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A systematic DFT investigation has been conducted to explore the structures and electronic proper-
ties of the metal-carbide endofullerenes M2C2@C78 (M= Ti, Zr, Hf) at the PBE/DNP level of theory.
The theoretical calculations predicted the following: (i) this series of endofullerenes have the valence
states [M4+]2C2−

2 @C6−
78 ; (ii) the structure of the [M2C2]

6+ cluster encapsulated in the C6−
78 (D3h) cage

varies with the increasing of the ionic radius of M4+, i.e., from a linear M-C ≡ C-M geometry for
M= Ti, through a zigzag geometry for M=Hf to a side-on binding mode for M= Zr; (iii) M2C2@C78

(M = Zr, Hf) should display interesting intramolecular dynamic behavior at room temperature, i.e.,
the encapsulated C2−

2 moiety can rotate freely around the C3-axis of the C6−
78 (D3h) cage; (iv) the

[Ti2C2]
6+ in the lightest Ti2C2@C78 is far more fixed by adopting the linear Ti-C ≡ C-Ti geometry;

(v) the order for their ionization potentials is Ti2C2@C78 < Hf2C2@C78 �Zr2C2@C78, whereas their
EAs follow the order: Ti2C2@C78 < Hf2C2@C78 ≈ Zr2C2@C78. The predicted redox properties of
these endofullerenes suggest that Zr2C2@C78 is synthetically as approachable as Hf2C2@C78.
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1. INTRODUCTION

Endohedral metallofullerenes (EMFs) and their possible
applications have attracted much attentions in past two
decades.1 Endohedral metallofullerenes are such a cate-
gory of fullerene derivatives that encapsulate a metal atom
or cluster inside a fullerene cage. Owing to their inher-
ent intramolecular electron transfer from encapsulated
atom/cluster to carbon cage, all EMFs so-far discovered
have a positively charged endohedral atom/cluster and
a negatively charged carbon cage, affording their super-
atomic nature along with unique physical and chemical
properties differing from that of empty fullerenes.1 The
intramolecular electron transfer within an EMF can drasti-
cally change the stability of its carbon cage, preferentially
giving rise to a negatively charged carbon cage with a
stable close–shell electronic configuration,2�3 and in most
cases resulting in a stable close–shell electronic config-
uration for the whole EMF.4�5 The applicability of the
stable close–shell electronic configuration rule (CSECR)
was exemplified by such EMFs as Sc2@C66,6 Sc3N@C68,7

Sc2C2@C68,8 and La2@C72,9 whose carbon cages vio-
late the well-known Isolated Pentagon Rule (IPR) and are
extremely unstable in their empty forms.3

a
Recent theoret-

ical and experimental investigations further demonstrated

∗Author to whom correspondence should be addressed.

that the close–shell electronic configuration rule (CSECR)
is of particular importance for the rational structural deter-
mination of EMFs containing two or more metals, e.g.,
Ti2C2@C78,10 Sc3C2@C80,11 and Sc4C2@C80,12 on account
of the limited electron-accepting capacity of fullerene
cages (≤6)13 and a relatively larger number of avail-
able valence electrons pertaining to the encapsulated metal
atoms (normally trivalent or even tetravalent). Note that
these two- or multi-metallofullerenes were previously sup-
posed to have the simple endohedral structures Mm@Cn

(M=Ti, m= 2, n= 80; M= Sc, m= 3, 4, n= 82).1�14�15 In
this paper, we report the results of our recent density func-
tional theory (DFT) study on the structures of M2C2@C78

(M = Ti, Zr, Hf).
EMFs containing tetravalent metal atoms such as Ti, Zr,

and Hf are scarce.14�16 In 2000, Cao et al. reported the
synthesis and characterization of Ti2C80.14a

UV-Vis-NIR
absorption spectroscopic experiments revealed an optical
gap of ∼0.88 eV (∼1400 nm) for this endofullerene. In
addition, a total of 8 13C NMR signals were disclosed,
according to which a mixture of two Ti2@C80 isomers
containing correspondingly the Ih- and D5h-symmetric C80

cages were proposed.14a
However, our preliminary DFT

calculations10a
revealed the followings,

(i) the simple endohedral structure Ti2@C80 has an
open-shell triplet ground state with two unusual Ti3+

cations encapsulated in a C6−
80 (Ih) cage, inconsistent
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with the experimentally observation that the Ti2@C80 is
diamagnetic;14

(ii) a metal-carbide endofullerene structure Ti2C2@C78

having a D3h-symmetric C78 cage is consistent with the
experimental 13C NMR spectrum, and, meanwhile, has the
formal valence state [Ti4+]2[C2−

2 ]@C6−
78 that perfectly ful-

fills the CSECR.

