
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
 2

01
9.

 D
ow

nl
oa

de
d 

on
 0

1-
11

-2
02

5 
03

:3
3:

37
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Crystallographic
aState Key Laboratory of Materials Processin

Materials Science and Engineering, Huazho

1037 Luoyu Road, Wuhan, 430074 China. E
bSchool of Materials Science and Engineering

300130 China. E-mail: china.peng.jin@gma

† Electronic supplementary information (
1528691, 1811906, 1812135 and 1812333.
or other electronic format see DOI: 10.103

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2019, 10, 4707

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 24th February 2019
Accepted 25th March 2019

DOI: 10.1039/c9sc00941h

rsc.li/chemical-science

This journal is © The Royal Society of C
characterization of Y2C2n (2n¼ 82,
88–94): direct Y–Y bonding and cage-dependent
cluster evolution†
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Peng Jin, *b Hongyun Fang,*a Yunpeng Xie, *a Takeshi Akasakaa and Xing Lu *a

Direct yttrium–yttrium bonding has been a long-sought puzzle in organometallic chemistry to understand

the catalytic processes that involve yttrium. Herein, we report the first crystallographic authentication of

direct Y–Y bonding inside the hollow cavity of fullerene cages by forming endohedral metallofullerenes

(EMFs). Based on an efficient separation/purification process, which involves Lewis-acid treatment and

HPLC separation, we have obtained sufficient amounts of a series of Y2C2n (2n ¼ 82, 88–94) isomers for

systematic studies. The unambiguous single-crystal X-ray diffraction (XRD) crystallographic results show

that two of them are di-EMFs, namely Y2@Cs(6)-C82 and Y2@C3v(8)-C82, in which the long-sought Y–Y

single bond between the two divalent yttrium ions is experimentally confirmed for the first time. In

contrast, all the other EMFs with relatively large cages are carbide cluster metallofullerenes (CCMFs),

namely, Y2C2@Cs(15)-C86, Y2C2@C1(26)-C88, Y2C2@C2(41)-C90 and Y2C2@C2(61)-C92. Consistently, our

computational results prove that these experimentally obtained EMFs are all abundant at the high

temperatures for fullerene formation (�1500–3000 K) due to the strong coordination ability of yttrium

ions, which enables the formation of either direct Y–Y bonds (for Y2@Cs(6)-C82 and Y2@C3v(8)-C82) or

the inclusion of a C2-unit (in Y2C2@Cs(15)-C86, Y2C2@C1(26)-C88, Y2C2@C2(41)-C90 and Y2C2@C2(61)-

C92). Our results suggest that metal atoms such as yttrium tend to adopt a low valence state during the

arc-discharge process because of the presence of the highly reductive carbon plasma in the chamber,

enabling the formation of an Y2 dimer with direct Y–Y bonding in small cages like C82.
Introduction

The pursuit of novel metal–metal bonds, either supported or
unsupported, is of fundamental importance for the in-depth
understanding of industrial catalysis, surface chemistry and
even bio-inorganic processes.1 Unsupported bonds are more
attractive because ligand bridging may alter the nature of
metal–metal bonding.2 Metal–metal bonds involving elements
in the f-block, especially rare-earth metals including scandium
and yttrium, have attracted much attention to advance new
bonding theory or novel chemical transformations.3 Most of the
studies have focused on the synthesis and characterization of
such complexes containing metal–metal bonds between a rare-
earth metal and a main group or a transition metal. To the best
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of our knowledge, conrmed direct metal–metal bonding
between pure rare-earth elements is very rare.2

The advent of fullerenes whose hollow cavity can host
a variety of metallic elements to form endohedral metal-
lofullerenes (EMFs) presents a huge possibility for the investi-
gation of metal–metal interactions by using single crystal X-ray
diffraction (XRD) studies.4–6 Traditional EMFs are those encap-
sulating one or two metal atoms, which transfer a certain
number of electrons to the cage.7,8 When multiple metal ions
are introduced into the cages, a non-metal element is generally
required to stabilize the whole cluster to form species such as
a metal carbide,9–11 nitride,12,13 sulphide,14 oxide15–17 and even
cyanide.18,19

