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Recent experiments have demonstrated that Czs is the smallest fullerene cage that successfully
traps elements in its inside. In this work, we have studied the electronic structures, equilibrium
geometries, and binding energies of the title molecules at the self-consistent field (SCF)
Hartree-Fock level of theory employing basis sets of double-zeta quality. The empty Czs
fullerene is found to have a 5A2 open-shell ground state and behaves as a sort of hollow superatom with an effective valence of 4, both toward the outside and inside of the carbon cage. The
theoretical evidence suggests that C&H4 and C2sF4 should be stable molecules. The possibility of
simultaneous bonding from the inside and outside of the Czs shell, as in (Ti@C2s)H4, is also
explored. Our calculations show that the binding energy of the M@Czs species is a good
indicator of the success in experimentally trapping the metal atoms (M) inside the fullerene
cage. Based on these results, we propose that elements with electronegativities smaller than 1.54
should form endohedral fullerenes larger than a minimum size which depends on the ionic
radius of the trapped atom. This qualitative model, correctly reproduces the available experimental evidence on endohedral fullerenes.

I. INTRODUCTION
Soon after the discovery of Cso,i the endohedral
fullerene La@JCm (where @Jdenotes that the La atom is
inside the Cm cage) was detected.* Although other experiments indicated that La could be bound to C, from the
outside of the carbon shell,3 unambiguous evidence confirming the presence of the metal atom inside the fullerene
cage was obtained in 1988 using the Fourier transformed
ion cyclotron resonance (ET-ICR) apparatus.4 Theoretical
studies of the endohedral fullerenes M@C!,, where M can
be an atom or small diatomic molecule, soon followed.5-‘2
Ground and excited states of M 8 Co, have been calculated
employing the local density approximation (LDA) of density functional theory,5-7 the Huckel approach,* and the
self-consistent field (SCF)
restricted
HartrecFock
(RI-IF) method. 9-I’ The binding energies of M @ Cm have
also been predicted using the RHF method.9-” Most calculations have been carried out in I, symmetry, with the
metal atom (M) located at the center of the Co, cage.
However, in some cases, it has been found that in the
ground state geometry M is displaced from the center of
the Cm cage.7*‘2
Recent experiments’3-18 have demonstrated that many
other metallofullerenes (M,@C!,) are abundant in the
mass spectrum of the laser vaporized or arc generated soot
from graphite-metal mixtures. Remarkably, only few of
them are soluble in toluene, La@Cs2,i3 Y Q C!s2,14
Y2@Cs2,i4 La,@Cse,*’ and SC~@C&.‘~~‘~ Electron spin
resonance has been widely used to study and characterize
the metallofullerenes as La Q Cs2.I8
We have recently reported” that when a mixture of
UO,/graphite is vaporized by the second-harmonic of a
akamille and Henry Dreyfus Teacher-Scholar.
352

J. Chem. Phys. 99 (I), 1 July 1993

Nd:YAG laser in the cluster FT-ICR apparatus, U8C2s
appears as a prominent peak. The experimental evidence
led us to the conclusion that uranium is trapped inside
C28 *I9 Ab initio SCF calculations predicted that the C,,
cluster will favor a tetrahedral cage, with four unpaired
electrons in an 5A2 open-shell ground state, behaving as a
reactive hollow superatom with an effective valence of 4,
both towards the inside and outside of the C2s cage. Further ab initio calculations predicted that C2s could be stabilized inserting a tetravalent atom such as Si, Ge, Sn, Ti,
Zr, or Hf inside the cage, resulting in molecules like
Si@C2s, Ge@Czs, Sn@C2s, etc. Alternatively, the four
dangling bonds of C,, would easily react with monovalent
atoms such as H or F, yielding stable molecules like CzsH4
and CzsF4. Subsequent experiments confirmed the presence
of significant amounts of Zr @Czs and Hf@C2s in the
mass-spectrum obtained from laser vaporization
of
graphite/metal-oxide
composite discs, while Ti @ C,, gave
a very weak signal.” In other experiments, Sc@C2, (Ref.
20) was also identified. Efforts to detect any of the other
molecules such as Si @C2s or GeQ C2s have been unsuccessful. So far, C&H4 has remained elusive but attempts to
find it are still underway.
In this paper, the electronic structure of C2s and its
exo- and endohedral derivatives are theoretically investigated. Equilibrium geometries and binding energies are reported for CzsH4, C2sF4, (Ti@CC2s)H4, and M@C$s for
M=Mg, Al, Si, S, Ca, SC, Ti, Ge, Zr, and Sn. The present
theoretical predictions have been central to our understanding of the special stability of U@C!,, and led to the
experimental observation of the Zr 8 Czs and Hf @ C2s endohedral fullerenes.” In this work, we also present a simple qualitative scheme based on the electronegativity of the
metal atom that correctly predicts the ability of any element of the periodic table to be trapped inside fullerene
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cages. This scheme, which evolved from observations based
on our theoretical calculations, matches the existing body
of experimental evidence, as to whether a given atom is
likely to be found inside fullerene cages.
II. COMPUTATIONAL

