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Abstract: Some dimetal fullerenes M, @ Cg, (M = Cr, Mo, W) have been studied with computational quantum
chemistry methods. The transition metal diatomic molecules Cr,, Mo,, W, form exohedral complexes with
Ceo, While U, forms a highly symmetric endohedral compound and it is placed in the center of the Cgo
cavity. This highly symmetric structure is an artifact due to the small size of the Cg cavity, which constrains
U, at the center. If a larger cavity is used, like C; or Cgs, U, preferentially binds the internal walls of the

cavity and the U—U bond no longer exists.

Introduction

Metal—metal multiple bonds have first attracted the attention
of chemists in the 1960s, when Cotton introduced the notion of
a quadruple bond between two Re atoms in the Re,Cls*~ anion.'
Five bonds followed in 2005, when the synthesis® of a complex
organometallic compound was interpreted in terms of a quintuple
bond between two chromium atoms.® To find the molecules with
the highest bond order, Roos et al. investigated the transition
metal dimers of chromium, molybdenum, and tungsten, respec-
tively, Cry, Mo, and W», and suggested the presence of a
hexuple bond in Wy.* Similar work has also been performed in
the early diactinide series,”™® indicating that a well-developed
quintuple bond occurs in Pa; and a strong quadruple bond occurs
in U2.

Endohedral metallofullerenes have been extensively studied
since the discovery of fullerenes.”'® These systems present
distinctive characteristics because the charge transfer induced
by the metal with the cage can change the reactivity and
properties of the fullerene itself. This aspect is particularly
attractive for the potential new applications in both chemistry
and medicine. Wilson et al.'' have proposed a possible
biomedical application of holmium fullerenes as a tracer in
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diagnostic radiology. One advantage of using fullerene cages,
among many others, is the possibility to isolate completely the
metal from the surrounding giving a very low toxicity. Unstable
fullerene cages can be synthesized with a properly trapped metal
also when the isolated-pentagon rule (IPR) is violated.'*™'> New
electrochemical properties and reactivity can be detected.
Recently, it has been shown experimentally how organic
functional groups can react with a endohedral metallofullerene.'®"”
Even more interesting is the possibility to prepare new electronic
devices, for which the electron transfer between the metal and
the fullerene can be used to build special types of single-wall
nanotubes.'®

From a theoretical standpoint, it is interesting to understand
how the metal binds to the fullerene. Some questions that one
would like to address are as follows: does the metal energetically
prefer to bind the cage from the outside or inside? How many
metal atoms can be encapsulated, and how do they interact
among themselves? Experimentalists have pushed the number
of metal atoms that can reside inside a fullerene to three in the
M3N@Cg (M = Sc,Y) species.'” In this system the metal atoms
are bonded to the nitrogen atom. Two metal atoms with no other
interfering elements have been isolated inside a fullerene cage
only recently. Examples like Sc,@Cgg, La, @C7,, and La, @Crg
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can now be found in the literature.”*=** Up to now, however,
the idea that a real metal—metal bond could form inside a
fullerene remains fascinating and not demonstrated yet.

Wu and Lu*® have recently shown that by means of
all-electron relativistic density functional calculations U, @Cyg
has an unprecedented U—U multiple bond consisting solely of
sixfold ferromagnetically coupled one-electron-two-center bonds.
The electronic configuration is (anu)z(Sng)'(Sfég)z(Sf(pu)], and
the bonds are dominated by the uranium 5f atomic orbitals. The
authors described this work as the first connection between
metal—metal multiple bonding chemistry and fullerene chemistry.

We present here the results of a computational study of
several species with the general formula M,@Cg, where the
dimetal M, = Cr,, Mo,, W5, and U, resides inside and outside
the fullerene cage. We decided to choose these elements because
they all present the same number of valence electrons and, in
principle, they could reach maximum bond multiplicity. More-
over, the uranium atom has the 5f shell that actively participates
in the formation of the dimetal bond and can give origin to a
new type of chemical interaction with the cage.

