fullerene isomers grows explosively as the cage size
increases; thus, it is challenging for structure identification [48].
Unlike the case of empty cages, non-IPR isomers cannot be ruled
out for EMFs due to the potentially enhanced stability caused by
charge transfer. In practice, a feasible strategy is to first conduct
semi-empirical calculations (e.g., AM1) for thousands of negatively
charged (4- or 6-) cages; the screened low-energy cages are sub-
sequently re-optimized in the endohedral forms at the higher
levels to obtain their relative thermodynamic stabilities. A recent
example is the theoretical determination of a Sc2C80 isomer as
Sc2C2@C2v(24107)-C78 [21]. For non-IPR isomers, those holding
fewer pentagon–pentagon fusions are preferential because of their
lower local strains on the carbon skeletons [38]. Moreover, because
the transferred electrons prefer to be added to the pentagons, cages
with maximum pentagon separation often exhibit higher stability
with decreased Coulomb repulsion [147].

3.4. Cluster–cage interplay
The cluster–cage interactions are dominated by metal–cage
bonding. Hybrid, dative-bondings often form between metal
ions and cages, whereas acetylide ions are mostly far from the
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Table 3
Observed chemical shifts (ı) for the carbide carbons in MCCFs and their derivatives.

Species ı (ppm) Ref.

Sc2C2@C2v(31922)-C80 231.5 [26]
Sc2C2@C2v(31922)-C80Ad 227.9/234.9/235.8/222.9a [77]
[Sc3C2@Ih(31924)-C80]− 328.3 [50]
[Sc3C2@Ih(31924)-C80Ad]− 257.2, 384.4 [50]
Sc2C2@Cs(39715)-C82 244.4 [31]
Sc2C2@C2v(39718)-C82 242.7 [32]
Sc2C2@C2v(39718)-C82(CH2)2NCPh3 238.0 [32]
Sc2C2@C3v(39717)-C82 253.2 [50]
Y2C2@Cs(39715)-C82 256.2 [37]
Y2C2@C3v(39717)-C82 257.0 [37]
Sc2C2@D2d(51591)-C84 249.2 [50]
02 P. Jin et al. / Coordination Chemi

arbon skeletons, rendering weak C2-cage interactions [125,148].
etal–metal bonding is generally weak due to repulsive electro-

tatic interactions, whereas the bondings of metal–carbide carbons
nd the C2 unit are much stronger [148]. The metal ions act as a
ediator between the carbide carbons and the outer framework

ecause there is no direct contact between the latter two.
The relative strengths between the cluster–cage and the intr-

cluster interactions vary on a case-by-case basis. For example,
ovalent metal–cage and ionic metal–C2 interactions were reported
or Sc3C2@C80 [51] and Ti2C2@C78 [23]. In contrast, the Sc–C2 dis-
ance (∼1.96 Å) in Sc4C2@C80 is shorter than the Sc–cage distance
∼2.20 Å), indicating a stronger covalent interaction between the
c3+ cation and the C2

6− anion [104]. The computed Sc–C2 and
c–cage distances for Sc2C2@C3v-C82 are similar [125], which sug-
ests strong covalent interaction between the Sc3+ cation and the
2

2− anion.
The cluster and cage interact and stabilize mutually. Typically,

inear Ti2C2 is unstable by itself and higher in energy than the but-
erfly configuration [149], but it is stabilized in D3h-C78 [22]. Ti ions
refer to bind over hexagon rings and obtain most coordination

n Ti2C2@C78. The �-electron wave function in the HOMO-1 indi-
ates considerable hybridization between C78

6− and Ti4+ ions [74].
he good orbital symmetry matching (with respect to the �h plane
f C78) between the linear Ti2C2 cluster and the cage considerably
owers the molecular orbital energies of Ti2C2@C78 [22].

.5. Effect of acetylide ion encapsulation

.5.1. Bonding nature of the acetylide ion
In the early days, it was proposed that two carbon atoms prefer

o be simultaneously encaged to avoid dangling bonds on the outer
ramework during cage shrinkage [66]. In most MCCFs, C2 has a
ypical carbon–carbon triple bond length and is of a strong covalent
ature [148] (Table 2). Despite the obvious shrinkage of the Y2C2
luster, the C–C distances of 1.27 Å are maintained when the cage
ize gradually decreased from C100 down to C92, C84, and C82 [37].
imilar situations were found for the Sc2C2 cluster in D2d(51591)-
84, C3v(39717)-C82, and C2v(31922)-C80, where the C–C distances
re all approximately 1.20 Å, regardless of cage size and symmetry
55]. The bond lengths of the C2 unit are even intact after exohedral
arbene addition to Sc2C2@C2v(31922)-C80 [77]. C2 appears to play

 critical role in stabilizing the metal carbide cluster.

.5.2. C2 NMR  chemical shift
It is difficult to detect 13C NMR  signals for the inner C2 moi-

ty [13,33,34]. The absence of the 13C NMR  peaks for the C2 unit
as previously interpreted in terms of considerable spin-rotation

nteraction: the lines were too broadened to be observed at room
emperature [33,34].

However, one possible reason for these failures is that the
2 signal is out of the typical measurement range. Compared
ith cage atoms, the computed chemical shifts for the C2
nit are strongly deshielded in [Sc3C2@C80]− and Sc2C2@C84
51]. By using 13C-enriched samples, Akasaka and co-workers
rst successfully detected chemical shifts for the carbide
arbons of Sc2C2@C3v(39717)-C82, Sc2C2@D2d(51591)-C84, and
Sc3C2@Ih(31924)-C80]− anion [50]. All the chemical shifts were
bserved in much lower fields (Table 3).