DETAILS

Calculations reported in this work were carried out
employing the direct SCF method2”22 as implemented in
the TURBOMOLE package.23 Equilibrium geometries of all
molecular species were obtained employing analytical energy gradient techniques.
The basis set for carbon is a double-zeta (dz) contraction of van Duijneveldt primitive set (7~3p/4~2p).~~ Similar basis sets of double-zeta quality25 were used for Mg
( loS6p/&s2p), and Al, Si, and S ( 1 ls7p/6~4p). For Ca the
basis set employed26 is a ( 12s6p/8s4p) contraction. For the
transition metals (SC and Ti), Wachters’ ( 14s9p5d/
Ss5p3d) basis was used.27 For the alkaline earth (Mg and
Ca) and transition metal (SC and Ti) atoms we also tested
the importance of valence 4p-functions by selectively including additional p-Gaussians with appropiate exponents.“*28 In all cases the effect of these functions was
found to be negligible (see discussion below). For Ge the
basis set originates in Dunning’s ( 14~1lp2d/7s5p2d) contraction. 29 For Sn and Zr, we employed uncontracted
( l6.s1377& and ( 17~1lp8d) basis sets, respectively.30 For
H and F, Huzinaga-Dunning’s31 (4s/2s) and (9s5p/4s2p)
contractions were used, respectively. The basis set superposition error (BSSE) for the binding energy calculations
was investigated using the counterpoise method3’ and
found to be negligible in all cases. All calculations were
carried out on IBM RS/6000-530 and HP-730 workstations at Rice University.
Ill. RESULTS AND DISCUSSION
A.

c28

The tetrahedral structure shown in Fig. 1 is the most
symmetrical possible structure for 28 atoms (symmetry
point group 7’d). This C2, structure may be best understood as four six-membered rings connected by four carbon
atoms at each vertex of a tetrahedron. Around each tetrahedral vertex, there is a triplet of pentagons.
The other possible isomer of C,, within the fullerene
hypothesis (i.e., hollow carbon cages made only of fiveand six-membered rings) is a closed-shell D2 symmetry
structure found to be much higher in energy33 than the T,
structure considered herein.
The Td structure has been studied briefly in previous
publications.3”37 Feyereisen et al. 36 recently reported a T,
ground-state symmetry structure for C2*, although a conclusive electronic ground state was not determined by these
authors. In this work, a 5,42high-spin open-shell electronic
state, with one electron in the 8a, molecular orbital and
three electrons in the 14t2 orbital, was found to be the
ground state of Cz8 in T, symmetry. The four unpaired
electrons (dangling bonds) make Cz8 behave like a sort of
hollow superatom with an effective valence of 4, both towards the inside and outside of the carbon cage.

FIG. 1. Symmetry-distinct
bond lengthsof M@C& in T, symmetry.

Although the 5A2 ground state is not subject to JahnTeller distortion,38 further SCF calculations carried out in
D2d and C2, symmetry yielded, however, lower total energies than that one obtained in Td symmetry. It should be
noted that this “symmetry lowering” effect is different
from the “symmetry breaking” phenomenom reported for
many other molecules.39 In our case, the C2s SCF energies
calculated in D2d and C2, symmetries at the Td optimized
geometry are identical to the SCF Td energy. However,
reoptimization of the molecular geometry in D2d and C2,
symmetries lead to distorted structures with energies lower
than the optimized Td SCF energy. The largest effect was
found in C2, symmetry, where a 0.12 eV energy stabilization with respect to T, symmetry was obtained. Nevertheless, as discussed below, the average deviation between the
T, and C2, equilibrium bond lengths in C2s is very small, a
mere 0.006 A;.
In order to investigate if the observed symmetrylowering effect is an artifact of the SCF wave function, we
carried out single-energy points at the Td and C,, optimized geometries employing a higher level of theory that
includes electron correlation effects. The method chosen is
a recently developed density functional theory known as
Becke-Lee-Yang-Parr
(B-LYP) mode1.w2 This model
has been shown to give very reliable results for a wide
range of problems where highly-accurate wave functions
are required.43 Even when employed with relatively small
basis sets, the results have been very encouraging.44 For the
problem under consideration, the B-LYP model predicts a
lower energy for the Td configuration. Unfortunately, full
geometry reoptimization will have to await the development of analytic energy gradients for this new method.
Nevertheless, based on the B-LYP results, we feel confident that C,, is indeed a high-symmetry T, structure.
Other electronic states of Cz8 in C2, symmetry such as
3A2, 3B1, and ‘A, were also studied at the SCF level of
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TABLE I. Theoretical predictions for Czs and derivatives at the dz/SCF level of theory in Td symmetry.a
Moleculeb
WsAd
y$(t,y
1;
284 1
Si@C28(3T,)
Sn@W’.W
Mg@W3T,)
C@C~S(‘TJ
M@W2A,)