In principle, the positively charged metal ions suffer from
strong Coulomb repulsion inside fullerene cages. For example,
the estimated repulsion energy between the two La ions in
La2@C80 is as high as 10 eV, which is comparable to the
dissociation energy of the strongest covalent bonds like the N–N
triple bond (9.8 eV).20 Accordingly, direct (unsupported) metal–
metal bonding has not been realized in EMFs until the theo-
retical analysis of Y2@C79N revealing a single-electron bond
between the two repulsive metal ions.21 In the following studies,
single-electron bonds between two metal ions have also been
Chem. Sci., 2019, 10, 4707–4713 | 4707
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Fig. 1 Perspective drawings showing the internal yttrium sites. (a) 8 in
Y2@Cs(6)-C82, (b) 14 in Y2@C3v(8)-C82, (c) 4 in Y2C2@Cs(15)-C86, (d) 4 in
Y2C2@C1(26)-C88, (e) 8 in Y2C2@C2(41)-C90, and (f) 17 in Y2C2@C2(61)-
C92.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
 2

01
9.

 D
ow

nl
oa

de
d 

on
 0

1-
11

-2
02

5 
03

:3
3:

37
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
observed for functionalized or reduced M2@C80 compounds (M
¼ La, Y and Dy).22–24 These results are explained theoretically by
Popov and co-workers by considering metal-localized HOMOs
which exhibit pronounced metal–metal bonding character.20 In
addition, theoretical calculations of Lu2@C76 (ref. 25) predicted
the presence of a normal metal–metal bond between the two
Lu2+ ions, and crystallographic evidence for direct Lu–Lu
bonding has been reported recently by our group in a series of
Lu-containing EMFs, such as Lu2@C2n.26,27 These results
suggest that the conned inner space of fullerene cages can
restrict the separation of the repulsive metal ions so as to
facilitate the formation of metal–metal bonds, which stimulates
us to seek for other unsupported metal–metal bonds between
rare earth metals.

Herein, we report the isolation and systematic characteriza-
tion of a series of di-yttrium EMFs, namely Y2@Cs(6)-C82,
Y2@C3v(8)-C82, Y2C2@Cs(15)-C86, Y2C2@C1(26)-C88, Y2C2@C2(41)-
C90 and Y2C2@C2(61)-C92. Importantly, this is the rst crystallo-
graphic identication of di-yttrium EMFs, Y2@Cs(6)-C82 and
Y2@C3v(8)-C82, featuring unsupported Y–Y bonds. Prior to our
work, direct yttrium–yttrium contacts have only been observed in
the interstitial compounds Y4I5C and Y6I7C2 (ref. 28) but never in
any organometallic complexes. Interestingly, our results show
that the cluster conguration changes fromY2 to Y2C2 as the cage
enlarges accompanied by the donation of the valence electrons
forming a Y–Y bond with the inserted C2-unit, and Y2C2@C2n (2n
¼ 86–92) are nally formed.

Results and discussion

Soot containing Y2C2n (2n ¼ 82, 88–94) isomers was synthesized
by a direct-current arc discharge method and Y2C2n isomers
were isolated via a combinational process involving Lewis-acid
treatment and high performance liquid chromatography
(HPLC) separation (Fig. S1–S5†). Experimental details are
provided in the ESI.† The analytical HPLC chromatograms
(Fig. S6†) and the laser-desorption/ionization time-of-ight
(LDI-TOF) mass spectra (Fig. S7†) of Y2C2n (2n ¼ 82, 88–94)
reveal their high purity which guarantee the following
characterization.