Local minima were characterized by vibrational frequency
analysis. The relative stabilities of the different species were
compared, and the nature of the metal—metal multiple bond
and its interaction with the cage was analyzed. For the U, dimer,
we also explored the possibility of forming endohedral com-
plexes with the C;o and Cgs cages.

Theoretical Methods

Quantum chemical calculations were performed using density
functional theory (DFT). The TURBOMOLE package** was
employed. Scalar relativistic effects were incorporated by employing
on the uranium atom the (14s13p10d8f3g)/[10s9p5d4f3g] ECP basis
set with 60 core—electrons.>> A valence double-¢ split valence basis
set, SVP,® was used on the carbon atoms. The gradient-corrected
BP86% exchange correlation (xc) functional was employed. Some
of the calculations were also repeated using the PBE®® and
PBE0?°~° xc-functionals. The choice of the functionals was based
on previous work,*'* which showed that pure DFT methods
perform better than hybrid DFT or many-body perturbation methods
in describing metal diatomics.

Full geometry optimization and frequency calculations were
performed for all the Cg species. The threshold for the energy
gradient has been chosen as 10, Basis set superposition error
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(BSSE) corrections were included using the counterpoise method.
Zero-point energy corrections (ZPE) were also computed. For the
most stable Cy and Cg, structures, we followed a ““steepest descent”
procedure to ensure that we were in a minimum region. A full
frequency calculation was not performed for the larger clusters;
hence ZPE energy corrections were not computed for these systems.
The method has proven to be successful for similar compounds.®*—>¢
We have studied the interaction between the fullerene and the
dimetal by classifying the energy of the M, @C,, systems in a series
of contributions. The bonding energy, AEy.nqg, between two frag-
ments is expressed as the sum of two terms, one destabilizing term
called strain energy or preparation energy, AFgu., (the two
expressions will be used as synonyms in the following), and one
stabilizing term called interaction energy, AEin: AEpona = AEgain
+ AEjy. AEgwin is associated with the deformation of the individual
fragments when they form the supersystem. This contribution is
always positive, and its magnitude depends on the rigidity and
reorganization of each fragment. AE;, is the effective interaction
between the deformed fragments. The terms that appear in the total
binding energy expression are evaluated in the following way:

AE, (M,@C,)= EM,@C,) — E(M,)[in M,@C,] —
E(C,)lin M,@C, ]

=EM,)[in M,@C,] — E(M,) + E(C,)[in M,@C,] — E(C,)

In the following we will refer to the first term as encapsulation
energy, when the dimetal is inside the cage, or complexation energy,
when the dimetal is attached from the outside.

To analyze the charge transfer between the metal atoms and the
fullerene fragments we used natural population charges®’ as
implemented in TURBOMOLE.

AE

strain

Results and Discussion

Structure. The metal—metal bond distances in the metal
diatoms M, (M = Cr, Mo, W, U) are reported in Table 1,
together with the relative stability of the lowest electronic states.
For each dimetal, several M, @Cg structures were considered,
namely M, inside Cgp (Structure 1a and 1b), M, outside Cgp
(Structure 2), and the two metal atoms separated and attached
at opposite sides of the cage (Structure 3). All possible structures
are depicted in Figures 1-3. The results on the M, @ Cg systems
are summarized in Table 2. The most significant bond distances
for each structure are reported, together with the relative stability
of the structures.

The most stable structure for Cr, @Cg is the exohedral one,
in which Cr; lies on one side of Cg (Structure 2) and the Cr—Cr
bond distance is considerably elongated with respect to the
isolated Cr, molecule. The singlet and triplet lowest states are
close in energy. With the inclusion of the zero-point energy
(ZPE) and BSSE corrections, BP86 predicts the singlet 'A state
to lie ~4 kcal/mol lower in energy than the triplet *A state.
PBE without ZPE and BSSE corrections gives the same results
as BP86 without ZPE and BSSE. If one thus corrects the PBE
results using the BP86 ZPE and BSSE corrections, one can
conclude that the two functionals give very similar results. The
Cr—Cr bond distance in the 'A state is 2.62 and 2.42 A in the
'A and A states, respectively, at both levels of theory. The
structure with two Cr atoms lying outside Cgo (Structure 3),
but on opposite sides of the Cgy wall, is higher in energy than
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Table 1. Dissociation Energy (D = E(M2) — 2E(M)) for the Cry,
Moz, W3, and U, Systems in Various Electronc States?®