SC@C~S(~A,)
TNGs(‘A,)

Zr@C2d’A,)
(Ti@CdH:(‘T,)

Energy
- 1058.30220 -0.320(r2)
- 1060.85293 -0.295(t,)
- 1455.57841 -0*337(t,)
- 1346.84109 -0.278(a,)
-0.324(z2)
-7077.15155
- 1257.73862 -0.290(q)
- 1734.62352 -0.293(q)
- 1300.00552 -o.300(t2)
-1818.051 89 -o.305(r2)
- 1906.57900 -0.320(q)
-4597.327 17 -0.315(q)
- 1908.94174 -0.203(r2)

EC
LUMO

IP

8.7
8.0
9.2
7.6
8.8
7.9
8.0
8.2
8.3
8.7
8.6
+o.o!32(t2) 5.5

+0.055(e)
0.038(r2)
-0.016(tz)
+0.019(e)
-O.O77(t,)
+0.015(e)
+0.077(e)
-0.007(q)
+0.007(e)
-0.020(r2)
0.002(e)

RI
1.538
1.528
1.532
1.536
1.512
1.526
1.544
1.510
1.519
1.492
1.511
1.536

R2

1.397
1.391
1.388
1.437
1.447
1.428
1.443
1.427
1.433
1.432
1.441
1.419

R3

1.482
1.542
1.541
1.460
1.465
1.452
1.464
1.455
1.457
1.453
1.456
1.549

4

1.930
1.926
1.910
1.950
1.952
1.938
1.966
1.941
1.935
1.932
1.947
1.961

‘All enemiesin hartree exceDtionization ootential (IP) in eV. All bond lengths and distancesin A. (See
Fig. 1 fo; definitions of RI,-R,, R3, and h,.)
bElectronic states in parentheses.
Orbital symmetry in parentheses.
dPredictedC-H bond length is 1.077 A.
Tredicted C-F bond length is 1.382 A.
‘Predicted C-H bond length is 1.077 A.

theory, and found to lie above the ground state by 1.6, 2.7,
and 3.1 eV, respectively.
In summary, our theoretical predictions indicate that
the dangling bonds located at each of the four tetrahedral
vertices make Czs a very reactive molecule. Therefore, C2s
should easily form compounds by external addition of
monovalent
atoms. Endohedral
insertion
of an
appropriately-sized tetravalent atom should also yield stable C2s compounds. In the next section, we investigate the
properties of some exo- and endohedral derivatives of Czs .
8. C&, derivatives
In Table I, we present a series of C,, derivatives obtained by endohedral insertion of a metal atom (M@C,s),
external hydrogenation or fluorination (C,sX,), and simultaneous endohedral insertion and external addition, as
in (Ti@ C2s)H4. Initially, Td symmetry was employed in
all calculations.
Equilibrium geometries of all molecules studied in this
work were calculated at the SCF level of theory employing
basis sets of double-zeta quality. Total energies, electronic
states, equilibrium bond lengths, highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO), and ionization potentials obtained in Td
symmetry are presented in Table I.
Our theoretical predictions indicate that C2sH4, C2sF4,
Sn@C,s, Ti@Czs, and Zr@CC2shave electronic closedshell ground states. On the other hand, Mgb C2s,
Ca@C,s, Si8Czs, and (Ti8C,s)H4
have 3T1 spatiallydegenerate open-shell electronic ground states and are subject to Jahn-Teller distortion. In most cases, C,, symmetry
was required to make these molecules stable with respect to
Jahn-Teller distortion. Al@ Czs and Sc8Czs, which both
have ‘Ai nondegenerate ground states, are Jahn-Teller stable but were found to have lower than Td symmetry
ground-states. In Td symmetry, Ge @ C2s and S @ C,, have
open-shell ground states that cannot be treated as pure

