Coordination Chemistry Reviews 270-271 (2014) 89-111

Contents lists available at ScienceDirect DDDRDMON ’

Coordination Chemistry Reviews

journal homepage: www.elsevier.com/locate/ccr

CHEMISTRY REVIL

Review
Carbon atoms trapped in cages: Metal carbide clusterfullerenes @CmsMaIk

Peng Jin®**, Chengchun Tang?, Zhongfang Chen"*

3 School of Material Science and Engineering, Hebei University of Technology, Tianjin 300130, PR China
b Department of Chemistry, Institute for Functional Nanomaterials, University of Puerto Rico, San Juan, PR 00931, USA

Contents

B oL oo LE U 5 ) o
2. Conventional or unconventional? (M;@Cy,+3 vs. M, C,@Cy;,)
2.1. SCz@C70 VS. SC2C2@C63
2.2. SCz@C74 VS. SC2C2@C72
2.3. SCz@ng VS. SCzCz@C73
2.4. Tiz@Cgo VS. TizCz@C73
2.5. SCz@ng VS. SC2C2@C80
2.6. Sc3@Cg; vs. Sc3C,@Cg
2.7. SC4@C32 VS. SC4C2@C80
2.8. SCZ@C34 VS. SC2C2@C32
2.9. Yz@Cg4 VS. YzCz@ng ..........................................................................................................................
2.10. Other clusterfullerenes containing two entrapped carbons ...
2.11.  Other clusterfullerenes containing one entrapped carbon ................
3. Novel structures and cluster-cage interplay
3.1.  Compressed Metal Carbide ClUSTETS ... ....uu.i ettt ettt ittt ittt e ettt e e et e e e et te e e e ee e e ee e e tee e e te e e iaeeeenaaaes
3.2, EXpanded and diStOr e CagS. .. .uuuun ettt ettt ettt i et ettt e et ee ettt e e e et e e et et e e e e et
15700 R 21 (<ot s 03 o) (o0 0 € el 11D < N
2 S 1§11 g Lo 1 <) 30 =
3.5. Effect of acetylide ion encapsulation.....................
3.5.1. Bonding nature of the acetylide ion.............
3.5.2. C3 NMR chemical shift.............ccooiiiiiiiiiiiii i,
3.5.3. Effect of additional C;: M,,@Cy,, vs. M;;,C,@C,
20 1T <) w0310 0 (o) o I N
S 25 0] 31T | = I =T Lot L
5.  Properties and POteNtial AP PIiCAtIONS . ... ..ttt ettt ettt ettt ettt e et et et et e et e et e et
5.1.  Electrochemical properties.................
5.2. Magnetic properties......................
5.3.  Electronic transport properties
ST S oo =3 1 Ui -1 =1 o) o) 1o (o) 3
[ o Vel T | o /=) 1 0 =

Received in revised form 23 October 2013
Accepted 24 October 2013
Available online 5 November 2013

Va4 10} T2 1=Ta o 013 3L

] () <) Ul
ARTICLE INFO ABSTRACT
Ar fic{e history: Metal carbide clusterfullerenes (MCCFs), which trap two carbon atoms together with metal atom(s) inside
Received 15 July 2013 the fullerene cage, are a novel branch of endohedral metallofullerenes (EMFs). This review presents an

exhaustive survey of recent research progress in MCCFs. After a detailed enumeration of the structural
establishments of representative MCCFs, their novel structures, intriguing cluster-cage interplays, fasci-
nating properties, and potential applications are highlighted. Moreover, a variety of new MCCF members

are suggested for future identification.
Keywords:

Fullerenes
Endohedral metallofullerenes
Clusters

© 2013 Elsevier B.V. All rights reserved.

* Corresponding author. Tel.: +1 7875526811.
** Corresponding author.
E-mail addresses: china.peng.jin@gmail.com (P. Jin), zhongfangchen@gmail.com (Z. Chen).

0010-8545/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.ccr.2013.10.020


dx.doi.org/10.1016/j.ccr.2013.10.020
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ccr.2013.10.020&domain=pdf
mailto:china.peng.jin@gmail.com
mailto:zhongfangchen@gmail.com
dx.doi.org/10.1016/j.ccr.2013.10.020

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

1. Introduction

Endohedral metallofullerenes (EMFs) are novel nanomaterials
enclosing a variety of metal ions or metal-containing clusters in
various fullerene cages [1-3]. In the past two decades, EMFs have
attracted widespread attention due to their unique structures and
properties that are remarkably different from their parent cages.
A ubiquitous feature of EMFs is the existence of substantial charge
transfer from the encased species to the outer carbon frameworks.
The negatively charged cages exhibit stabilities that are entirely
different from those of the neutral cages. Thus, the formation of
EMFs has been employed to help stabilize and synthesize many
otherwise labile fullerenes that violate the isolated pentagon rule
(IPR) [4] or are of large size [5,6]. More significantly, the physical
and chemical properties of EMFs can be tuned by changing the
encapsulated species, which endows EMFs with many promising
applications in photovoltaics, spintronics, biomedicines, and
functional materials [1-3].

