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Introduction

The spherical structure of fullerenes [1-4] allows exohedral
and endohedral chemistries to be distinguished. Especially,
the covalent exohedral chemistry of C60 has been well estab-
lished over the last few years and principles of the behaviour
of C60 towards external addition reactions can be deduced
[5]. For this type of chemistry, the fullerenes are certainly
more reactive than planar aromatics because the driving force
for such addition reactions is the reduction of strain [6], which

results from pyramidalization in the sp2-carbon network. Two
types of endohedral derivatives [7] are well known, the in-
clusion compounds of electropositive metals and those of
noble gases. In the former systems, a cation is encapsulated
by a negatively charged carbon shell, whereas in the latter
both components are neutral. Endohedral derivatives involv-
ing covalent bonds between the guest and the inner surface
are unknown. Several theoretical calculations concerning the
stability, geometry and electronic structures of covalent
exohedral [5] derivatives as well as of fullerenes [7] encap-
sulating non covalently bound cations, anions and neutrals
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are available but so far no investigations have addressed the
introductory question.

Computational Method

All semiempirical calculations in this study used the VAMP
6.1 [8]  program with the PM3 [9] Hamiltonian within the
unrestricted Hartree-Fock (UHF) formalism and the DFT
calculations were performed with the UB3LYP/D95* Method
[10] in Gaussian 94 [11] using the PM3 geometry. Although

the numerical value of the UHF <S2> is very high for
fullerene/radical adducts [12] (and also for C60 itself), the
energetic and geometric effects of spin-contamination are
small because of the very high multiplicities of the principal
spin contaminants.

Results and Discussion

The reaction profile shown in Figure 1 and Table 1 stresses
the very different reactivity of fluorine inside and outside the
fullerene cage. The energy curve of the methyl complexes is
qualitatively the same. The exohedral addition of fluorine is
a very exothermic reaction, resulting in bound structure (D).
Moving inside C60, the addition of fluorine is now endother-
mic for the bound F@C60 (C). After passing a transition state
(B), fluorine reaches the endohedral minimum (A) in the
centre of C60 at a distance of 3.56 Å to the C-atoms of the
cage. According to the B3LYP result the PM3 transition state

PM3 UB3LYP/D95*//PM3

Compound Coulson ∆∆∆∆∆H0
f  δ∆δ∆δ∆δ∆δ∆H0

f Mulliken total rel. Energy

Charge [a] (kcal/mol) (kcal/mol) Charge [b] Energy (- a.u.) (kcal/mol)

FC60 (exo) -0.10 749.20 -68.82 -0.16 2386.18979 -56.7

F@C60 (endo) bound -0.22 838.56 20.54 -0.30 2386.09185 4.8

transition state -0.38 848.50 30.48 -0.45 2386.11069 -7.9

centre 0.00 827.25 9.23 -0.53 2386.13948 -25.1

[a] charge for the F-atom.
[b] charge for the F-atom.

Table 1. Comparison between DFT and semiempirical results
for the system F/C60

Compound Dipole-moment  Coulson  HF   Bond Energy

(Debye) Charge [a] (kcal/mol) (kcal/mol)

HC60 (exo)  1.22  0.12  783.29  -67.97

H@C60 (endo) bound 0.51 0.05 851.21 -0.05

transition state 0.16 -0.04 855.95 4.69

unbound minimum 0.07 -0.02 848.89 -2.37

 FC60 (exo)  1.23  -0.10  749.20  -68.82

F@C60 (endo) bound 0.25 -0.22 838.56 20.54

transition state 1.13 -0.38 848.50 30.48

centre 0.00 0.00 827.25 9.23

CH3C60 (exo) 1.48 0.08 778.78 -48.34

CH3@C60 (endo) bound 0.31 -0.05 885.08 57.96

transition state 0.25 -0.08 886.15 59.03

centre 0.00 -0.02 839.17 12.05

[a] of H, F and Me

Table 2. PM3 dipole moments, Coulson charges, heats of
formation and bond energies of exohedral and endohedral
complexes of  C60 with H, F and the methyl radical (Me).
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is lower in energy than the bound structure, which indicates
a very low dissociation barrier, if any.

Further computational results are shown in Tables 2 and
3. Figure 2 shows the PM3-structures of F@C60, which are
representative for the corresponding structures for H@C60
and Me@C60 (A-D in Figure 1). The exact geometries are
shown for the pyracyclene subunits of F@C60  (Figure 3),
which are comparable to those of H@C60 and Me@C60 (Ta-
ble 3). These results can be summarised as follows:

1) The covalent exohedral derivatives FC60, HC60 and
MeC60 are considerably more stable than the endohedrals
F@C60, H@C60 and Me@C60, regardless of the bonding situ-
ation within the cage.