Co-crystals of Y2C2n (2n ¼ 82, 88–94) with NiII(OEP) (OEP ¼
2,3,7,8,12,13,17,18-octaethylporphyrin dianion) were obtained
by layering a benzene solution of NiII(OEP) over the CS2 solution
of each Y2C2n isomer, and were used to unambiguously deter-
mine their molecular structures by single-crystal X-ray diffrac-
tion (XRD) crystallography. Details of the crystallographic data
are listed in Table S1.† The results unambiguously conrm that
two of them are di-EMFs with relatively small cages, namely
Y2@Cs(6)-C82 and Y2@C3v(8)-C82, whereas the others are all
carbide cluster metallofullerenes (CCMFs), i.e., Y2C2@Cs(15)-
C86, Y2C2@C1(26)-C88, Y2C2@C2(41)-C90, and Y2C2@C2(61)-C92,
respectively. Although the Cs(6)-C82, C3v(8)-C82 and C2(41)-C90

cages have been observed for other EMFs, such as Lu2@Cs(6)-
C82, Lu2@C3v(8)-C82 and La2C2@C2(41)-C90,26,29 the Cs(15)-C86,
C1(26)-C88 and C2(61)-C92 cages are unprecedented.

Inside the fullerene cages, the yttrium atoms show some
degree of disorder. Details of the disorder are illustrated in
4708 | Chem. Sci., 2019, 10, 4707–4713
Fig. 1 and the occupancy values are summarized in Table S2.† In
the two di-EMFs, 8 and 14 yttrium sites were found for the two Y
atoms in Cs(6)-C82 and C3v(8)-C82, respectively, indicating
a motional behavior of the Y atom to pursue strong yttrium–

cage interactions. As for the CCMFs, i.e., Y2C2@Cs(15)-C86,
Y2C2@C1(26)-C88, Y2C2@C2(41)-C90, and Y2C2@C2(61)-C92, the
number of the disordered yttrium sites increases along with
cage expansion (Fig. 1). In detail, the Y2C2 unit displays 4, 4, 8
and 17 sites in Cs(15)-C86, C1(26)-C88, C2(41)-C90 and C2(61)-C92,
respectively. It appears that the motional behavior of the metal
atoms inside fullerene cages is an effective way to ensure
sufficient metal–cage/metal–C2 unit interactions.

Moreover, the representative structural data of Y2C2n (2n ¼
82, 88–94) isomers, such as the structural parameters of the
internal species, and Ni–cage and Y–cage distances, are
summarized in Table S3.† In detail, the shortest Y–cage
distances are 2.321 Å, 2.357 Å, 2.203 Å, 2.041 Å, 2.010 Å and
2.042 Å for Y2@Cs(6)-C82, Y2@C3v(8)-C82, Y2C2@Cs(15)-C86,
Y2C2@C1(26)-C88, Y2C2@C2(41)-C90 and Y2C2@C2(61)-C92,
respectively. These values are comparable to those observed for
the derivatives of Y2C2@Cs(6)-C82,30 suggesting strong Y–cage
interactions. Moreover, the distances between the Y ions and
the internal C2 units for these CCMFs range from 2.034 Å to
This journal is © The Royal Society of Chemistry 2019
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2.711 Å (Table S3†), which are similar to that observed for
Y2C2@C1(1660)-C108, representing typical coordination bonds.31

Fig. 2 presents the molecular structures of these EMFs
showing the major components together with the co-crystal-
lized NiII(OEP) molecule. The shortest Ni–cage distances range
from 2.725 Å to 3.027 Å, suggesting substantialp–p interactions
between the fullerene cage and NiII(OEP). For M2@C2n-type
EMFs, Popov et al. have suggested theoretically that the internal
metals may not adopt their highest oxidation states, thus
yielding a possibility of covalent metal–metal bonding in such
EMFs as Lu2@C76 and M2@C82 (M ¼ Sc, Y, Er, Lu, etc.).20,25,32

Indeed, our concrete crystallographic results reveal that
Lu2@C2n (2n ¼ 82–86) are all di-EMFs with a Lu–Lu single bond
formed between the two internal lutetium ions.26 Consistently,
formation of the Y–Y bond is also conrmed by our crystallo-
graphic results of the two di-EMFs. The Y–Y distances between
the major Y sites are 3.635 Å and 3.596 Å for Y2@C3v(6)-C82 and
Y2@Cs(8)-C82, respectively, which are comparable to the calcu-
lated Y–Y single bond length (3.695 Å) for Y2@C82 isomers,20,32

conrming that each Y atom adopts a low divalent state of +2
and the third valence electron is donated to form the metal–
metal bond.