system el. state method Req D, (kcal/mol) AE (kcal/mol)
Cr, 'A BP86 1.62 —234 0.0
PBE 1.62 —24.3 0.0
CASPT2 1.66 —38.1 --
A BP86 1.76 —8.2 15.2
PBE 1.76 —-79 16.4
Mo, 'A BP86 1.98 =75.0 0.0
PBE 1.98 —=76.7 0.0
CASPT2 —119.7
3A BP86 2.09 —54.5 21.6
PBE 2.08 —55.1 20.6
W, 'A BP86 2.07 —117.5 0.0
PBE 2.07 —123.0 0.0
CASPT2 —146.9
A BP86 2.14 —111.2 6.2
PBE 2.14 —115.6 7.4
U, A BP86 2.30 —70.1 0.3
PBE 2.29 —75.8 0.0
A BP86 2.36 —70.1 0.3
PBE 2.36 —75.2 0.6
CASPT2 —32.6
°A BP86 243 —70.4 0.0
PBE 243 —74.8 0.9

“Energy difference (AE) between different electronic states. The
DFT results are from the present study. The CASPT2 results are from
ref 4.

structure 2. In the endohedral arrangement, the Cr—Cr bond is
significantly longer than that in an isolated Cr, molecule (1.62
A). The two Cr atoms can assume two different positions
depending on the spin multiplicity of the complex. For the
singlet state the Cr atoms are not in the center of the cage but
rather attached to the internal wall of C¢ (Structure 1a), while
in the triplet state the metal atoms are more centered in the
cage (Structure 1b). The same pattern is found for Mo and W.

In the Mo, @Cg case, the exohedral structure (Structure 2)
is also the most stable one, and it corresponds to a triplet ground
state. The Mo—Mo bond distance is 2.16 A. The ground state
of isolated Mo, is a singlet state with a Mo—Mo bond distance
of 1.98 A, while the triplet Mo, state has a Mo—Mo bond
distance of 2.14 A. W,@Cqy also prefers the exohedral
arrangement (2). The lowest singlet and triplet are very close
in energy. The W—W bond distance is 2.27 A for both states,
while in isolated W it is 2.07 and 2.14 A for the singlet and
triplet, respectively.

Inspection of Table 2 shows that the situation is significantly
different in the U,@Cg case. As already pointed out by Wu
and Lu, the most favorite structure is the endohedral one
(Structure 1). U, lies at the center of the cage, the system is
highly symmetric, and the U—U bond distance is 2.73 A. This
value is significantly longer than that in isolated U, (2.3—2.4
A, according to various levels of theory), but one can still
consider the U, as a unit. Moreover, according to all DFT levels
of theory, endohedral U,@Cg is very stable with respect to
separated U, and Cgp. Wu and Lu®? attributed this stability to a
favorable interaction between the 5f orbitals of U and the Cg
orbitals. Earlier theoretical/experimental studies**-° had indi-
cated very strong binding between U and small fullerene cages

(38) Guo, T.; Diener, M. D.; Chai, Y.; Alford, M. J.; Haufler, R. E.;
McClure, S. M.; Ohno, T.; Weaver, J. H.; Scuseria, G. E.; Smalley,
R. E. Science 1992, 257, 1661.

(39) T. Guo, R. E.; Smalley, T; Scuseria, G. E. J. Am. Chem. Soc. 1993,
99, 352.

as opposed to charge transfer.*® Our previous studies on metal
diatomics® indicated that there are some differences between
transition metal diatomics (for example Cr,, Mo,, and W») and
actinide diatomics, but these difference do not seem to justify
why U, would prefer the symmetrical endohedral conformation,
while all the transition metal diatomics have a clear preference
for either the exohedral structure or an endohedral structure in
which the M, fragment is considerably elongated with respect
to the isolated molecule and attached to the Cgy wall. In order
to understand this difference, we have performed a bond
analysis.