A more considerate DFT study by Yumura et al.10b
further

calibrated that the encapsulated [Ti2C2]6+ cluster favors
a linear Ti–C–C–Ti structure (denoted end-on isomer)
with the Ti atoms located near the polar hexagons of the
D3h-symmetric C78 cage. In addition, they found a high-
energy Ti2C2@C78 isomer with a butterfly-like [Ti2C2]4+

endohedral cluster (denoted side-on isomer) which is by
38.3 kcal/mol higher than the end-on isomer. It is yet
unclear whether the Ti2C2@C78 would show intramolec-
ular dynamic behavior (e.g., rotation of the encapsulated
cluster) like that observed for Sc2C2@C84.17

In addition to the synthesis of Ti2C80 (or more exactly
Ti2C2@C78), the synthesis of Hf2C80 was reported by
Akiyama et al.18 This endofullerene has an optical gap
of ∼0.95 eV (∼1300 nm) disclosed by UV-Vis spectro-
scopic experiments, and was found to be EPR-inactive
from 4 K to room temperature by ESR spectroscopy.18

These phenomena imply a diamagnetic closed-shell elec-
tronic configuration for the synthesized Hf2C80. Accord-
ingly, it is highly probable that the Hf2C80 is isostructural
to its congener Ti2C80, adopting a metal-carbide structure
Hf2C2@C78 to fulfill the CSECR.

Although Zr2C80, which is congeneric to Ti2C80 and
Hf2C80, has not been synthesized and characterized yet, the
encapsulation of zirconium in hollow fullerenes has been
confirmed recently by mass spectroscopic experiments.16

We infer that Zr2C80, if synthesized, would also be
isostructural to its congeneric Ti2C2@C78.

The aim of the present theoretical work is multifold:
(i) to explore the structures and electronic structures of
the congeneric dimetallofullerenes M2C2@C78 (M=Ti, Zr,
Hf);
(ii) to unravel the structures of endohedral clusters as well
as their possible intramolecular dynamic behaviors;
(iii) to predict 13C NMR spectrum of Ti2C2@C78;
(iv) to predict the redox properties (e.g., ionization poten-
tial and electron affinity) of these EMFs.

2. COMPUTATIONAL DETAILS

All density functional theory (DFT) calculations were
performed with the generalized gradient approximation
(GGA) Perdew-Burke-Ernzerhof (PBE) density functional
method19 using the Dmol3 code.20 For close- and open-
shell systems, the spin-restricted and spin-unrestricted
algorithms were employed, respectively. All-electron dou-
ble numerical plus polarization (DNP) basis sets with
scalar relativistic corrections21 on the core electrons, which

are of the highest quality among all the available basis sets
within the Dmol3 code, were employed for M (M = Ti, Zr,
Hf) and C atoms. All structures were optimized at such
PBE/DNP level of theory.

The 13C NMR chemical shifts for Ti2C2@C78 were com-
puted with the hybrid density functional theory at the
B3LYP level22 using the Gaussian 98 program.23 The stan-
dard 6-31G(d) basis set24 for C and the small-core RECP
(relativistic effective core potential) plus valence double-
� basis set (LanL2DZ)25 for Ti were employed. Such a
combination of basis sets is denoted as DZP. The NMR
chemical shielding tensors were evaluated using the
gauge-independent atomic orbital (GIAO) method.26 The
geometry of Ti2C2@C78 used in the GIAO-B3LYP/DZP
computation was re-optimized at the B3LYP/DZP level
of theory. Based on the computed chemical shielding
tensors, theoretical 13C NMR chemical shifts were calcu-
lated relative to C60 and converted to the TMS (tetram-
ethylsilane) scale using the experimental value for C60