states with our programs. For these two molecules, results
obtained in C’, symmetry will be presented below. For all
other molecules, we will first discuss our results in Td symmetry and later refer to the lower-symmetry calculations in
more detail.
In Td symmetry, C,s has only three independent,
symmetry-distinct bond lengths. As shown in Fig. 1, R,
denotes the carbon-carbon bond length bridging the sixmembered rings, R2 is the bond length of the six-membered
rings themselves, and R3 is the edge shared by two of the
pentagons in the triplet of pentagons. It is interesting to
note that the dz/SCF predictions presented in Table I indicate that R2 in C,s (1.397 A) has aromatic character and
is very close to the carbon-carbon bond length in benzene
( 1.394 A). Therefore, C,s may be visualized as made of
four benzenelike rings connected by four carbon atoms at
the center of the triplet of pentagons in tetrahedral positions (see Fig. 1). The edge bridging the six-membered
rings (R , ) has single-bond character ( 1.53 8 A), whereas
the remaining bond length (R3) is predicted to be intermediate between aromatic and single-bond. Upon external
addition of hydrogen or fluorine, the four carbon atoms at
the center of the triplet of pentagons become sp3 hybridized. Consequently, R3 becomes longer and acquires definite single-bond character, while RI and R2 remain almost
unaffected by the external addition. In Fig. 2, we present
the equilibrium geometry of C,sH, calculated at the dz/
SCF level of theory. For ( Ti@C2s)H4, all three bond
lengths are slightly longer than in C2sH4 and C,sF4, reflecting an enlargement of the Czs cage due to the presence
of the Ti atom.
In the M@C2s derivatives a few trends are worth noting. The R2 bond length becomes systematically longer
than in C2s, probably reflecting a strong overlapping between the valence orbitals of M and the I? orbital of the
benzenic ring. On the other hand, R3 is systematically
shorter than in C2s, and R, changes very little due to the
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lowering effect was found. The other molecules studied in
this work may be divided in three groups (see Table I) (a)
those with an open-shell nondegenerate lowest energy state
in Td symmetry that are not subject to Jahn-Teller distortion but have lower than Td symmetry ground states at the
SCF level of theory, Czs, Al@&
and Sc@C,s; (b) those
with ‘T, Jahn-Teller unstable ground states in T, symmetry, Si@Czs, Mg@f&, Ca@Cc,s, and (Ti@C2s)H4; and
(c) those with closed-shell ground states in T, symmetry
that distort anyway, Ti@C2s. As mentioned above,
Ge@Czs and S@C,s were only studied in C,, symmetry.
The results of our C,, calculations for these groups of molecules are presented in Table II.
In all cases, we found that the energy stabilization going from Td to C,, symmetry is substantial, and this value
is included in Table II as AE. The effect is small for C2s but
it is rather large for Ti@C2s, (Ti@C,s)H,, and Mg@C!*s,
which undoubtedly are much happier molecules in C,,
symmetry than in Td symmetry. One of the main consequences of lowering the symmetry from Td to Cz, is that
the metal atom can move away from the center of the C2s
cage. This is precisely what happens in Ti8C2s where our
calculations predict that Ti moves 0.487 A away from the
C2s center. As a consequence, Ti bonds asymetrically to
the C2s cage and the distances to the two symmetrydistinct six-membered rings in the carbon shell become
di”= 1.718 A and di2)=2.251 A. Evidently, if Ti wants to
form strong bonds with the carbon shell, remaining at the
center of the cage may be a bad compromise; the equilibrium dl distance in Td symmetry ( 1.932 A) is probably too
long. Most of the energy stabilization when lowering the
symmetry in Ti@C,s ( 1.8 eV) is thus attributable to Ti
leaving the center of the C2s cage. As discussed above, only
0.1 eV of this energy stabilization is due to Czs itself (see
Table II). It is worth noting that the bond length between
Ti and its aromatic ligand in C,, ( 1.718 A) is within the
expected range of experimental values in similar situations.45 Using the local density functional (LDF) method,
Dunlap et al. 46 have recently reported a Ti displacement in
Ti@C,s similar to that one found in this paper. It is worth

FIG. 2. Equilibrium geometry of C,sH, as predicted by the dz/SCF level
of theory.