Since the first experimental detection of LaCgg in 1985 [ 7], EMFs
have a history only a few days shorter than the celebrated Cgg
buckyball [8]. EMFs can be classified in terms of the encapsulated
species. Two classical types, monometallofullerenes (mono-EMFs)
and dimetallofullerenes (di-EMFs), can be distinguished according
to the number of the encased metals. The first stable mono-
EMF La@Cg; [9] and di-EMF La,@Cgg [10] were both isolated in
1991. Because the formal charge transferred from each metal to
the cage is 3 e, their electronic configurations can be denoted as
La3*@Cg,3~ and (La3*),@Cgob-, respectively. Thereafter, numerous
conventional endofullerenes composed of different metals and cage
sizes were successfully synthesized, isolated, and characterized.
The encaged metals originate from Groups I to IV on periodical
table, with lanthanide being the most popular.

In 1999, the first trimetallic nitride template (TNT) Sc3sN@Cgg
was accidentally discovered (due to N, leakage into the arc dis-
charge chamber) by Stevenson et al. and announced the birth of
a brand-new branch of EMFs: clusterfullerenes [11]. Its production
yield is lower than Cgg and C7¢ and retains the most abundant EMFs
thus far. The successful synthesis of ScsN@Cgy drove a new wave
of clusterfullerene fever [12]. To date, in addition to the classical
metal nitride clusters (M3N, such as Sc3N, Y3N, ErsN, and Gd3N),
the inner compositions have expanded to metal carbides (M 34Ca,
e.g., Sc;C,@Cgy) [13], hydrogenated metal carbides (Sc3CH, e.g.,
Sc3CH@Cgp) [14], metal nitrogen carbides (Sc3NC, e.g., ScsNC@Cgq)
[15], metal oxides (Sc; 401 23, .., Sc40,@Csp) [ 16], and metal sul-
fides (Sc,S, e.g., Sc;S@Cg;) [17]. These achievements have greatly
enriched the EMF family.

During this “new gold rush era”, however, many previously
assumed classical EMF structures were seriously challenged. The
crisis began in 2001 from the breakthrough reassignment of a
Sc,Cge isomer, the previously assumed di-EMF Sc,@Cgg (1), as
the first metal carbide clusterfullerene (MCCF) Sc;Co@Cgyq [13].
In this unprecedented molecule, a C, pair is “abandoned” by
the Cg4 cage carbons from constituting an otherwise Cgg skele-
ton and is unusually trapped together with the Sc atoms inside
the hollow. Following this prototype, a variety of new mem-
bers have joined the MCCF community through experimental
findings and/or theoretical predictions, including Sc;C,@Cgg [18],
Y,C,@Cgg []9], La, G, @Cgg []9], Sc; G, @Coy [20], Scy; G, @Cqg [2]],
TizCz@C78 [22—24], Zr2C2@C78, Hszz@C7g [25], SC2C2@C80 [26],
Sc3C,@Cgg [27,28], Sc4C,@Cgg [29], SCZCZ@ng(], I, H]) [30—32],
YzCz@ng(I, II, IH) [33,34], EI'YCz@ng [35], El"zCz@ng(I, II, H[) [36],
Y,Co@Cgy [37-39], GdyCo@Cgy [39], ScCo@Cgg [40], Lu3Co@Cgg
[41], SCZCZ@CQO [40], YzCz@ng [37,42], GdzCz@ng [43,44], and
Y2C,@Cqgo [37]. A number of these MCCFs have been defini-
tively characterized using single-crystal X-ray crystallography
(Table 1). Currently, the synthesis and characterization of new

Table 1
Complete list of all reported MCCFs.

MCCFs Single-crystal structure available?
Sc; G, @Ceg No
Yz Cz @C(;g No
Lay G, @Ceg No
SCZ Cz @C72 Yes
SCZ Cz @C78 No
Ti,C,@Cyg No
Zry Cz @C73 No
Hfz Cz @C7g No
Sc2C,@Cgp Yes
Sc3C@Cg Yes
SC4 Cz @Cgo No
Sc;G@C; Yes
Y,C,@Cs; No
EI'YCZ @ng No
El'z Cz @ng No
Scy G, @Cgy Yes
Y2C,@Cgy No
Gdy G, @Cgy Yes
Sc2C,@Cg No
LLl3 Cz @Cgs No
SC2 Cz @Cgo No
Y,C,@Cop No
GdyC,@Cqp Yes
Yz Cz @C] 00 No

MCCFs has become a notably active research areain 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@Cgg [14] and ScsNC@Cgqg [15], are
also covered.

2. Conventional or unconventional? (M, @Cz,., VS.
Mm c2 @CZH )

As mentioned above, the story of MCCFs began with the struc-
ture characterization of Sc;Cgg, 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 Sc,@Cgg
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 Sc,Cgg (I) in CS, 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 Cgg [48],
however, can exhibit this spectral feature. Therefore, an alterna-
tive Sc;C,@Cg4 formula with a novel Sc;C; metal carbide unit
inside an IPR-satisfying D,4(51591)-Cg4 cage [49] was conceived
(Fig. 1b). D54(51591)-Cg4 is also one of the most abundant Cgy
fullerenes. The 13C NMR spectrum was thus rationalized: 11 of the
12 NMR signals (6=129.55-148.27 ppm) stemmed from the par-
ent Cgyq cage, whereas the signal at § =92 ppm was attributed to
the internal Sc,C, 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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