(142.5 ppm).27 This method has proved to be sufficiently
accurate at reproducing 13C NMR chemical shifts of sev-
eral metallofullerenes.28

3. RESULTS AND DISCUSSION

3.1. Ti2C2@C78

In agreement with the previous DFT-B3LYP/6-31G∗ cal-
culations by Yumura et al.,10b

the present PBE/DNP
calculations predict a ground-state structure 1a (end-on
isomer) and a high-energy isomer 1b (side-on isomer) for
Ti2C2@C78 (Fig. 1). For the ground-state structure 1a, the
encapsulated Ti2C2 cluster has a linear structure with an
optimal Ti–C bond length of 1.95 Å. The nearest dis-
tance between the Ti atom and D3h-symmetric C78 cage is
2.14 Å. Hence, the Ti–C (C2 moiety) bonding within the
Ti2C2 is much stronger than the Ti-cage bonding. Notably,
the C–C bond length of 1.24 Å for the encapsulated C2

Fig. 1. PBE/DNP-optimized geometries (key atomic distances in Å),
relative energies (�E, in kcal/mol), HOMO-LUMO gaps (Eg, in eV) and
valence states of Ti2C2@C78 isomers with the C78 (D3h) cage. 1a and 1b
are two local minima confirmed by harmonic vibrational analyses. The
Ti atoms are represented by large red balls. The carbon atoms of the
encapsulated carbide moiety are purple-colored. The carbon cage atoms
are yellow-colored, except those blue-colored ones that are directly con-
nected with the Ti atoms (with C–Ti distances smaller than 2.30 Å).

2 J. Nanosci. Nanotechnol. 7, 1–7, 2007
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Fig. 2. Isodensity surfaces for the frontier molecular orbitals of
Ti2C2@C78 1a.

moiety is typical of a C≡C triple bond,29 indicating the C2

moiety is likely an acetyldiide (C2−
2 ).30 Indeed, a careful

inspection of the Kohn-Sham wavefunction of 1a reveals
that its high-lying occupied molecular orbitals (MOs) are
mainly derived from the frontier orbitals of the C6−

78 and
C2−

2 fragments, whereas none of them has remarkable con-
tribution from the valence atomic orbitals (3d, 4s, 4p)
of Ti atoms. Hence, 1a has the formal valence state of
[Ti4+]2[C2]2−@[C78]6− with all its constituents (Ti4+, C2−

2

and C6−
78 ) adopting close–shell electronic configurations.31

The isodensity surfaces for the frontier molecular orbitals
(FMOs) of 1a are depicted in Figure 2. The highest occu-
pied molecular orbital (HOMO) is the 17a′2 MO, which is
mainly localized within equatorial area of the C6−

78 cage.
The lowest unoccupied molecular orbitals (LUMOs) are
the doubly-degenerate 39e" MOs, which are hybrid of the
cage orbital and the orbital of the encase [Ti2C2]6+ clus-
ter. In addition, the HOMO-1 orbitals (46e′) indicates the
dative bonding between d-oribtals of the Ti4+ cations and
the C6−

78 cage. The HOMO-LUMO gap (0.79 eV) of 1a is
fortunately close to the observed optical gap (∼0.88 eV)14a

of the previously synthesized Ti2C80.
For the side-on isomer 1b, the encapsulated Ti2C2 clus-

ter adopts a butterfly-like structure with the Ti–C(C2 moe-
ity) distances around 2.05 Å, whereas the nearest Ti–C
(cage) distances are 2.17 Å. The C–C bond length (1.35
Å) of the encapsulated C2 unit is typical of a C C dou-
ble bond, suggesting the C2 moiety is an ethyldiide (C4−

2 ).
In accordance with such an assignment, a detailed anal-
ysis of the Kohn-Sham wavefunction of 1b indicates a
valence state of [Ti4+]2[C2]4−@C4−

78 . Figure 3 depicts the
isodensity surfaces of its FMOs. Note that the HOMO-1
(119a") is dominantly localized within the Ti2C2 cluster,
showing the dative bonding between the d
-orbitals of the
Ti4+ cations and the 2
∗-orbital of the C4−

2 moiety. Its

Fig. 3. Isodensity surfaces for the frontier molecular orbitals of
Ti2C2@C78 1b.