Bond Analysis. The stability of the endohedral and exohedral
structures can be expressed as the difference between the total
energy of the complexes and the energy of their components,
namely M, and Cgp (or C7; or Css). Encapsulation and
complexation energy terms can be decomposed in several
contributions as shown in Table 3.

When forming the M,@Cg supercomplex, a considerable
charge transfer between M, and Cgp occurs. However, for
simplicity in our model, we assume that the strain energy term
includes only the effect of the geometrical distortion. In other
words, we assume that M, and Cgo have the same electronic
configuration in the supercomplex as when they are isolated
species. In such a way, all the electronic effects are included in
the interaction energy term. This analysis was performed only
on the closed-shell electronic states. The reason was that the
metal/fullerene coordination does not depend on the spin
multiplicity, because the energy difference between singlet and
triplet for a given supercomplex is significantly smaller than
the energy difference between the endohedral and exohedral
structures.

The Cr, endohedral complex presents an encapsulation energy
of —2.7 kcal/mol. This small value is a consequence of the small
interaction energy between the two fragments, —9.2 kcal/mol.
Neither the metal—metal bond nor the fullerene cage undergoes
any major deformation in the supercomplex. The fullerene cage
is destabilized by ~6 kcal/mol. In the exohedral structure, the
preparation energy of Cr, is very large, namely 154 kcal/mol,
which is reflected in the strong elongation of the Cr—Cr distance.
In the exohedral complex, the Cr atoms strongly interact with
the fullerene cage, which is more deformed than in the
endohedral case. The encapsulation energy is —36 kcal/mol,
but the effective interaction energy between the incarcerated
dimetal and the cage is ~200 kcal/mol. This large number also
includes the strong electronic rearrangement (polarization)
within the dimetal fragment as a consequence of the effective
rupture of the Cr—Cr bond. To make more evident this aspect,
in Table 4 we added the natural electronic configurations of
the Cr atom in the endohedral and exohedral structures as
compared to the case of the isolated Cr, molecule. In Cr,, Cr
assumes the 4s'3d’ electronic configuration, while in the
endohedral system each Cr atom is depleted of ~0.50—0.55
electrons, which corresponds to the total amount of charge that
is transferred to the fullerene cage, 1.1 electrons, as shown in
Table 5. For the more stable exohedral complex, the total
electron charge transfer from the dimetal to the cage is of about
1.3 electrons. This value, slightly larger than that in the
endohedral case, does not explain the electronic configuration
of the Cr atoms, 4s%%°3d>23, which seems more related to a
large polarization effect from the 4s to the 3d orbitals.

(40) Wang, L. S.; Alford, J. M.; Chai, Y; Diener, M.; Zhang, J.; McClure,
S. M.; Guo, T.; Smalley, R.; E.Scuseria, G. E. Chem. Phys. Lett. 1993,
207, 354.
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Structure 1a

Figure 1. Two possible endohedral arrangements of M@ Cg.

~ .
.

Structure 2

Figure 2. Exohedral arrangement of M, @ C.

Structure 3

Figure 3. Structure of two metal atoms attached to the external walls of
Ceo.

The Mo, complexes show an encapsulation energy that
resembles the Cr, ones, and the exohedral structure is more
stable than the endohedral structure. Their energy decomposition
however is different compared to the Cr; cases. The preparation
energy of Mo, for the endohedral complex, 83.8 kcal/mol, is
larger than in the Cr, case, indicating that the Mo—Mo bond
distance is more elongated than when the Mo atoms are outside
the cage. In this latter case the deformation energy is only 14.0
kcal/mol. Such an effect determines also a large deformation
(preparation) of the fullerene for the endohedral complex, of
about 37.5 kcal/mol with respect to the isolated icosahedral Cg.
In the exohedral complex the fullerene deformation is only 10.2

7462 J. AM. CHEM. SOC. = VOL. 130, NO. 23, 2008

Structure 1b

kcal/mol. The position of the Mo atoms allows a large
interaction in the endohedral complex, which is also reflected
by a large charge transfer “guest-to-host”, of ~1.3 electron,
compared to 0.8 electron, in the exohedral complex. To
summarize, while the interaction energy is more favorable for
the endohedral complex (with respect to the exohedral), the
strain energy, to bring the fragments in the geometry they
assume in the supersystem, quenches completely this effect by
making the complex unstable and unlikely to form. On the other
hand, the exohedral complex, despite a smaller charge rear-
rangement, is stable.