endohedral insertion. Overall, in M @ C2s the carbon atoms
become more evenly distributed over the cage than in C,,.
Also presented in Table I, is the distance di from the
center of the cage to the center of the six-membered rings
in the C2s shell. The distance d, is the usual distance between metal atoms and the center of their aromatic ligands,
like in Ti (CsHs) (CsHs), where dl is 1.44 and 2.03 A, with
respect to C,Hs and CsHs, respectively.4’ In comparison,
the predicted dz/SCF d, for Ti8C2s in Td symmetry is
1.932 A.
As mentioned above, a series of calculations in C,,
symmetry were also carried out for this work. The rationale for these C,, calculations is twofold. First, a few of the
molecules studied in Td symmetry have open-shell degenerate ground states and are subject to Jahn-Teller distortion. Second, we wanted to investigate for M@CC,s the
symmetry-lowering effect we had observed in C2s. Geometries were reoptimized and several electronic states examined. In the cases of C2sH4, C2sF4, and Zr @ C2s, which all
have closed-shell electronic ground states, no symmetry-

TABLE II. Theoretical predictions for C,s and derivaties at the dz/SCF level of theory in C,, symmetry.’
Energy
- 1058.30673
- 1300.02110
- 1346.87915
-3133.209 87
- 1257.81049
- 1734.63660
- 1455.20192
- 1818.06723
- 1906.64494
- 1909.03068

f HOMO

E”
LUMO

-0.319(q)
-0.302&)
-0.296(b,)
-0.298(&)
-0.301(&)
-0.296(u,)

+O.O57(a,)
-O.O04(u,)
+O.OOO(u,)
+O.O19(u,)
+O.O17(u,)
+O.OUO(u,)

-0.297(q)
-0.308(b,)

-O.O36(b,)
+O.O02(u,)

-0.313(u,)
-O.l8O(b,)

+0.000(q)
+O.O12(u,)

IP

AEd

o(rY

8.7
8.2
8.1
8.1
8.2
8.1
8.1

0.1
0.4
1.0
.*.
2.0
0.4
*..

8.4

0.4

8.5
4.9

1.8
2.4

0.006
0.015
<O.OOl
.**
0.024
<O.ool
...
0.015
0.023
0.026

AR’
...
0.067
io.001
0.125
0.082
<O.OOl
0.105
0.168
0.487
0.080

‘All energiesin hartree except ionization potential (IP) and AE in eV.
‘Electronic states in parentheses.
COrbital symmetry in parentheses.
dAE is the energy lowering due to symmetry relaxation from Td to C2,.
%(r) is the averagederivation between the Td and C,, equilibrium geometries (in A).
‘AR is displacement of the metal atom from the center of C,s (in A).
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TABLE III. Predicted dz/SCF binding energiesof CrsH,, CrsF,, and M@Cr, molecules.
Molecule

Symmetry

c28F4

Td
Td

MiSGa

C2”

ca@c28

C2”

Al@C,,

C2”

SC@&,

C2”

s@c28

C2”

C28H4

Si@C,s
G&c,,
Sn@c2,
Ti@Cr,
zr@C2,

Electronic
state
‘A,
‘A,
34
‘A2

C2”

24
2Al
‘4
34

C2”

‘B2

Td

‘AI
‘A,
‘4

C2”

Td

AE (eV)’

Ionic radius (A)b

IP (eV)’

8.0
9.3
-1.6
-4.5
-3.7
1.5
- 15.2
-7.8
-6.3
-8.0
-0.8
2.8

... ...
... ...
0.78 (+2)
1.06 (+2)
0.51 (+3)
0.89 ( +3)
0.37 (+4)
0.42 (+4)
0.53 (+4)
0.71 (+4)
0.68 (+4)
0.86 (+4)

...
...
7.6
6.1
6.0
6.5
10.4
8.2
7.9
7.3
6.8
6.8

‘Binding energiesdefined as AE=E(M) +E(C28) -E(M@C28).
bionic radius of atom M and oxidation state in parentheses(Ref. 48).
‘Ionization potential of atom M from Ref. 52.