Table I. Theoretical and experimental 13C NMR chemical shifts
(in ppm) of Ti2C2@C78(D3h).

Theorya Experimentb Sitec Nd
C

126.7 129.8 C1 12
129.9 130.5 C2 12
131.2 131.6 C5 6
136.8 136.4 C4 12
138.4 138.9 C6 12
138.7 140.4 C7 12
141.9 141.6 C3 6
144.0 144.3 C8 6
163.6 N/A C9e 2

aGIAO-B3LYP/DZP calculation.
bData extracted from Ref. [14a].
cSee Figure 1 for definition of the carbon sites.
dNumber of equivalent C atoms.
eAcetyldiide carbon.

HOMO(143a′) and LUMO(144a′) are mainly delocalized
around the C4−

78 cage. The HOMO-LUMO gap of 1b is too
narrow (0.28 eV), suggesting this structure is kinetically
far less stable than the ground-state structure 1a. Note that
the hollow C4−

78 (D3h) cage is predicted to have a triplet
ground state at the PBE/DNP level. The narrow HOMO-
LUMO gap of 1b can be ascribed to the instability of its
C4−

78 cage. Furthermore, 1b is by 31.2 kcal/mol higher in
energy than the ground state structure 1a at the PBE/DNP
level of theory, comparable to the previous B3LYP/6-31G∗

prediction of 38.3 kcal/mol. It should be noted that a rather
small activation barrier (∼10.4 kcal/mol) was predicted by
Yumura et al. for the conversion of 1b to 1a. Based on
these theoretical predictions, it is reasonable to conclude
that 1b is a metastable doubly-excited state of 1a and can
hardly be observed under normal conditions.

In addition to 1a and 1b, we have also considered a
C2v-symmetric isomer 1c (Fig. 1) which was previously
concerned by us at the B3LYP/6-31G∗ level of theory.10a

However, the present PBE/DNP calculations reveal that this
structure is by 23.6 kcal/mol higher than the ground state
structure 1a, and is a second-order saddle point with two
imaginary frequencies by harmonic vibrational analyses.
Hence, bending of the C2 moiety within the linear Ti2C2

endohedral cluster is not feasible at room temperature.
The predicted 13C NMR chemical shifts of

Ti2C2@C78(D3h) 1a are listed in Table I. The theoretical
13C NMR chemical shifts of the C78 (D3h) cage range from
126.7 to 144.0 ppm, in reasonable agreement with the
experimental ones ranging from 129.8 to 144.3 ppm. For
the acetyldiide moiety, the predicted 13C chemical shift
is 163.6 ppm, falling into the 13C chemical shift range
for fullerene anions.32 It is not clear why this moiety
was not observed in the previous 13C NMR spectroscopic
experiments.

3.2. Zr2C2@C78

The ground-state structure 2a of Zr2C2@C78 is depicted
in Figure 4. This structure is C2-symmetric; the Zr2C2

J. Nanosci. Nanotechnol. 7, 1–7, 2007 3
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Fig. 4. PBE/DNP-optimized geometries (key atomic distances in Å),
relative energies (�E, in kcal/mol), HOMO-LUMO gaps (Eg, in eV) and
valence states of Zr2C2@C78 isomers with the C78 (D3h) cage. 2a is the
ground-state structure. 2b and 2c are transition states. The Zr atoms are
represented by large red balls. The carbon atoms of the encapsulated
carbide moiety are purple-colored. The carbon cage atoms are yellow-
colored, except those blue-colored ones that are directly connected with
the Zr atoms (with C-Zr distances smaller than 2.33 Å).

cluster adopts a side-on binding mode encapsulated in
the C78 (D3h) cage. The optimal Zr-C(C2 moiety) dis-
tances are 2.32 and 2.40 Å, whereas the nearest Zr-
C(cage) distances are around 2.31 Å. The optimal C–C
bond length of the encapsulated C2 moiety is 1.28 Å,
typical of an acetylide (C2−

2 ). Based on the Kohn-Sham
wave function of 2a, its valence state can be derived
as [Zr4+]2[C2]2−@[C78]6−, in which all constitents (Zr4+,
C2−