The local environments for the carbide carbons remained unaf-
ected regardless of the outer framework. Dorn and co-workers
eported improved 13C NMR  measurements for Y2C2@Cs(39715)-

82 and Y2C2@C3v(39717)-C82, in which similar chemical shifts for
he inner C2 were observed [37]. Thus, the shape and electronic
nvironment of the (Y2C2)4+ cluster may  not change despite the
age symmetry difference between Cs- and C3v–C82. Similarly, the
Y2C2@C1(51383)-C84 247.8 [37]
Y2C2@D3(126408)-C92 227.3 [37]

a Chemical shift values of four mono-adduct isomers.

13C NMR  signals of the C2 unit in the pristine Sc2C2@C2v(31922)-C80
are almost identical to the Ad derivatives (Table 3) [77].

The carbide chemical shift has proven sensitive to the compres-
sion degree of the (Y2C2)4+ cluster induced by the cage [37]. It
gradually increases and becomes more deshielded from ∼150 ppm
for linear configuration to 227.3 ppm in C92, 247.8 ppm in C84, and
reaches ∼257 ppm in C82 cages (Table 3).

3.5.3. Effect of additional C2: Mm@C2n vs. MmC2@C2n
The generation of an EMF  may  undergo a closed network for-

mation pathway [150]. Starting from an Mm@C2n+2 precursor, a
C2 loss or encapsulation may  lead to conventional Mm@C2n or
MmC2@C2n, respectively [34]. The C2 insertion considerably mod-
ifies the electronic structure of the Mm@C2n and consequently
affects its various properties. For example, the first oxidation poten-
tial of Sc2C2@C3v(39717)-C82 (+0.47 V vs. Fc/Fc+) is 420 mV  higher
than that of Sc2@C3v(39717)-C82 (+0.05 V vs. Fc/Fc+) [78]. The
change is attributed mainly to the much lower HOMO level of
Sc2C2@C3v(39717)-C82 than Sc2@C3v(39717)-C82.

Compared with conventional EMFs, substantial changes in the
UV and UPS are induced by the different number of electrons trans-
ferred from the metal–carbide clusters to the fullerene cages. Slight
shifts of the UV peaks were observed by additional C2 encapsu-
lation to Y2@C82 [33,34] or Er2@C82 [36]. The onsets of Er2@C82
(1820, 2420, 1600 nm for I, II, III, respectively) are all blue shifted in
Er2C2@C82 (1550, 2400, 1250 nm for I, II, III, respectively), indicating
larger HOMO–LUMO gap energies and therefore enhanced kinetic
stabilities in the latter [36]. Furthermore, compared with Er2@C82,
Er2C2@C82 (III) exhibits much stronger near-infrared photolumi-
nescence (PL) at 1520 nm from the Er3+ ions. The phenomenon
was attributed to its shifted onset (1250 nm), which reduced the
possible absorbance of the C82 cage from PL of the encapsulated
Er3+.

In the UPS measurements, Y2@C3v(39717)-C82 and
Y2C2@C3v(39717)-C82 exhibited different spectral onset ener-
gies (0.45 eV vs. 0.8 eV) and peak positions (binding energies
of the latter are ca. 0.2 eV lower than the former) [126]. These
spectral features were rationalized by the two  less electrons on
the Y2C2@C3v(39717)-C82 cage (formal charge transfer: Y2@C82 6
e vs. Y2C2@C82 4 e). Likewise, the significant difference between
Er2@C3v-C82 and Er2C2@C3v-C82 in the UPS spectra also reflects
their distinct electronic structures arising from the two excess
electrons on the former cage [151].

3.6. Cluster motion
Like the conventional La2@C80 [120,152] and Sc3N@C80 [11],
most MCCFs exhibit large cluster flexibility (Table 2). Some rep-
resentatives are given below.
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ig. 20. (a) (left) The framework of C3v(39717)-C82 structure. The ‘cap’ of six-mem
he  transformation from C3v(39717)-C82 to Ih(31924)-C80.

dapted with permission from Ref. [125]. Copyright 2008 American Chemical Socie

We  first focus on small cages, such as C68, C72, and C78. It
as proposed that the acetylide ion can freely rotate and oscillate

etween the Sc2 unit in Sc2C2@C2v(6073)-C68 at room tempera-
ure because the DFT computed energy barriers are as small as 0.7
nd 2.2 kcal/mol [18]. The motion-induced equivalence of trapped
toms will lead to the observed symmetry of the outer cage in the
3C NMR  measurement. Therefore, the whole molecule exhibits
2v symmetry and fulfills the observed 21 lines in the 13C NMR
pectrum.

For non-IPR EMFs, metal ions preferentially reside close to the
djacent pentagon pairs, and thus often present limited flexibil-
ty. In contrast, Feng et al. observed disordered Sc sites (both
ear and far from the fused pentagons) in the XRD structure
f Sc2C2@Cs(10528)-C72, indicating an unusual jumping motion
nside this non-IPR cage [20].

Similar to Sc2C2@C68, the C2 unit in M2C2@C78 (M = Zr, Hf) may
apidly rotate around the long C3 axis of the D3h-C78 at room tem-
erature due to the negligible energy barriers [25]. In contrast, the

inear Ti2C2 is fixed in D3h-C78, and there exists a zigzag-cluster
ransition state structure between the linear and butterfly config-
rations with a high activation energy barrier (ca. 48.5 kcal/mol)
22].