As for the CCMFs, the Y–Y distances between the twomajor Y
sites are 4.121 Å, 4.271 Å, 4.024 Å, and 4.349 Å, for Y2C2@Cs(15)-
C86, Y2C2@C1(26)-C88, Y2C2@C2(41)-C90, and Y2C2@C2(61)-C92,
Fig. 2 ORTEP drawings of (a) Y2@Cs(6)-C82, (b) Y2@C3v(8)-C82, (c)
Y2C2@Cs(15)-C86, (d) Y2C2@C1(26)-C88, (e) Y2C2@C2(41)-C90, and (f)
Y2C2@C2(61)-C92. Only one cage orientation and the predominant
cluster site are shown, while minor sites and solvent molecules are
omitted for clarity.

This journal is © The Royal Society of Chemistry 2019
respectively (Table S3†), which are all much longer than the
theoretical value of an Y–Y single bond (3.695 Å),20,32 thus
enabling the insertion of a C2-unit to coordinate with the two Y
atoms. In addition, the C–C distances of the C2 unit in
Y2C2@Cs(15)-C86, Y2C2@C1(26)-C88, Y2C2@C2(41)-C90, and
Y2C2@C2(61)-C92 are 1.075 Å, 1.131 Å, 1.052 Å, and 1.046 Å,
respectively, indicative of typical C–C triple bonds (Fig. S8 and
Table S3†).33–36

Fig. 3 shows the visible-near-infrared (Vis-NIR) absorption
spectra of the EMFs dissolved in carbon disulde (CS2) under
study, all showing characteristic bands in the range of 400–1400
nm, as summarized in Table S4.† Specically, the absorption
onsets result in a large optical bandgap for Y2@C3v(8)-C82 (1.13
eV), small bandgaps for Y2C2@Cs(15)-C86 (0.72 eV) and
Y2C2@C2(41)-C90 (0.86 eV), and moderate bandgaps for
Y2@Cs(6)-C82 (0.90 eV), Y2C2@C1(26)-C88 (0.91 eV) and
Y2C2@C2(61)-C92 (0.98 eV).

The two di-EMFs, namely Y2@C3v(8)-C82 and Y2@Cs(6)-C82,
and the largest CCMF, Y2C2@C2(61)-C92, are chosen as repre-
sentatives for the study of their electrochemical properties by
cyclic voltammetry (Fig. S9†), whereas the redox behaviors of the
other EMFs under study have not been obtained due to their
limited amounts. In general, these three EMFs exhibit one
reversible oxidation step and four reversible reduction
processes (Fig. S9†). The detailed redox potentials are given in
Table 1 along with the values of related EMFs for comparison. It
is noteworthy that the rst oxidation potentials for the two di-
EMFs, i.e., Y2@Cs(6)-C82 and Y2@C3v(8)-C82, are identical (�0.16
V), which are much lower than that of Y2C2@C2(61)-C92 (0.28 V)
as well as those of the other di-EMFs reported previously,22,26,37,38

such as Sc2@C3v(8)-C82 (0.05 V), Lu2@Cs(6)-C82 (0.34 V) and
La2@Ih(7)-C80 (0.56 V), revealing their high electron affinity.
These results are in good agreement with the speculation by
Popov et al. and show the metal dependence of the rst oxida-
tion potential for di-EMFs with the same cages, which is ratio-
nalized through analysis of the energy of M–M bonding
molecular orbitals because the electron should be removed
from M–M bonding orbitals in the rst oxidation process.32
Fig. 3 Vis-NIR absorption spectra of Y2C2n (2n ¼ 82, 88–94) isomers
dissolved in CS2.

Chem. Sci., 2019, 10, 4707–4713 | 4709
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Table 1 Redox potentials (V vs. Fc/Fc+)a of Y2@C3v(8)-C82, Y2@Cs(6)-C82 and Y2C2@C2(61)-C92 along with those of related EMFs

EMFs oxE1
redE1

redE2
redE3

redE3 Egap
b Ref.