The W, systems show similar features to the Mo, systems.
A charge transfer from W, to the cage of ~1.3 electrons and
0.9 electron, respectively, occurs in the endohedral and exohe-
dral systems, respectively. As for Cr, also for W5, the exohedral
molecule has an overall larger stabilization energy.

When U, is used as a guest, the interaction pattern changes
dramatically. The endohedral complex is the most stable
structure with an encapsulation energy of ~ —207 kcal/mol. The
exohedral structure, with a complexation energy of only —73
kcal/mol, is still more stable than in the Cr, Mo and W case.
To understand the origin of such a different behavior, we have
analyzed the bonding decomposition of the endohedral and
exohedral complexes. The preparation energy of U, is rather
small for both structures, but it presents a larger deformation
in the endohedral complex. The elongation of the U—U bond
distance is larger inside the cage than outside, indicating that
the uranium atoms tend to stay bound to each other when they
are not encapsulated. Looking at the amount of charge transfer
between U, and the cage, the endohedral system shows a flow
of ~4.4 electron, which is almost double with respect to the
exohedral complex, 2.5 electrons. Compared to the other systems
the charge transfer is ~4 times larger The natural population
charge, performed on the isolated U, molecule, gives the
following electronic distribution on each uranium atom:
7s"]56d]'655f3‘137p0'07. On the other hand, in U,@Cg, each U
atom has the following electronic  distribution:
75%016d%2953-17p"%% In going from isolated U, to U,@Cgy
the 7s orbital is totally emptied, and also the occupation of the
6d orbital is strongly reduced. The 5f orbital seems not to
participate in the bond. This result is in agreement with the
suggestion of Wu and Lu?? that, inside the fullerene, the U,
electron transfer involves the 7s and 6d orbitals. When U, is
outside the cage, the charge transfer is not as dramatic. The 7s
and 6d U orbitals are responsible for the interaction with a
transfer of ~1.1 electrons per uranium atom, but this time also
the 5f orbitals participate actively with 0.13 electron. The U,
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Table 2. M,@ Cgo: Typical Bond Distances (A) and Encapsulation/Complexation Energies (kcal/mol) for Various Electronic States

main bond distances (A)

system el. state structure method M—M M-C De (kcal/mol)