mentioning that bonding in symmetric and asymmetric
Ti@C2s are quite different. In the symmetric T, structure,
Ti is uniformly bonded to the cage and the tetravalence of
C2s remains clear, although the overlap between the Ti
valence orbitals and those of the carbon cage is quite small.
In the asymmetric C,, structure, the situation is quite different. The Ti atom is tightly bonded to one side of the
cage and there is large overlapping between the respective
valence orbitals.
For (Ti 8 C!,,) H4, we find that the displacement of the
Ti atom from the center of the Czs cage is relatively small
(0.08 A) compared to that in Ti@C2s (0.487 A). In another recent study, Haberlen, Riisch, and Dunlap4’ reported a triplet ground state for (Ti @ C2s) H, in a Cs, LDF
calculation. However, these authors found an important
displacement of the Ti atom inside the carbon cage which
is not reproduced by our dz/SCF calculations.
It is interesting to note that no symmetry lowering
effect was found in Zr@C2s, i.e., geometry optimization in
C,, symmetry led to the Td structure. Although there are
no available Zr-(C&H,) experimental distances to confirm
the following argument, it is reasonable to assume that a
typical Zr-(C6H6) distance should be in the region of the
U-(CsHs) bond length in uranocene. Remarkably, the d,
optimized bond length of 1.947 A for Z&C& in Td symmetry (see Table I) is strikingly close to the 1.93 A of
uranocene.4s’49 In other words, while the C2s cage is just
about the right size to accomodate a Zr or U atom, it may
be slightly too large to comfortably fit a Ti atom. For the
other M @ C,, molecules studied in this work, the displacement of the metal atom from the center of the cage was
found to be small (see Table II).
The average deviation between the Td and C,, carboncarbon bond lengths, a(r), is also presented in Table II.
This parameter is a measure of the distortion of the C,,
cage due to the displacement of the metal atom. Except for
Ti@C2s, the average geometry distortions obtained in this
paper are very small, even in those cases where the energy
stabilizations due to the Jahn-Teller effect are large, as in
Ca Q C,s and Si @ C2s.