Y2@C3v(8)-C82 �0.16 �1.23 �1.61 �2.18 �2.46 1.07 This work
Sc2@C3v(8)-C82 0.02 �1.16 �1.53 �1.73 �2.02 1.18 32
Er2@C3v(8)-C82 0.13 �1.14 �1.41 �1.83 — 1.27 32
Lu2@C3v(8)-C82 0.50 �1.16 �1.46 �1.77 — 1.66 32
Y2@Cs(6)-C82 �0.16 �1.06 �1.39 �1.85 �2.15 0.90 This work
Er2@Cs(6)-C82 0.02 �1.01 �1.31 — — 1.03 32
Lu2@Cs(6)-C82 0.34 �1.02 �1.35 �1.77 — 1.36 26
Y2C2@C2(61)-C92 0.28 �1.00 �1.49 �1.73 �1.98 1.28 This work

a Half-cell potentials are given unless otherwise stated. b Egap ¼ (oxE1 � redE1).

Fig. 4 Computed molar fraction as a function of temperature for the
low-lying isomers of (a) Y2C82, (b) Y2C88, (c) Y2C90, (d) Y2C92, and (e)
Y2C94. The isomers marked with red boxes are experimentally

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
 2

01
9.

 D
ow

nl
oa

de
d 

on
 0

1-
11

-2
02

5 
03

:3
3:

37
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Hence the lowest rst oxidation potential of Y2@C82 (e.g., C3v(8)-
or Cs(6)-C82) among M2@C82 (M ¼ Sc, Y, Lu and Er) is probably
ascribed to the high energy of the Y–Y bonding orbital.20 In
addition, the redox potentials of Y2@C3v(8)-C82 are cathodically
shied as compared to the corresponding values of M2@C3v(8)-
C82 (M ¼ Sc, Er and Lu),32 indicating that the electrochemical
properties of EMFs can be readily manipulated by adjusting the
encapsulated species inside the cages.

Density functional theory (DFT) calculations at the M06-2X/
6-31G*�SDD level were conducted to rationalize the formation
of these stable Y2C2n (2n ¼ 82, 88–94) isomers. Fig. S10† depicts
their optimized geometries, which agree well with the X-ray
structures. For the two di-EMFs, the optimized Y–Y distances
are 3.60 Å and 3.54 Å for Y2@Cs(6)-C82 and Y2@C3v(8)-C82,
respectively, which are consistent with our crystallographic
results, clearly indicating a direct Y–Y bond between the two
yttrium ions. Moreover, it was proposed that both the Cs(6)-C82

and C3v(8)-C82 cages have a low-lying LUMO and LUMO+1, but
a high-lying LUMO+2, whose energies are higher than that of
the Y–Y bonding MO.20 Therefore, the two Y atoms ([Kr]4d15s2)
tend to adopt the divalent state with the remaining two elec-
trons paring to generate an Y–Y single bond. Indeed, our
calculations for Y2, Cs(6)-C82, C3v(8)-C82, Y2@Cs(6)-C82 and
Y2@C3v(8)-C82 conrm that there are large energy gaps between
the LUMO+2 of the two hollow cages and the HOMOs of the Y2

dimer, implying unfavorable electron transfer from the latter to
the former (Fig. S11†). Further natural bond orbital (NBO)
analysis demonstrates that the two Y atoms in the two Y2@C82

isomers form an Y–Y single bond with an electron occupancy of
1.97 e, which is supported by the calculatedWiberg bond orders
(WBOs) for Y2@Cs(6)-C82 and Y2@C3v(8)-C82 ranging from 1.11
to 1.12 (Table S5†). The Y–Y bonds have spd-hybrid character
with the Y-5s orbitals contributing the most to the metal
bonding MOs, and each Y atom donates one 4d electron and
one 5s electron to the cage.