Cr,@Cg 'A la BP86 1.61 2.37 2.7

+ZPE —4.8

PBE 2.74 2.48 —9.8

SA 1b BP86 2.44 2.23 —10.9

+ZPE —14.9

PBE 2.54 2.20 —17.1

'A 2 BP86 2.61 2.10 —36.2

+ZPE —38.0

+BSSE —34.4

PBE 2.62 2.09 —38.2

PBEO 2.86 2.18 —19.3

SA 2 BP86 242 2.45 —37.1

+ZPE —38.4

+BSSE —29.6

PBE 242 241 —38.8

PBEO 2.70 2.12 —20.6

'A 3 BP86 10.75 2.25 —18.8

+ZPE —213

PBE 10.72 2.23 —19.7

SA 3 BP86 10.74 2.23 —11.8

+ZPE —14.8

PBE 10.71 2.22 —12.9

Mo, @Cg 'A la BP86 2.56 2.10 233

+ ZPE 20.4

PBE 2.67 2.07 8.7

PBEO 2.67 2.07 —=5.7

SA 1b BP86 1.95 2.62 24.8

+ZPE 21.6

PBE 1.94 2.64 16.9

PBEO 2.01 2.62 —8.8

'A 2 BP86 2.16 2.36 —28.1

+ZPE —29.5

+BSSE —24.9

PBE 2.16 2.34 =315

PBEO 2.24 2.37 —49.3

SA 2 BP86 2.16 243 —32.8

+ZPE —33.2

+BSSE —29.7

PBE 2.16 2.40 —36.1

PBEO 2.25 2.56 —56.5

'A 3 BP86 10.81 2.18 37.3

+ZPE 34.6

PBE 10.79 2.17 36.2

A 3 BP86 10.92 2.30 41.4

+ZPE 39.0

PBE 10.89 2.29 40.7

W.@Cg 'A la BP86 2.54 2.26 27.7

+ZPE 239

PBE 2.68 2.15 10.9

SA 1b BP86 2.34 2.25 30.3

+ZPE 26.4

PBE 2.36 2.25 19.3

'A 2 BP86 2.27 2.28 —40.3

+ZPE —41.2

+BSSE —37.6

PBE 2.26 2.27 —44.2

PBEO 2.39 2.12 —67.1

SA 2 BP86 2.27 2.38 —43.6

+ZPE —44.3

+BSSE —36.1

PBE 2.26 2.35 —47.3

PBEO 2.30 2.50 —63.4

'A 3 BP86 10.68 2.09 123.3

+ZPE 120.0

PBE 10.67 2.09 120.4

A 3 BP86 10.77 2.12 75.9
+ZPE

PBE 10.76 2.12 74.5

U,@Cg A 1b BP86 2.55 2.52 —200.9

PBE 2.56 2.50 —221.3

A 1b BP86 2.73 2.48 —207.4
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Table 2. Continued
main bond distances (A)
system el. state structure method M-M M-C De (kcal/mol)
ZPE —212.1
BSSE —201.3
PBE —228.0
PBEO 2.67 2.49 —198.7
A 1b BP86 2.70 2.46 —195.1
PBE 2.72 2.49 —213.6
SA 2 BP86 2.32 2.49 —=72.1
PBE 2.32 2.37 —83.0
A 2 BP86 241 2.46 —73.3
PBE 2.40 2.44 —78.8
°A 2 BP86 2.58 2.36 —74.7
PBE 2.57 2.35 —=79.5

Table 3. Bonding Decomposition Scheme (kcal/mol) for the Mo@C, [M = Cr, Mo, W, U; n = 60, 70, 84] Molecules at the BP86/SV(P) Level

of Theory
Cr Mo W U(Ceo) U(Cro) U(Ces)
in out in out in out in out in out in out
prep M, 0.1 154.0 83.8 14.0 64.6 16.9 15.3 27.8 85.2 8.5 81.2 1.3
prep Ceo 6.4 10.2 37.5 10.2 35.2 14.2 20.7 9.0 24.7 9.2 15.8 19.0
interaction Ma—Cégg —9.2 —200.5 —98.1 —52.4 =722 —71.4 —243.3 —110.1 —308.2 —100.6 —257.8 —94.4
binding energy —2.7 —36.2 23.2 —28.1 27.7 —40.3 —207.4 =733 —198.3 —82.9 —160.8 —=74.0

Table 4. Natural Population Charges and Natural Electronic Conurations Computed at the DFT/BP86/SV(P) Level of Theory for the Metal

Atoms in Different Molecular Fragments®

molecular system Cr Mo W V]
M 4s'3d° 5s'4d’ 6s75d* 7s26d'°"
M, 4s'3d° 5s'4d’ 6s'5d° 7s!156d1-095£3-137p007
MZ@Cb(] (endohedral) 450’593d4'87 580'134(15'17 680.655d4.58 7SO'Ol6dO'595f3'l I7p0.04
MQ@CG() (exohedral) 480.093d5.23 550.614d4,98 650.885d4.68 750.436d1.315f2.987p0,06

M,@C7 (endohedral) -
M,@C7 (exohedral) -
M,@Cg4 (endohedral) -
M,@Cgy (exohedral) -

7SO.IS6d0.395f2.907p0.15
780'416(11 .015f3.127p0.05
780.236d0.375f3.007p0.19
750.466d1 .215f3.047p0.05

“Only the major contributions are shown in the table. In M>C, [M = Cr, Mo, W, U; n = 60, 70, 84] with M, inside or outside the cage, the
electronic configuration for a given metal is averaged over both the metal atoms.