Encapsulated in C80 cages, all of the ScmC2 (m = 2, 3, 4) clus-
ers possess motional behavior. Variable-temperature 13C NMR
pectrometry shows that the Sc2C2 cluster exhibits temperature-
ependent dynamic motion in Sc2C2@C2v(31922)-C80 [26]. At
98 K, the cluster was fixed with two nonequivalent Sc ions located
n the mirror plane, and 41 lines [39 × 2 C; 2 × 1 C] were observed,
n accordance with the Cs symmetry of the molecule. The hindrance
f motion was reflected in the X-ray structure [55]. When heated to
13 K, the 13C NMR  spectrum pattern reduced to 22 lines [18 × 2 C;

 × 1 C], completely reflecting the C2v symmetry of the C80 cage. The
5Sc NMR  spectra show that two lines of equal intensity separated
y 30 ppm at 293 K coalesce into one peak at temperatures higher
han 353 K. Thus, the Sc atoms become equal due to the rapid Sc2C2
otation.

Compared with the temperature-dependent behavior of
c2C2@C2v(31922)-C80, the free motions of the larger Sc3C2 and
c4C2 in Ih-C80 were observed at room temperature. The symmetric
yperfine splitting of 22 lines in early ESR/EPR observations sug-
ested three magnetically equivalent 45Sc atoms in paramagnetic
c3C2@Ih-C80 at room temperature [76,79,81–83,86–88]. Temper-
ture dependent behavior in ESR spectra was also reported for

c3C2@C80 [86]. MEM  analysis suggested that the Sc3C2 cluster is
isordered with five directions in the cyclacene-like belt of C80,

mplying a free hopping along the belt [28]. More convincingly,
3C NMR  measurement showed two lines for both of them, which
 ring is colored in red; (right) the framework of Ih-C80 structure from Ref. [33]. (b)

.

is only reasonable for an icosahedral Ih-C80 with rapidly rotating
clusters inside [27,104].

Theoretical calculations shed more lights on the cluster motions.
DFT study found that different isomers of Sc3C2@C80 have very
small energy differences (<10 kcal/mol), indicating large flexi-
bility of the Sc3C2 cluster inside Ih-C80 [96]. The cluster can
change between a planar and trifoliate shape due to the smooth
potential energy surface [27]. The first principles molecular dynam-
ics simulations revealed a slightly complex motion scenario in
Sc3C2@C80:Sc3 trimer ratchets along the equatorial belt of the
six-membered rings on the Ih-C80 cage with rapid C2 flipping
through the Sc3 plane [51]. By overcoming a small rotation bar-
rier (2.8 kcal/mol), the Sc4C2 moiety can rotate freely around the
C2 axis of Ih-C80 [104], whereas the C2 unit may  migrate in the
Sc4C2@C80 [105]. The free cluster motions are consistent with the
computed flat concentric circles of the electrostatic potential map
inside Ih-C80

6− [120].
C3v(39717)-C82 has a carbon skeleton analogous to Ih-C80 and a

rather spacious interior to accommodate metal clusters (Fig. 20a).
One can obtain an Ih-C80 from a C3v(39717)-C82 by a Stone-Wales
isomerization followed by a C2 extrusion on the cap shown in
Fig. 20b [125]. Similar to Ih-C80, the computed electrostatic poten-
tial map  inside C3v(39717)-C82

6− exhibits smooth concentric circles
around the C3 axis, very favorable for cluster rotation [93].

Hulman et al. observed temperature-dependent behavior
for two lines (721 and 734 cm−1) in the IR spectrum of
Sc2C2@C3v(39717)-C82 above 200 K, suggesting triggered molecu-
lar motion at higher temperature [115]. However, they could not
identify which moiety, cage or entrapped metals accounted for
the phenomenon at that time. The inner C2 moiety rotation in
Sc2C2@C3v(39717)-C82 was  proposed by observing its 13C NMR  line
broadening when the temperature increased from 253 to 303 K
[50]. MEM  analysis suggested that the scandium atoms may hop
along the trajectory connecting the center of six-membered rings
in Sc2C2@C3v(39717)-C82 [123]. The motion was supported by DFT
calculations: the largest energy difference is only 5.2 kcal/mol for
various Sc2C2@C3v(39717)-C82 isomers featuring different cluster
orientations inside the cage [125].

More solid experimental evidence comes from the 13C NMR  and
X-ray single-crystal analysis. The observed 13C NMR  lines only orig-
inate from the C3v(39717)-C82 cage or its Ad derivative [30,124].
Moreover, there are three pairs of Sc sites at different positions
in either Sc2C2@C3v(39717)-C82(Ad) [124] or Sc2C2@C3v(39717)-

C82·Co(OEP)·2CHCl3 crystal systems [55], indicating oscillating
motion of the cluster inside the cage.