As for the CCMFs, however, the calculated Y–Y distances in
Y2C2@Cs(15)-C86, Y2C2@C1(26)-C88, Y2C2@C2(41)-C90, and
Y2C2@C2(61)-C92 are as long as 4.53 Å, 4.25 Å, 4.40 Å and 4.56 Å,
respectively, which are consistent with the X-ray diffraction
values, indicating the absence of direct Y–Y bonding. Consis-
tently, the calculated WBO values for these CCMFs range from
0.29 to 0.41 (Table S5†), revealing clearly that the valence elec-
trons forming the Y–Y bond in di-EMFs are donated to the C2-
unit to form the CCMFs.
4710 | Chem. Sci., 2019, 10, 4707–4713
Further computational studies were done on different low-
lying Y2C2n (2n ¼ 82, 88–94) isomers in either the Y2@C2n or
Y2C2@C2n�2 form to rationalize the existence of the experi-
mentally obtained Y2C2n isomers. Fig. S12† to S16 show their
optimized structures and relative energies as well as HOMO–
LUMO gap energies. Since fullerenes and EMFs are formed at
very high temperatures (1500–3000 K) under arc discharge
conditions,39 we have also analyzed the relative stability of the
most favorable EMFs in terms of their relative Gibbs free
energies.40 As clearly shown in Fig. S12,†Y2@Cs(6)-C82 and
Y2@C3v(8)-C82 are the lowest-energy ones among all the
considered isomers, and Fig. 4a clearly shows that they are the
most abundant isomers in the temperature range for EMF
formation. In comparison, when the number of carbon atoms
increases from C88 to C90, our calculations reveal that the
experimentally obtained CCMF isomers, Y2C2@Cs(15)-C86 and
Y2C2@C1(26)-C88, are more than 8.2 kcal mol�1 higher in energy
obtained.

This journal is © The Royal Society of Chemistry 2019
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than the corresponding lowest-lying di-EMFs isomers (Fig. S13
and S14†). However, when the Gibbs energy is taken into
account, they become themost abundant isomers above 1500 K,
with the molar fractions of the corresponding di-EMFs being
almost negligible (Fig. 4b and c).

As for Y2C92�94, Y2C2@C2(41)-C90, Y2C2@C2(61)-C92 and their
corresponding di-EMF isomers are mixed in terms of their
potential energy, and the most stable Y2C92 and Y2C94 are both
CCMFs, namely, Y2C2@C2(41)-C90 and Y2C2@D3(85)-C92,
respectively (Fig. S15 and S16†). From Fig. 4d, we can see that
Y2C2@C2(41)-C90 is the dominant species in the whole range of
temperatures up to 5000 K. Moreover, as for Y2C94, although
Y2C2@D3(85)-C92 is the dominant species at low temperatures,
the concentration of the experimentally obtained Y2C2@C2(61)-
C92 rapidly increases when the temperature rises, nally
surpassing that of Y2C2@D3(85)-C92 aer 3400 K (Fig. 4e).

Overall, our experimental and theoretical results have
unambiguously conrmed that the Y2 dimer chose to form a Y–
Y single bond in relatively small cages like C82, but the cluster
conguration changes from Y2 to Y2C2 when the cage expands,
thus forming the CCMFs in large cages C86–92. It is inferred that
larger metals such as erbium and lanthanum may prefer
a larger cage to form the corresponding CCMFs. For example,
Stevenson et al. reported the isolation and crystallographic
characterization of an erbium-based CCMF with a giant C92

cage, namely Er2C2@D3(85)-C92.41 Moreover, our group found
that the even larger La3+ ions tend to form CCMFs with some
giant cages such as C90–104.29,35,36 In addition, the cluster
conguration is another critical factor that may affect the cage
size. For instance, a linear Y2C2 cluster can be encapsulated into
the giant C108 cage to template the formation of Y2C2@C1(1660)-
C108.31 There is still a long way to nally clarify the mysteries in
the metal–metal interactions in EMFs and new theories of
coordination chemistry are expected.