2 , C6−
78 ) adopt close–shell electronic configurations. As

shown in Figure 5, its LUMO is mainly derived from the
empty d
(Zr4+�-2
∗(C2−

2 ) bonding orbital of the [Zr2C2]6+

cluster, whereas its HOMO is localized around the equa-
torial area of the C6−

78 (D3h) cage. Its HOMO-1 is a hybrid
of the d(Zr) orbitals and the orbitals of the C6−

78 (D3h) cage,
indicating the dative-bonding between the Zr4+ cations
and the C6−

78 (D3h) cage. This is reason why the Zr4+

cations preferentially locate at the two polar hexgons of
the C6−

78 (D3h) cage. The HOMO-LUMO gap (0.85 eV) of
Zr2C2@C78 2a is slightly larger than the HOMO-LUMO
gap (0.79 eV) of Ti2C2@C78 1a, suggesting both metal-
carbide endofullerene should have like kinetical stability.
Hence, Zr2C2@C78 should be as synthetically approach-
able as Ti2C2@C78.

In addition to the ground-state structure 2a, two tran-
sitions states 2b and 2c (Fig. 4) have also been located
in our calculations. In 2b, the encapsulated Zr2C2 cluster

Fig. 5. Isodensity surfaces for the frontier molecular orbitals of
Zr2C2@C78 2a.

adopts a linear end-on binding mode, similar to the Ti2C2

cluster in the the ground-state structure of Ti2C2@C78. 2b
is a transition state responsible for the rotation of the C2

moiety within the Zr2C2 plane. However, such a rotation
is kinetically forbidden at room temperature on account
of the large activation energy (40.5 kcal/mol) required.
On the contrary, the rotation of the C2 moiety around
the C3-axis of the C78 cage appears to be barrierless;
the transition state 2c responsible for such a rotation is
nearly isoenergetic with the ground-state structure 2a at
the PBE/DNP level.

3.3. Hf2C2@C78

As shown in Figure 6, our PBE/DNP calculations pre-
dicted two isoenergetic isomers 3a and 3b as the ground-
state structure of Hf2C2@C78. Hence, rotation of the
encapsulated C2 moiety around the C3-axis of the C78 cage

Fig. 6. PBE/DNP-optimized geometries (key atomic distances in Å),
relative energies (�E, in kcal/mol), HOMO-LUMO gaps (Eg, in eV)
and valence states of Hf2C2@C78 isomers with the C78 (D3h) cage. 3a
and 3b are two local minima confirmed by harmonic vibrational anal-
yses. The Hf atoms are represented by large red balls. The carbon
atoms of the encapsulated carbide moiety are purple-colored. The car-
bon cage atoms are yellow-colored, except those blue-colored ones that
are directly connected with the Hf atoms (with C–Hf distances smaller
than 2.36 Å).

4 J. Nanosci. Nanotechnol. 7, 1–7, 2007
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Fig. 7. Isodensity surfaces for the frontier molecular orbitals of
Hf2C2@C78 3a.

should be very fast at the room temperature. Both isomers
3a and 3b have the valence state [Hf4+][C2]2−@[C78]6−.
The predicted close–shell electronic configuration of
Hf2C2@C78 is in line with the previously observed dia-
magneticity of Hf2C80.18 The predicted HOMO-LUMO
gaps (0.95 eV) for both isomers luckily agree well with
the optical gap (0.95 eV)18 of Hf2C80 measured by UV-
Vis-NIR absorption spectroscopy, but slightly larger than
those of the congeneric M2C2@C78 (M = Ti, Zr). The
encapsulated Hf2C2 cluster in both isomers adopts a zigzag
geometry with the nearest Hf-C(C2 moiety) distances of
2.11 Å, slightly longer than the nearest Hf-C(cage) dis-
tance (∼2.20 Å). The C–C bond length of the C2−

2 moiety
is 1.26 Å.