Consistent with the above results, the 45Sc NMR  spectra
show one signal for Sc2C2@C3v(39717)-C82 but two lines for
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Fig. 21. (a) Y2C2@D3(126408)-C92 with planar Y2C2 unit. (b) Top view of the C2

rotation plane. (c) “1” state; all C2 rotations about the Y2 axis remain parallel to the
C2 rotation plane due to an applied voltage (100 meV) which removes the effect of
the  rotational barrier. (d) “0” state; C rotations about the Y axis alternate between
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hree states, −60◦ , 0◦ , and 60◦ , which tunnel through the C2 rotation plane due to
he  rotational barrier from Ref. [42].

c2C2@Cs(39715)-C82, indicating non-equivalent Sc ions inside the
s(39715)-C82 at room temperature [31,114,124]. However, the
wo signals gradually merged when increasing the temperature
nd finally exhibited only one line above 373 K. This phenomenon
as attributed to rapid Sc2 rotation at higher temperature, which

aused equivalent magnetic environments for the two  metals.
Similar to Sc2C2, the motion of the Y2C2 cluster in C3v(39717)-

82 was elucidated both experimentally and theoretically. Previous
lectron density distribution analysis implied no direct covalent
onds between Y2 and C3v(39717)-C82; therefore, the cluster may
otate around the C3 axis of the cage [128]. MEM/Rietveld anal-
sis revealed that the hopping of the Y–Y ion pair around the
2 center forms the pentagonal–dodecahedral charge density in
2C2@C3v(39717)-C82 [127]. The Y2C2 unit can rotate around the
3 axis in Y2C2@C3v(39717)-C82 to satisfy the observed C3v cage
ymmetry [33].

For crystalline Sc2C2@D2d(51591)-C84, previous low energy
aman scattering spectra disclosed that the diatomic C2 unit can
otate in a plane perpendicular to the long C2 axis of C84 and form a
lanar quantum rotor with an energy barrier as small as a few meV
53]. The quantized rotational state of the Sc2C2 cluster may  cou-
le with the classical rotational motion of the C84 cage [153]. DFT
alculations suggested that the planar Sc2C2 unit can only rotate
round the Sc–Sc axis and not around the whole cage [54]. The
espective rotation behaviors of the Sc and C atoms were defini-
ively demonstrated by the four pairs of sites for Sc atoms and
he three positions for the C2 unit observed in its X-ray structures
55]. A comparison of the degree of disorder for the Sc2C2 in the
-ray data of Sc2C2@C2v(31922)-C80, Sc2C2@C3v(39717)-C82, and
c2C2@D2d(51591)-C84 revealed that the metal cluster has more
nd more flexibility as the cage size increases [55]. The cage volume
lays a crucial role in dictating the cluster motion.

DFT computations and Raman spectroscopic analysis revealed

hat the C2 in Y2C2@D3(126408)-C92 may  rotate around the line
onnecting the two Y atoms and tunnel through the C2 rota-
ion plane (i.e., alternate one C up and the other down; Fig. 21)
37,42]. The whole Y2C2 cluster acts as a carousel, and its rotation
Fig. 22. ORTEP drawings of (a) Sc2C2@C2v(31922)-C80(Ad) from Ref. [26] and (b)
Sc2C2@C3v(39717)-C82(Ad) with thermal ellipsoids shown at the 50% probability
level from Ref. [124].

is hampered at low temperature due to the enhanced cluster–cage
interactions. Unlike the in-plane rotation in Sc2C2@C84, the C2 unit
of Y2C2 undergoes three orientations, two  zigzag (±60◦) and one
plane butterfly (0◦) (“0” state in Fig. 21) with an energy difference
of 79.3 meV. The C2 will stop tunneling (“1” state) when a small
voltage (100 meV) is applied to the cage to overcome the rotational
barrier. This voltage-controlled state transition may find applica-
tions in memory devices and quantum computers.

The multiple occupancy sites observed for the Gd ions in the
Gd2C2@D3(126408)-C92 crystal indicate that they are flexible to
move about the inner cage surface [44]. The motion may be
reflected by 20–100 cm−1 broadening in the low-energy Raman
spectroscopy [43].

4. Exohedral reactivity

Exohedral functionalization is essential to improve the sol-
ubility and accessibility of EMFs for practical applications. One
alluring aspect is that the position and motion of encaged species
become controllable by exohedral functionalization. For exam-
ple, when electron-donating molecules (such as disilirane) are
attached, the free rotations of the two  metal atoms in La2@C80 and
Ce2@C80 are restricted to circular motion in a plane and are almost
fixed, respectively [154,155]. In addition, the electronic and para-
magnetic properties of EMFs can be finely adjusted upon chemical
modification, and the derivatives can bear novel properties never
expected for pristine EMFs.

The chemical properties of MCCFs are rarely reported, most
likely due to their lower yield compared to classical and TNT EMFs.
The first MCCF reaction is Ad addition on Sc3C2@C80 [27]. X-ray
data showed that the reaction occurred at a [6,6] junction (Fig. 8b),
and the whole Sc3C2@C80(Ad) molecule exhibited Cs symmetry. The
paramagnetic properties of Sc3C2@C80 can be tuned by chemical
modifications, such as carbene addition. In contrast to the 22 lines
for pristine Sc3C2@C80, the ESR spectrum for the two  isomers of its
Ad cycloadducts presents 15 lines split into 8, indicating that the
C3v symmetry of the Sc trimer in Sc3C2@C80 is reduced to C2v upon
chemical functionalization [156]. The large cluster flexibility in
Sc3C2@C80 might also be modulated by exohedral Ad addition. The
line width decreases by the factor of 2 upon chemical functionaliza-

tion, suggesting hindered inner rotation in the carbene adducts. The
Ad group selectively attacks a [6,6] junction of Sc2C2@C2v(31922)-
C80 to form the mono-adduct (Fig. 22a), which leads to an open-cage
local geometry near one Sc ion [26]. The much lower onset of



P. Jin et al. / Coordination Chemistry Reviews 270–271 (2014) 89–111 105

and it
R

S
s
r
[
c
a

t
o
3
t
T
2
s
C
s
S
r
n
c
a
r
m
L
[
o
(
t

A

Fig. 23. The calculated spin density distributions of Sc3C2@C80

eproduced from Ref. [159] with permission of The Royal Society of Chemistry.