As mentioned in Sec. II, the absence of valence 4pfunctions in our basis sets for Mg, Ca, Ti, and SC has a
negligible effect in our predictions. The nil effect of these
functions was corroborated via explicit calculations on
Mg@C&s and Ca@Czs. Chemical bonding between these
atoms and fullerenes has a large component of electron
donation to the carbon cage. Thus, s-p hybridization of the
valence orbitals of the endohedral atom plays a minor role
in the bonding of these species.
The predicted binding energies of C2s exo- and endohedral derivatives are presented in Table III. For the purpose
of this paper, the binding energy is defined as the difference
between the total energy of M8C2s and that of M+C,s.
The BSSE, as estimated by the counterpoise method,32 was
studied in detail to ensure that the calculated binding energies are free of spurious contributions. For example, both
in Zr@C2s and Ti@C&s we found that the BSSE is smaller
than 0.001 hartree. Therefore, at least for the molecules
studied in this work, the BSSE is small enough to be safely
neglected.
Our theoretical predictions indicate that only two external derivatives, C2sH4 and C2sF4, and two endohedral
compounds, Zr@C2s and ScBC,s, have large binding energies (i.e., M@C2s is energetically more favorable than
M+C,s). Considering that the SCF method is likely to
underestimate the binding energy, it is evident that
Zr @ C2s and SC@ C2s are energetically well below Zr + C2s
and SC+ C2s, respectively. Thermodynamic factors are
thus quite favorable for the formation of ZrQC2s and
S C @C2s. The large binding energies predicted for C2sH4
and C2sF4 are indicative of the expected stability of these
molecules.
C. Binding energy, ionic radius, electronegativity,
and endohedral fullerenes
Experimentally, only five endohedral complexes of C2s
have been observed, namely, Ti @ C,, , Zr 8 C,, , Hf Q C2s,
U8C2s, and Sc@C2s.19s20
Unfortunately, calculations on
HfQC2s and U@C2s are not meaningful without the in-
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elusion of relativistic corrections, and these are not part of
our current set of computational programs. For all of the
other h4@CCzsspecies studied in this paper, there seems to
be an interesting correlation between the calculated thermodynamic stability and the ability of the metal atom to be
trapped inside C2s. In particular, ZrQ Czs, which has a
favorable binding energy, is quite abundant in the experimental mass spectrum. On the other hand, Ti@C2s, that
gives a very small experimental signal, has a binding energy close to zero. Except for Sc@C2s, all the other
M@C,s molecules studied in this work, are predicted to
have unfavorable (i.e., negative) binding energies and have
not been experimentally observed.
In Table III, we also present the ionic radius4* of the
metal atom in the oxidation state pertinent to the M@Css
complex. In some cases, these oxidation states were qualitatively confirmed by Miilliken population analysis of our
dz/SCF wave functions. If we focus for a moment on the
M+4 metals only (see bottom of Table III), there seems to
be a correlation between the ionic radius and the calculated
binding energy. The M+4 metal with the longest ionic radius in Table III (0.86 A in Zr+4) has the best binding
energy (2.8 eV). Although not included in Table III, U+4
and Hft’ have long ionic radii ( 1.03 and 0.85 A, respectively), and these are consistent with the U@C,s and
Hf@C2s experimental detectron I9 and presumably large
binding energies. Ti8C2s has also been detected,” and it
has a relatively long ionic radius (0.68 A) but close to zero
binding energy. Nevertheless, the trend is clearly violated
by Sn+4 which has an ionic radius similar to Ti+4 (0.71
and 0.68 A, respectively) but very unfavorable binding
energy ( -8.0 eV). Furthermore, the short ionic radii of
Si+4 and Ge+4 would be consistent with endohedral insertion in C2s, but such compounds have not been observed
experimentally. Metals in oxidation states of + 2 and + 3,
like Mg, Ca, and Al, have not been detected inside C2s
either, a fact that correlates well with their predicted binding energies but not with their ionic radii.
It has also been speculated that the ionization potential
(IP) of the metal atom may in part determine the efficiency of metallo-fullerene formation. Partial support to
this suggestion came from recent experiments where mass
spectra analysis of mixed SC/Y/graphite soot showed predominately Y containing species.50Given that the IP of Y
(6.2 eV) is lower than that of SC (6.5 eV), these results
indicate a preference for the formation of endohedral
fullerenes with low IPs. On the other hand, Al has a relatively low ionization potential of 6.0 eV compared to that
of SC (6.5 eV> or Ti (6.8 eV>. However, a detailed search
of Al endohedral fullerenes has proven unsuccessfu12’
Based on the results presented in Table III, we must
therefore conclude that the binding energy seems to be the
only good indicator of the element’s ability to be trapped
inside C2s. Neither the ionic radius nor the IP of the
trapped atom seem to be reliable pointers for this purpose.
However, we must remark that the binding energy is a
posteriori indicator, i.e., it gives us a measure of how
“happy” the metal atom is inside the cage after the insertion process is completed, but does not tell us much about
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the energetics of the formation process. We believe that
during the makeup of the endohedral metallo-fullerene, the
trapping success rate is ultimately determined by the ability of the metal atom to establish a chemical complex with
the growing carbon clusters. If we assume that these
metal-carbon interactions are charge transfer complexes,
those elements with low electronegativities (i.e., more facile electron donation) will have a leading edge in their
interactions with carbon.
At this point, two crucial observations are central to
our hypothesis. First, the elements that have been successfully trapped inside fullerenes are always located at the left
of the Periodic Table. Second, these are precisely the elements that have the lowest electronegativities and are thus
better equipped to form strong charge transfer complexes
with carbon. Our hypothesis is simply expressed by the
following two rules: ( 1) Elements that are successfully
trapped inside fullerenes have electronegativities smaller
than 1.54, and (2) the smallest endohedral fullerene that
can be formed for a given element is a function of its ionic
radius.
A diagram of Pauling electronegativities5’152 as a function of atomic number is presented in Fig. 3. To make our
point very clear, we have drawn a dividing line at the
electronegativity value of 1.54. In Fig. 3, a A indicates that
the element has been reported as forming endohedral
fullerenes,53-55 an X indicates that experimental attempts
to trap the element inside fullerene cages have been unsuccessful, and, a 0 means that to the best of our knowledge
these elements have not been tried out yet.
As shown in Fig. 3, Be, Mg, Al, Ti, Mn, Nb, and Ta,
are all very close to the 1.54 threshold. It is worth noting
that in our model the electronegativity seems to fit the
experimental evidence much better than other parameters
usually employed to quantify the element’s ability to donate electrons. The unsuccessful attempts to trap Al inside
fullerenes2’ and the predominance of Y containing species
in the SC/Y/graphite experiments” are correctly reproduced by the electronegativity argument (see Fig. 3).
There have been reports of Fe being trapped inside C6o,56
but these have not been confirmed by other experimental
groups. Endohedral insertion of He (Ref. 57) and Li (Ref.
58) has also been reported, but these results were obtained
in high energy collision processes under experimental conditions totally different from those in the laser
vaporization/high-temperature
or arc-generation machine.
In Table IV, we present a list of ionic radii for several
elements together with the smallest cage size for which
endohedral fullerenes have been reported to form.
Surprisingly, our qualitative model correctly reproduces (almost) all of the experimental evidence accumulated for endohedral fullerenes. It is also obvious from Table IV and Fig. 3 that if ionic radii and ionization
potentials were the key ingredients determining endohedral
insertion, then elements like Al should have been observed
inside fullerenes. Evidently, the interaction between the
carbon clusters and the particular element is of fundamental importance in the formation process, and this interaction seems to be qualitatively reproduced by the atomic

J. Chem. Phys.,
Vol.
1, 1 July
1993
Downloaded 12 Jul 2005 to 169.237.39.243. Redistribution
subject
to 99,
AIPNo.
license
or copyright,
see http://jcp.aip.org/jcp/copyright.jsp

Guo, Smalley,

358

Ab initio predictions

and Scuseria:

of Cs8

5

4

F
.=
23

-

x
5
‘Z
&
cu2e
?j

_

ii?