Since both isomers have like electronic structure, only
the FMOs of Hf2C2@C78 3a are depicted in Figure 7 for
discussion. The composition of the HOMO-1, HOMO, and
LUMO for Hf2C2@C78 3a (Fig. 7) is quite similar to that
of Zr2C2@C78 2a (Fig. 5). Its HOMO-1 shows the dative-
bonding between the d(Hf4+) orbital and the cage (C6−

78 )
orbital, whereas its HOMO is mainly delocalized around
the equatorial area of the C6−

78 cage. The LUMO is mainly
due to d(Hf4+) orbitals and 2
∗(C2−

2 ) orbital with minor
contribution from the orbital of C6−

78 cage.
The optimized geometries of two other possible isomers,

3c and 3d, of Hf2C2@C78 are also depicted in Figure 6.
The D3h-symmetric isomer 3c containing a linear Hf2C2

cluster is a saddle point by 10.9 kcal/mol higher than iso-
mers 3a/3b. The C2V-symmetric isomer 3d is by only 1.0
kcal/mol higher than isomers 3a/3b, and is a transition sate
responsible for in-plane waging of the C2−

2 moiety between
two Hf4+ cations that leads to the interconversion of two
equivalent isomers 3b.

At this stage, it is interesting to note that for this series
of congeneric endofullerenes M2C2@C78 (M = Ti, Zr, Hf),
the linear endohedral cluster [M2C2]6+ is stable for M= Ti
(structure 1a), but becomes unstable for M = Zr (struc-
ture 2b) and Hf (structure 3c). Table II lists the radii of
M4+ (M = Ti, Zr, Hf) and the pole–pole distances of the
C6−

78 (D3h) cages in the structures 1a, 2b, and 3c. Since
the radii of Zr4+ and Hf4+ are much larger than that of
Ti4+, accommodating a linear [M2C2]6+ cluster in the C6−

78

(D3h) cage should exert larger steric strain onto the car-
bon cage for M = Zr and Hf than for M = Ti. This is

Table II. Ionic radii (in Å) for 6-coordinated M4+ (M = Ti, Zr,
Hf) and the pole-pole distances (Rpp, in Å) of the C6−

78 (D3h) cages
in the M2C2@C78 (M = Ti, Zr, Hf) containing a linear [M2C2]6+

cluster.

M Ionic radiia�b Structure Rpp

Ti 0.61(6), 0.74(8) Ti2C2@C78 1a 8.25
Zr 0.72(6), 0.84(8) Zr2C2@C78 2b 8.47
Hf 0.71(6), 0.83(8) Hf2C2@C78 3c 8.42

aData extracted from Ref. [29].
bThe coordination numbers of the cations are given in parentheses.

evidenced by the much longer polar–polar distances of the
C6−

78 (D3h) cages in Zr2C2@C78 2b and Hf2C2@C78 3c than
in Ti2C2@C78 1a. In addition, the ground-state structure
of the heavier M2C2@C78 (M = Zr, Hf) adopts the side-on
(for Zr2C2@C782a) and zig-zag (for Hf2C2@C78 3a or 3b)
geometries, respectively. Such a difference may be due to
(i) Hf4+ is slightly smaller than Zr4+ (c.f. Table II), and
(ii) Hf4+ is more electrophilic than Zr4+; Hf4+ (in 3a or
3b) is thus closer to the electron-rich C2−

2 moiety and to
the C6−

78 cage by adopting the zig-zag geometry.

3.4. Electronic Properties of
M2C2@C78(M= Ti, Zr, Hf)

We have computed the monocations and monoanions of
M2C2@C78 (M = Ti, Zr, Hf) to derive their redox prop-
erties such as their gas-phase ionization potentials (IPs)
and electron affinities (EAs). The predicted data are listed
in Table III. The FMOs for M2C2@C78 (M = Ti, Zr, Hf)
shown in Figures 2, 5, and 7 are indicative of their redox
properties. For Ti2C2@C78 1a, both its HOMO and LUMO
are mainly delocaized around the C6−

78 cage (Fig. 2).
Accordingly, its monoanion and monocation have the
valence states [Ti4+]2[C2]2−@C7−

78 and [Ti4+]2[C2]2−@C5−
78 ,

respectively; the C2−
2 moiety is unchanged in such one-

electron processes. For Zr2C2@C78 2a and Hf2C2@C78

3a, their HOMOs are also delocalized around the C6−
78

cage (see Figs. 5 and 7). The valence states for their
monocations are [M4+]2[C2]2−@C5−

78 (M = Zr, Hf). On
the contrary, their LUMOs are due primarily to the
empty d(Hf4+)-2
∗(C2−

2 ) bonding orbital. As a result, their
monoanions have the valence states [M4+]2[C2]3−@C6−

78

(M = Zr, Hf), in which the C–C bond of the encapsulated
C2 moiety is elongated from 1.28/1.26 for neutral ones
(2a/3a) to 1.31/1.32 Å for the monoanions (2a−/3a−).