c2C2@C2v(31922)-C80 in the UV–vis–NIR spectrum indicates a
mall gap and high chemical reactivity [47]. The photochemical
eactions between Sc2C2@C2v(31922)-C80 and 2-adamantane-2,3-
3H]-diazirine (AdN2) yield five stable Ad monoadducts [77]. In
omparison, the formation of Sc2C2@C3v(39717)-C82(Ad) occurs at

 [5,6] junction with an open-cage structure (Fig. 22b) [124].
Lu et al. first reported the 1,3-dipolar cycloaddition reac-

ion of Sc2C2@Cs(39715)-C82 [31]. Typically, a mixture of 5 mg
f Sc2C2@Cs(39715)-C82 and an excess amount (ca. 30-fold) of
-triphenylmethyl-5-oxazolidinone was heated in 40 ml  of a
oluene/ODCD solution under reflux in an argon atmosphere.
he obtained product was subjected to crystal growth at
53 K for structural characterization. Fig. 12 depicts the X-ray
tructure of the major enantiomer of the Sc2C2@Cs(39715)-
82(CH2)2NTrt (Trt = triphenylmethyl) monoadduct. The addition
electively occurs at a [6,6] junction far from the butterfly-shaped
c2C2 cluster, and the carbon framework near the pyrrolidino
ing remains closed. The regioselectivity can be partially ratio-
alized by frontier molecular orbital theory: the LUMO is mainly
ontributed by the cage carbons far from the cluster, and they
re thus favorable to 1,3-dipolar addition. The same 1,3-dipolar
eaction for Sc2C2@C2v(39718)-C82 affords three monoadduct iso-
ers, A, B, and C, with a relative ratio of 2:1.5:1 [32]. Their

UMO distributions suggest that the reaction sites are the [5,6],

6,6], and [6,6] junctions, respectively, and the addition pattern
f isomer A has been confirmed by X-ray single-crystal data
Fig. 12). The chemical modification drastically altered the elec-
ronic and electrochemical properties of Sc2C2@C82. Most of the

Fig. 24. (a) Reaction of tetrazine 1 with Sc3C2@C80 giving bisfulleroid 2 instead of
dapted with permission from Ref. [160]. Copyright 2012 American Chemical Society.
s fulleropyrrolidines. The blue area presents the unpaired spin.

redox potentials of Sc2C2@Cs(39715)-C82 are cathodically shifted
by 0.1–0.3 V, whereas the UV-vis NIR spectra lines are blue shifted.
For Sc2C2@C2v(39718)-C82, its electrochemical bandgap (0.99 V) is
markedly enlarged upon exohedral functionalization (A: 1.40 V; B:
1.23 V; C: 1.19 V).

Similarly, Wang et al. synthesized and isolated a Sc3C2@C80
fulleropyrrolidine mono-adduct via the Prato reaction (Fig. 23)
[157]. It was suggested that the addition occurred at the [5,6] junc-
tion of the C80 cage, based on the non-equivalent methylene pro-
tons and the equivalent methylene carbon atoms observed in the
13C NMR  and heteronuclear multiple quantum coherence (HMQC)
spectra. The obvious regioselectivity is in line with the latest the-
oretical study [158]. In contrast to the single peak at 670 cm−1

in the FTIR spectra for the pristine Sc3C2@C80, the antisymmetric
Sc–C stretching vibrations mode for the fulleropyrrolidine adduct
appeared at approximately 693 and 714 cm−1. This phenomenon
was attributed to the deformed Sc3C2 configuration upon exohe-
dral addition. According to their DFT calculations, the symmetry
of the Sc3C2 clusters reduces from the original C3v in Sc3C2@C80
to C2v in the monoadduct (Fig. 23). Simultaneously, compared to
homogeneous distribution on the three Sc atoms in Sc3C2@C80, a
higher spin density prefers to be localized on the Sc atoms far from
the pyrrolidine addend (Fig. 23). Following the mono-adduct, they
further prepared and isolated nine Sc3C2@C80 fulleropyrrolidine

bis-adducts [159]. Depending on the addition sites of the second
pyrrolidine, the bis-adducts exhibited diverse unpaired spin distri-
butions on the endocluster (Fig. 23). The spin divergence of mono-
and bis-adducts directly caused their differences in the ESR spectra

 the expected four-membered ring product 3. (b) Optimized structure of 2.
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Fig. 25. (a) Molecular structure of [(�-H)3Re3(CO)9-(�2, �2, �2-Sc2C2@C3v(39717)-C82)]. Thermal elliposids are shown at 30% probability. The Re atoms and the Sc2C2 moiety
a the C2

p

R

c
t
s

s
p
t
N
g
(
S
c
b
t

c
S
B
t
f
a
s
a
t
m
t
c
p
T
d
R

T
R

re  disordered at their sites; the ORTEP diagram displays the Re atoms with 95% and 

asses  through the Re2, Sc2, C40, and Sc1 atoms.

eprinted with permission from Ref. [161]. Copyright Wiley-VCH 2012.

ompared to the pristine Sc3C2@C80. The authors believed that con-
rollable paramagnetism induced by exohedral functionalization is
ignificant for the design of novel molecular devices.