Conclusions

A series of di-yttrium EMFs Y2C2n (2n ¼ 82, 88–94) have been
successfully isolated and fully characterized by mass spec-
trometry, UV-vis-NIR and single-crystal X-ray crystallography.
The crystallographic results unambiguously conrm that two
of them are di-EMFs, namely Y2@Cs(6)-C82 and Y2@C3v(8)-C82,
whereas the others are all CCMFs, i.e., Y2C2@Cs(15)-C86,
Y2C2@C1(26)-C88, Y2C2@C2(41)-C90, and Y2C2@C2(61)-C92,
respectively. It is noteworthy that our experimental and theo-
retical studies clearly reveal that the Y2 dimer preferentially
forms a Y–Y single bond in the di-EMFs with small cages, and
further cage expansion alters its conguration to Y2C2 because
the valence electrons forming the Y–Y bond are donated to the
inserted C2-unit, thus resulting in the formation of the corre-
sponding CCMFs in larger cages. In addition, our computa-
tional results demonstrate that the high thermodynamic
stability of all these EMFs originates from a four-electron
transfer and the bonding nature between the internal metallic
species and cages. Accordingly, this work has conrmed for
the rst time the existence of the Y–Y bond inside fullerene
cages and the transformation from di-EMFs to CCMFs along
This journal is © The Royal Society of Chemistry 2019
with the cage expansion, presenting an in-depth under-
standing and new sights into the metal–metal/metal–carbon
interactions in such rarely explored metal–carbon hybrid
molecules.
Experimental section
Synthesis of Y2C2n (2n ¼ 82, 88–94) isomers

Soot containing yttrium-EMFs was synthesized using a direct-
current arc discharge method. Briey, a core-drilled graphite
rod lled with graphite/Y2O3 (molar ratio: Y/C ¼ 1 : 50) was
burned under a 225 Torr helium atmosphere with a power of
100 A � 20 V. The soot was then extracted with CS2. Aer
removal of CS2, the residue was dissolved in toluene and the
solution was subjected to high performance liquid chromatog-
raphy (HPLC) for the subsequent separation. Aer a combina-
tional process involving Lewis-acid treatment and multi-stage
HPLC separation, six pure isomers of yttrium-EMFs are nally
obtained. Experimental details are described in the ESI.†
Co-crystallization and crystallographic solutions of Y2C2n (2n
¼ 82, 88–94) cocrystals

Crystalline blocks of Y2C2@C2n$Ni(OEP) were obtained by
layering a benzene solution of Ni(OEP) over a CS2 solution of the
corresponding metallofullerene at room temperature for two
weeks. Single-crystal XRD measurements of Y2C2@C1(26)-C88

and Y2@C3v(8)-C82 were performed at 173 K on a Bruker D8
QUEST machine equipped with a CMOS camera (Bruker AXS
Inc., Germany), and X-ray data of Y2@Cs(6)-C82 were obtained at
100 K at the BL17U station of the Shanghai Synchrotron Radi-
ation Facility. Crystallographic characterization of the other
three EMFs, i.e., Y2C2@Cs(15)-C86, Y2C2@C2(41)-C90, and
Y2C2@C2(61)-C92, was performed at 100 K at the BL17B station
of the Shanghai Synchrotron Radiation Facility. The multi-scan
method was used for absorption corrections. The structures
were solved by the direct method and were rened with
SHELXL-2014/7.42 Co-crystals of Y2@C3v(8)-C82$Ni

II(OEP) and
Y2C2@C2(61)-C92$Ni

II(OEP) contain a severely disordered lattice
of C6H6 and CS2 molecules that could not be modeled properly.
Therefore, the SQUEEZE program, a part of the PLATON
package of crystallographic soware,43,44 was used to calculate
the solvent disorder area and remove its contribution from the
intensity data. CCDC-1811906 (Y2@Cs(6)-C82), CCDC-1812333
(Y2@C3v(8)-C82), CCDC-1528591 (Y2C2@Cs(15)-C86), CCDC-
1528590 (Y2C2@C1(26)-C88), CCDC-1528691 (Y2C2@C2(41)-C90),
and CCDC-1812135 (Y2C2@C2(61)-C92) contain the supplemen-
tary crystallographic data for this paper.†
Computational details

Density functional theory calculations were carried out by using
the M06-2X45 functional in conjunction with the 6-31G* basis
set for C46,47 and SDD basis set and the corresponding effective
core potential for Y48 (denoted as 6-31G*�SDD), as imple-
mented in the Gaussian 09 soware package.49 More details are
given in the ESI.†
Chem. Sci., 2019, 10, 4707–4713 | 4711
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