F
x

-

x

Cl
x

x

_
_

x

Fsoox ox
TiiOX”Mrl x

XAI

ia

:Li

I

0

IO

Not tried yet

.

0

xNb

r

&a

000

Te
x 00

x

0

0
’

o

Azr
AY

SC

La,rrrrAAAA

,
30

0

00 00

‘...

Pa
0;” *oooo

AA Hf
&

0
0

rBa

0
Fr

?h

??b

I
20

Pb
x

Ta

Gr

K

0 _

x

0

xMg
l-o

0

fullerenes

attempts

9”
Rh
xx0

x

.Be

Unsuccesful

0

x

-0

Forms endohedrai

x

0Er

x

x

A

I
40

1
60

I
50
Atomic Number,

I
70

1
80

I
90

3
100

2

PIG. 3. Pauling electronegativity (from Ref. 48) as a function of atomic number Z.

electronegativity. We must point out that the present qualitative model favors a fullerene formation process reminiscent of the previously proposed “pentagon road” mechanism.59 There is a new added twist though; the capacity of
the metal atom to stick on the curling carbon sheets during
the fullerene formation process plays a crucial role in the
TABLE IV. Ionic radius, electronegativity, and smallest cage size of
endohedralfullerenes.
Smallest
endohedral cage
Ionic
Oxidation
size’
radius (A)b
state
Element
+l

Li
Na
K
Rb
cs

+2

Mg

+3

ca
Sr
Ba
Al
SC

f4

Y
La
Ti
Zr
Hf
u

...
d
44
4es
. . .

44
d
d
...
28
30
36
28
28
28
28

Pauling
electronegativityC

0.86
1.12
1.44
1.58
1.84
0.78
1.06
1.27
1.43
0.51

0.98
0.93
0.82
0.82
0.79
1.31
1.00
0.95
0.89
1.61
1.36
1.22
1.10
1.54
1.33
1.3
1.38

0.89

1.04
1.17
0.68
0.86
0.85
1.03

IV. CONCLUSIONS

‘See Ref. 53 for experimental work.
bReference48.
‘Reference 52.
dSmallestendohedral fullerene cage size was not investigated in the experimental work.
The element has not been tried in experiments.
J. Chem.

Phys.,

endohedral trapping mechanism. Moreover, in cases like
U@C2s where very high yield of the compound is obtained, the U atom may actually be helping in the formation process rather than simply acting as a “spectator”
bonded to the growing carbon sheet. The only exception to
our model is Mg, whose electronegativity is smaller than
1.54 but has not been found inside fullerene cages. A possible explanation of this behavior may lie in the ability of
Mg to directly bond to carbon atoms, in particular covalent bonding with the dangling bonds of the growing carbon sheet. Successful cage completion under those circumstances may be difficult to achieve. Although Li has not
been tried out yet, a similar situation may be experimentally encountered, resulting in a relatively difficult environment to produce Li-endohedral fullerenes.
Finally, a few predictions are born out from our qualitative model. Rb should form endohedral fullerenes and
the smallest cage size should be in the Rb @ CM region; the
smallest cage size for Sr and Ba should be around 44 atoms, whereas Na should fit in cages smaller than 44 carbon
atoms (see Table IV).

Our theoretical predictions support an 5A2 electronic
ground state of C,, in T, symmetry. Due to its four dangling bonds, CZs is expected to be a very reactive molecule
that may be stabilized, however, by external addition of 4
monovalent atoms, or by endohedral insertion of an appropriate atom. Successful identification of several M8Czs
species has already been achievedz9P20
and efforts to detect
molecules like C&H, are currently underway.
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For the M@C!,, species studied in this paper, the binding energy seems to be the most reliable indicator of
whether the metal atom gets trapped by the Cz8 cage. For
endohedral fullerenes in general, we find that the electronegativity is a qualitatively reliable indicator of “trapping
success” that correctly matches the body of experimental
data. If our hypothesis proves correct, other experimental
techniques different from those currently employed will be
necessary to produce endohedral fullerenes of any element
in the Periodic Table.
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