Kurihara et al. studied the reaction between Sc3C2@C80 and a
ubstituted tetrazine 1, which was expected to afford a C2-inserted
roduct 3 (Fig. 24a) [160]. To their surprise, a bisfulleroid 2 deriva-
ive holding a doubly bridged 14-membered ring was  obtained.
MR  measurements combined with theoretical simulations sug-
ested that the open-cage addition occurred at the [5,6] junction
Fig. 24b). The EPR spectra of 2 exhibit two sets of hfcc at 6.73 G (one
c nucleus) and 4.00 G (two Sc nuclei). Thus, although the addend
an induce the cage expansion and trap one Sc atom in the formed
isfulleroid bulge, the other two Sc atoms can still rotate around
he cage to become equivalent.

Coordination chemistry of EMFs lags behind their standard
hemical functionlizations. Chen et al. recently reported an
c2C2@C3v(39717)-C82 complexation with a Re3 cluster [161].
riefly, pure Sc2C2@C3v(39717)-C82 sample was synthesized and
reated with [(�-H)3Re3(CO)11-(NCMe)] in chlorobenzene for 3.5 h,
ollowed by HPLC purification and recrystallization, and finally an
ir-stable [(�-H)3Re3(CO)9-(�2, �2, �2-Sc2C2@C3v(39717)-C82)]
olid was achieved. The XRD data shows that the addition occurred
t the unique hexagon ring of the C3v(39717)-C82 surrounded by
hree pentagons and three hexagons in a highly regioselective

anner (Fig. 25). The Re3 triangle is nearly parallel to the pro-
ruding hexagon plane. Although the complexation left the Sc2C2
luster almost intact, an elongated Sc–C distance (2.40 Å) com-

ared to the pristine Sc2C2@C3v(39717)-C82 (2.21 Å) was observed.
he authors suggested that this phenomenon may  be due to the
eformed C82 framework and different charge distribution upon
e3 cluster coordination.

able 4
eported redox potentials (V vs. Fc/Fc+) and electrochemical gaps of MCCFs.

MCCFs oxE2
oxE1

redE1

Sc2C2@Cs(10528)-C72 0.41 −1.19 

Sc2C2@C2v(31922)-C80 0.41 −0.74 

Sc3C2@Ih(31924)-C80 −0.03 −0.50 

Sc4C2@Ih(31924)-C80 1.10 0.40 −1.16 

Sc2C2@Cs(39715)-C82 0.64 0.42 −0.93 

Sc2C2@C2v(39718)-C82 0.67 0.25 −0.74 

Sc2C2@C3v(39717)-C82 0.47 −0.94 

Lu3C2@D2(81738)-C88 0.31 −1.34 
Sc2 moiety with 50% occupancy. (b) Highlighted configuration. A plane of symmetry

The interaction between the inner cluster and the outer cage
affects the chemical reactivity of a clusterfullerene. Theoretical
studies can help disclose the reaction rules and interpret the
experimental observations [3i]. Comprehensive DFT calculations
on the Diels–Alder cycloaddition between 1,3-butadiene and
Ti2C2@D3h(24109)-C78 revealed that the cluster encapsulation
significantly modifies both the reactivity and the regioselectivity
of the C78 fullerene [143]. Certain types of unreactive bonds are
activated, and some are deactivated, with the whole reaction
energies reduced relative to the hollow cage. The change was
primarily attributed to the structural deformation of the carbon
framework and the alteration of its LUMOs upon Ti2C2 insertion.

Moreover, the nature of the endohedral composition can tune
the chemical reactivity. For example, despite having the same
Cs(39715)-C82 cage, Y2C2@Cs-C82 is favorable for the Bingel–Hirsch
reaction and yields derivatives in 20 min  at 273 K, whereas
Sc2C2@Cs-C82 needs 2 h at 293 K to afford the corresponding mono-
adducts [142]. The reactivity difference could be explained by their
diverse LUMO distributions: the LUMO of Y2C2@Cs-C82 is mainly
contributed by the cage, whereas that of Sc2C2@Cs-C82 is localized
on both the cage and the Sc metals.

5. Properties and potential applications

5.1. Electrochemical properties

Table 4 summarizes the redox potentials of the MCCFs mea-

sured so far. Except for the open-shell Sc3C2@C80, all the MCCFs
exhibit high first redox potentials and wide electrochemical gaps
≥1.0 V. Note that exohedral modification alters the electrochemical
properties of an MCCF such as Sc2C2@C2v(31922)-C80 [77].

redE2
redE3 �E (oxE1–redE1) Ref.

−1.54 −1.75 1.60 [20]
−1.33 1.15 [77]
−1.64 −1.84 0.47 [90]
−1.65 1.56 [29]
−1.30 1.35 [31]
−0.96 0.99 [32]

1.41 [124]
−1.70 −2.15 1.65 [41]
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Fig. 26. Schematic view of metallofullerene complexation with TiCl4. The centered
light blue sphere and surrounding yellow spheres represent metallofullerene and
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Fig. 27. The experimental and simulated ESR spectra of (a) Y2@Cs-C82, (b) Y2C2@Cs-
iCl4, respectively.

eprinted with permission from Ref. [162]. Copyright 2012 American Chemical
ociety.

Since their discovery, low production yield and tedious HPLC
eparation have hindered EMFs research. Such experimental diffi-
ulties are sometimes responsible for the erroneous assignment
f MCCFs as classical EMFs. Shinohara and co-workers recently
emonstrated that TiCl4 Lewis acid can be employed to effectively
nd quickly separate and purify diverse classical and carbide EMFs
rom empty fullerenes in a few minutes [162]. All the EMFs fea-
uring a first oxidation potential oxE1 lower than 0.5 to 0.6 V vs.
c/Fc+ might react with TiCl4 to afford stable complexes (Fig. 26)
nd become highly purified (>99%). The oxE1 threshold was  adjusted
o 0.62–0.72 V vs. Fc/Fc+ in a later report [163]. All the oxE1 values for

CCFs reported so far meet this requirement and can be separated
fficiently (Table 4). This method may  replace the conventional
PLC technique and promises a bright future for the high-efficiency

solation of MCCFs.