Table 5. Total Amount of Charge Transferred from the Metal
Atoms to the Fullerene Cage in the Endohedral and Exohedral
M,C, [M = Cr, Mo, W, U; n = 60, 70, 84] Computed with a

Table 6. U,@C;, (n = 70, 84): Mo@Cg: Typical Bond Distances

(A) and Encapsulation/Complexation Energies (kcal/mol) for

Various Electronic States Computed at the BP86/SVP Level of

Natural Population Analysis at the DFT/BP86/SVP Level of Theory Theory
cr Mo w ] main bond distances (A)

M, @Cg¢ (endohedral) 1.09 1.26 1.32 443 structure el. state structure M—-M M—-C D,
M, @Cg¢ (exohedral) 1.29 0.84 0.91 2.47 U,@Cop SA endohedral 3.99 538 —194.6
M, @Cyo(endohedral) - - - 4.69 A endohedral  3.92 240  —1983
M, @Cy (exohedral) - - - 2.83 A  endohedral 3.0 241 —179.6
M;@Cg, (endohedral) - - - 433 SA exohedral 2.60 2.50 ~702
M;@Cs (exohedral) - - - 2.54 A exohedral 2.58 2.45 ~77.6
°A exohedral 2.58 2.48 —82.9
U,@Cgy A endohedral 4.07 2.44 —160.9
A exohedral 2.44 2.40 —74.0

and Cgp energy levels in both the endohedral and exohedral

fragments in the supercomplex are very similar; thus one can
suggest that most of the charge transfer from the U, inside the
cage occurs because of a more favorable overlap between the
diffuse 7s and 6d orbitals with the carbon orbitals. This overlap
is so large that it compensates for the electrostatic repulsion of
the two uranium atoms, with a charge of +2.2 each. Outside
the cage this repulsion is quenched by the lower charge transfer;
thus the two atoms, in a +1 formal charge, can actually bind to
each other. From this analysis, it is evident that the formation
of the U—U bond inside the Cgy is an artifact due to the
constraining size of the cage, rather than an actual bond.
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To verify this latter point, we decided to perform benchmark
calculations on U, in larger cages, namely C7y and Cgs4. The
results are summarized in Table 6.

The ground state of U,@Cy is the A heptet state. The
endohedral structure is still energetically more favorable than
the exohedral structures. However, U, does not lie at the center
of the cage, the U—U bond distance is considerably longer, 3.91
A, and the U—C distance is 2.40 A. In Cgy we explored the
heptet state only, since from the analysis reported above it is
evident that the spin multiplicity has a negligible contribution
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in determining the stabilization of the endohedral structure with
respect to the exohedral structure. In this case U is even less
constrained and the U—U distance is 4.07 A. The energy
analysis for the C7yp and Cgy4 Systems gives similar results to
those reported for the Cgg cage, in terms of interaction energies
and charge transfer.

Conclusions

We have presented the results of a DFT study on endohedral
and exohedral M, @C¢ systems, where M = Cr, Mo, W, U. In
the endohedral Cr, @Cg only a small interaction occurs between
Cr; and Cgp, which do not undergo any major deformation. In
the exohedral complex the Cr atoms interact more strongly with
the fullerene cage, and an overall major deformation occurs.
The exohedral complex is more stable than the endohedral
complex.

Also in the Mo, and W, cases the exohedral structure is more
stable than the endohedral structure. The U, case is different,
in the sense that the endohedral complex is significantly more

stable than the exohedral one and U, lies at the center of the
cage. This result could lead to the wrong belief that a bond still
occurs between the two U atoms. We have shown that this is
an artifact due to the small size of the cage. In a larger cage
such as, for example, C79 or Cs4, the U—U distance becomes
significantly longer, 3.9—4.0 ;A, than that in the isolated U,
molecule, 2.40 ;A, and U is not at the center of the cage any
longer, but instead the two U atoms interact with the interior
wall of the cage.
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