From Table III, the computed IPs for the M2C2@C78

(M = Ti, Zr, Hf) follow the order: Ti2C2@C78 <
Hf2C2@C78 � Zr2C2@C78, whereas the order for the pre-
dicted EAs is Ti2C2@C78 < Hf2C2@C78 ≈ Zr2C2@C78.
Hence, Zr2C2@C78 is as reducible as Hf2C2@C78, but far
less oxidizable than Hf2C2@C78 and Ti2C2@C78, mean-
ing that the overall chemical reactivity of Zr2C2@C78 is
lower than that of Hf2C2@C78. Since both Hf2C2@C78

and Ti2C2@C78 have been synthesized and isolated

J. Nanosci. Nanotechnol. 7, 1–7, 2007 5
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Table III. PBE/DNP-predicted ionization potentials (IP, in eV) and electron affinities (EA, in eV) for the M2C2@C78 (M = Ti, Zr,
Hf), the valence states (VS) of their monoanions and monocations and the bond-length of encapsulated C2 moiety (RCC in Å).

Ti2C2@C78 Zr2C2@C78 Hf2C2@C78

1a+ 1a− 2a+ 2a− 3a+ 3a−

Rcc 1.24 1.24 1.28 1.31 1.26 1.32
VS [Ti4+]2C2−

2 @C5−
78 [Ti4+]2C2−

2 @C7−
78 [Zr4+]2C2−

2 @C5−
78 [Zr4+]2C3−

2 @C6−
78 [Hf4+]2C2−

2 @C5−
78 [Hf4+]2C3−

2 @C6−
78

IPa 6.54 7.40 6.62
EAb 3.00 3.41 3.40

aIP = E[(M2C2@C78)+]– E[M2C2@C78].
bEA = E[M2C2@C78]– E[(M2C2@C78)−]

successfully,14a�18 we believe Zr2C2@C78 is synthetically
approachable. From the IPs and EAs listed in Table III,
we may expect that the reactivity of these endofullerenes
toward an electrophilic reagent would follow the order
Ti2C2@C78 > Hf2C2@C78 � Zr2C2@C78, whereas the
order of their reactivity toward a nucleophilic reagent
would be Ti2C2@C78 < Hf2C2@C78 ≈ Zr2C2@C78.

4. CONCLUDING REMARKS

We have conducted a systematic DFT investigation on the
structures and electronic properties of the metal-carbide
endofullerenes M2C2@C78 (M = Ti, Zr, Hf) at the PBE/
DNP level of theory. It is shown that this series of endo-
fullerenes have the valence states [M4+]2C2−

2 @C6−
78 that

follow faithfully the stable close–shell electronic con-
figuration rule,2–4 and are rational structural models for
the previously synthesized M2C80 (M = Ti, Hf).14a�18 The
structure of the [M2C2]6+ cluster encapsulated in the
C6−

78 (D3h) cage varies with the increasing of the ionic
radius of M4+, i.e., from a linear M–C ≡ C–M geome-
try for M = Ti, through a zigzag geometry for M = Hf
to a side-on binding mode for M = Zr. Among the three
endofullerenes, the two heavier ones, M2C2@C78 (M =
Zr, Hf), should display interesting intramolecular dynamic
behavior at room temperature, i.e., the encapsulated C2−

2

moiety can rotate freely around the C3-axis of the C6−
78

(D3h) cage. For the lightest one (Ti2C2@C78), the encap-
sulated [Ti2C2]6− is far more fixed by adopting the linear
Ti–C ≡ C–Ti geometry.

Finally, the computed redox properties such as the gas-
phase ionization potentials and electron affinities of these
endofullerenes suggest that Zr2C2@C78 is as viable as the
previously synthesized Hf2C2@C78.
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