.2. Magnetic properties

The achievement of the electron spin manipulation of EMFs
s crucial for their potential application in quantum information
rocessing. Ma  et al. prepared Y2@Cs-C82, Y2C2@Cs-C82, Sc2C2@Cs-
82 anions and observed diverse features in their ESR spectra
Fig. 27) [142]. They argued that these discrepancies stemmed from
he different LUMO distributions on the three molecules and con-
luded that electron spin can be altered by the C2 encapsulation
nto the same Cs-C82 cage and can be finely adjusted by changing
he metal species in the MCCFs. The stable and controllable electron
pins render these MCCF anion radicals promising materials in the
eld of quantum computing.

A synchrotron soft X-ray magnetic circular dichroism (SXMCD)
tudy on Er2C2@C2v-C82 performed by Shinohara and cowork-
rs revealed paramagnetic behavior in sharp contrast to the
trong antiferromagnetic-like characteristics of Er@C2v-C82 [35].
he high magnetic susceptibility was explained in terms of the
losed-shell carbon framework after accepting 6 e from the Er
toms, which hinders the intermolecular antiferromagnetic-like
nteractions between neighboring C82 cages. Moreover, the SXMCD
esults indicated that effective magnetic moments can be tuned
y changing the cage symmetry from C2v-C82 to Cs-C82. Hetero
rYC2@Cs-C82, which processes both paramagnetic Er3+ and dia-
agnetic Y3+ ions, exhibits similar magnetic susceptibility to
r2C2@Cs-C82, suggesting negligible substitution effects on the Er3+

lectronic state [35].
After reduction by potassium metal in THF solution, Sc3NC@C80

ecomes a stable paramagnetic anion radical Sc3NC@C80
•− and
C82, and (c) Sc2C2@Cs-C82 anion radicals.

Adapted with permission from Ref. [142]. Copyright 2013 American Chemical
Society.

exhibits 36 symmetric lines in ESR spectrometry [134]. DFT cal-
culations indicate that the LUMO of neutral Sc3NC@C80 is mainly
contributed by the NC moiety, which possesses the unpaired
electron, and the large spin density in the anion. Accordingly,
the electronic structure changes from (Sc3+)3(NC)3−@C80

6− to
(Sc3+)3(NC)4−@C80

6− upon reduction. The NC unit plays a critical
role in the stability of this paramagnetic radical. The authors argued
that this was  the first realization of a spin-active paramagnetic
species for metal cyanide EMFs.

5.3. Electronic transport properties

Sc3C2@C80 crystal is an n-type semiconductor with a small
computed band gap (0.07 eV). The time-resolved microwave con-
ductivity measurements found that its thin film presents an
electron mobility (� = 0.13 cm2 V−1 s−1) 2 orders of magnitude
higher than La2@C80 and Sc3N@C80, although they all have the

same Ih-C80 outer cage [164]. The good charge-transport ability
was attributed to the paramagnetic nature and small band gap
of Sc3C2@C80, which facilitate the valence electrons excitation to
the conduction bands to generate electron and hole carriers. Thus,
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Fig. 28. (upper panel) TEM images of Sc3C2@Ih-C80 SWNT peapods as a function of
time. (a–h). Each image has 2 s acquisition and 10 s between frames. (Lower panel)
Schematic representation of the rotation of a zigzag chain of Sc3C2@Ih-C80 inside a
SWNT causing structural deformation that leads to an elliptical cross section.
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dapted with permission from Ref. [167]. Copyright 2008 American Chemical
ociety.

c3C2@C80 is a promising candidate for the design of novel elec-
ronic devices.

.4. Potential applications

Gadolinium-containing MCCFs, Gd2C2@C84 and Gd2C2@C92, in
heir water-soluble forms may  contribute to the development
f second-generation relaxation agents for magnetic resonance
maging (MRI) [165]. Likewise, lutetium-based MCCFs, such as
u3C2@C88, may  serve as multifunctional contrast agents for X-ray,
RI, and radiopharmaceuticals due to the high absorptivity of the

u atoms [166].
The flexible motions of the metal carbide clusters inside the

ullerene cages may  lead to potential use of the MCCFs as molec-
lar devices. For example, the temperature-dependent cluster
otions alter the symmetry of Sc2C2@C80 (Cs and C2v at low and

igh temperature, respectively), which renders this MCCF a use-
ul molecular thermometer [26]. Featuring a C2 rotor, Sc2C2@C84
53] and Y2C2@C92 [42], together with the nesting Russian-doll
c4C2@C80 [29,104], may  find application in quantum information
rocessing.

In addition, the encapsulation of MCCFs into nanotubes can
reate hybrid nanomaterials, i.e., peapods, which exhibit intrigu-
ng functional characteristics. Warner et al. observed in their TEM
xperiments that Sc3C2@Ih-C80 molecules assumed a zigzag pack-

ng structure to coalesce into 10 nm long chains, which slowly
otated inside single-walled carbon nanotubes (SWNTs) (Fig. 28)
167]. Along with the rotation, the diameter of the SWNTs expanded
nd contracted in turn. The authors attributed this phenomenon
eviews 270–271 (2014) 89–111

to the higher HOMO energy level and smaller ionization potential
of Sc3C2@Ih-C80 compared to conventional fullerenes, which facil-
itate its ionization under electron beam irradiation. To minimize
Coulomb repulsions, a zigzag packing arrangement is favored for
the inner charged cages, which subsequently induces strain on the
SWNT and deforms its cross section. Accordingly, it was suggested
that the Sc3C2@Ih-C80 peapods might hold potential application for
nanoactuation. In addition, Iijima et al. demonstrated that the local
DOS of SWNTs can be modulated by encapsulating both Pr@C82 and
Sc3C2@C80 simultaneously [168].

On the other hand, MCCFs such as Sc3C2@C80 [27] and
Lu3C2@C88 [41] hold unusual open-shell electronic configurations;
their paramagnetisms can be finely tuned by exohedral function-
alization [157,159] and have potential applications in magnetic
materials. For Er2C2@C82, the enhanced near-infrared photolu-
minescence at 1520 nm from the Er3+ ions promises possible
application in designing novel optical materials [36]. The successful
fabrication of its ordered two-dimensional layer structure paved
the way toward future nanoapplication of this MCCF molecule
[169].

6. Concluding remarks

Tremendous efforts have been devoted to MCCFs during the
last decade; however, this novel branch of the EMFs is still in
its infancy, and many plausible members have not been conclu-
sively identified to date. For instance, in the early gas-phase ion
mobility measurements of various Sc-containing EMFs, Shinohara
and co-workers detected two  cage sizes (Cn

+ and Cn−2
+) for most

Sc2Cn
+ (n ≤ 86), and only the smaller size for the larger ones (n

≥ 88) [66]. The smaller cages might correspond to carbide met-
allofullerenes. Three Ti2C84 isomers were previously isolated and
characterized by mass spectrometry, UV–vis–NIR, and EELS spec-
troscopy [170]. It is likely that new MCCFs will be found in the
form of Ti2C2@C82. Shinohara and coworkers recently reported a
linear relationship between the effective volume and the number
of carbon atoms of the EMFs [171]. Based on this finding, they sug-
gested many probable MCCFs, including Sc2C2@C72 (confirmed in
Ref. [20]), Sc2C2@C74, Sc2C2@C76, Ti2C2@C82(II, III), Y2C2@C80(II),
Lu2C2@C72, Lu2C2@C74(I), Lu2C2@C80, and Lu2C2@C82(III).

There are many more examples regarding other metal elements.
Yang et al. detected a series of mass spectrum signals for digadolin-
ium endohedrals with cage sizes ranging from C90 to C124; only
a few were subjected to further characterization [44]. In addition
to the already confirmed Gd2C2@D3(126408)-C92, more MCCFs,
such as Gd2C2@C98 and Gd2C2@C104, will likely be discovered.
Tagmatarchis et al. previously isolated 17 didysprosium metallo-
fullerenes, namely Dy2C80(I), Dy2C82(I), Dy2C84(I, II, III), Dy2C86(I,
II), Dy2C88(I, II), Dy2C90 (I, II, III), Dy2C92(I, II, III), and Dy2C94(I,
II) [131], among which only the three Dy2C84 isomers were hith-
erto proposed to be MCCFs [33,34]. An intriguing question arises:
how many Dy-based MCCFs members are hiding among them? In
addition to the two Dy2C94 isomers, Yang et al. also prepared and
isolated Dy2C98 and Dy2C100 [101]. The latter was  suggested as a di-
EMF  Dy2@D5(285913)-C100 structure in the subsequent theoretical
studies [145,172]. No convincing experimental evidence is avail-
able so far, however, and one still cannot preclude an alternative
formula of a MCCF Dy2C2@C98.

Partially due to their unfavorable HOMO-LUMO energy gaps,
giant fullerenes are generally poorly soluble in common solvents.
The largest crystallographically characterized EMF  so far is Sm2C104

(I), which is a conventional di-EMF, Sm2@D3d-C104 [6,132]. In addi-
tion to this isomer, two other isomers Sm2C104 (II, III) with lower
production yields remain unidentified. The UV–vis–NIR spectra
indicated that their cage geometries are different from the most
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bundant isomer (I). Thus, an alternative Sm2C2@C102 carbide
tructure likely exists among them.

In sharp contrast to conventional EMFs, no lanthanum-
ontaining MCCF has been experimentally reported. Along with
a2C80, insoluble compositions ranging from La2C74 to La2C100,
nd from La3C102 to La3C126, were detected in mass spectra but
ere not structurally identified [10]. The recent breakthrough work

y Balch and coworkers is significant and encouraging. By using
hlorobenzene instead of common toluene as an HPLC eluent, they
uccessfully detected a variety of higher fullerenes ranging from
a2C90 to La2C138 and characterized an abundant species as di-EMF
a2@D5(285913)-C100 using single-crystal XRD [5]. Therefore, there
s a possibility of finding La-based MCCF in these massive samples,
specially for those featuring large tubular shapes [173].

In summary, MCCFs are ubiquitous. MCCFs coexist with con-
entional EMFs or even cover all isomeric forms of a given
etallofullerene. The carbon encapsulation stabilizes the other-
ise labile metal cluster and leads to brand-new intramolecular

nteractions. The incorporation dramatically modifies the elec-
ronic structure of an MCCF, which consequently exhibits entirely
ifferent properties than conventional EMFs of the same cage size.
he chemical functionalization endows MCCFs with versatile prop-
rties for many practical applications. Despite the difficulties of
recise structural identification, with the advance of rapid sepa-
ation and characterization methods [162,171,174], undoubtedly,
any new MCCFs members will continuously appear in the near

uture, and keep us refreshed.
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