2) The most favourable encapsulations of F and Me by
C60 are slightly endothermic, whereas that of H is slightly
exothermic at the PM3 level of calculation. The encapsula-
tion of F is 25 kcal/mol exothermic at UB3LYP/D95*//PM3.
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Figure 1. PM3-UHF heats of formation of fluorine C60
complexes as a function of the F/cage-centre distance r. The
reaction coordinate describes the movement of an F-atom
from the cage centre towards a C-atom. The extrema F@C60
(centre) (A), F@C60 (transition state of endo addition) (B),
F@C60 (bound) (C), FC60 (exo) (D) of this reaction coordinate
represent fully geometry- optimised structures.

Figure 2a-b. PM3-UHF-geometries of  a) FC60 (exo), b)
CH3C60 (exo)

3) The structures of F@C60 and Me@C60 with the guests
placed exactly in the centre of the cage [15] are the most
stable endohedral structures. In case of H@C60, we observe
a slightly different behaviour. Hydrogen is quite free inside
C60 and barriers between the bound and the endohedral mini-
mum structure of H@C60 are very low (Table 2). The exact
location of the endohedral minimum of H@C60 depends on
the method of calculation, but it is consistantly slightly off-
centre (1.1 Å from the centre with the PM3-Hamiltonian).

b.)

a.)
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c.) d.)

Figure 2c-h. PM3-UHF-geometries of  c) F@C60 (bound),
d) CH3@C60 (bound), e) F@C60 (transition state of endo
addition), f) CH3@C60 (transition state of endo addition), g)
F@C60 (centre), h) CH3@C60 (centre).

g.) h.)

e.) f.)
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4) In contrast to endohedral complexes of C60 with elec-
tropositive metals [7], no charge-transfer occurs between the
guest and the host in the global minimum structures of H@C60
and Me@C60. In the case of F@C60 according to DFT-calcu-
lation (B3LYP/D95*//PM3) there is a partial negative charge
on the encapsulated fluorine (Table 1).

5) Only local minima are found for those isomers of
H@C60, F@C60 and Me@C60 where the guest is covalently
bound to a C-atom (Table 2, Figure 1).

6) The covalent binding of H, F or Me with the inner
surface of C60 leads to a very unfavourable cage distortion
(Table 3, Figure 3). This is especially reflected e.g. by the
bond angles C9C1C2, which differ strongly from the ideal
tetrahedral geometry and by the unusually long ‘single’ bonds
between the guests and the host. The corresponding values
of the exohedral adducts are those of normal strain free ar-
rangements around sp3-C-atoms.

We interpret these results as follows: The predominant
driving force for exohedral addition reactions is the relief of
strain energy [5,6,14]. The pyramidalization of the C-atoms
within the fullerenes is driven by the geometrical constraints
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Figure 3. Selected bond lengths and bond angles of a) FC60
(exo) b) F@C60 (bound) and c) F@C60 (transition state of
endo addition). For clarity only the neighbouring pyracylene
units are shown.

Figure 4. Calculated PM3-UHF heats of formation of fluorine
C60 complexes (single points energies involving the
undistorted fullerene cage) as a function of the F/cage centre
distance r. The displacement directions are the cage-centre
to (a) the centre of a [5,6]-bond, (b) the centre of a [6,6]-
bond, (c) a C-atom, (d) the centre of a pentagon and (e) the
centre of a hexagon.
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of the σ-system. The conjugated C-atoms of a fullerene re-
spond to the deviation from planarity by rehybridization of
the sp2 σ and p π orbitals, since pure p character of π orbitals
is only possible in strictly planar situations. The electronic
structure of non planar conjugated organic moleclues has been
discussed by Haddon [14] using the π-orbital vector (POAV)
analysis. For C60 an average σ-bond hybrdidization of sp2.278

and a π-orbital fractional s character of 0.085 (POAV1) or
0.081 (POAV2) was found [14]. As a consequence, the π-
orbitals extend further beyond the outer surface than into the
interior of C60, or in other words, the π-electrons are
preferrably located outside rather than inside the fullerene
cage. These geometric and electronic properties of C60 [5,6]
are responsible for its very pronounced propensity to undergo

exohedral addition reactions (Table 2, Figure 1), with the
formation of covalent bonds involving a newly formed ‘strain-
free’ sp3-C-atom within the cage (Table 2, Figure 3). Both
the pronounced exposure of the hybrid π-orbitals from the
exterior of C60 guaranteeing a favourable orbital overlap with
incoming addends (kinetic effect) as well as the strain assist-
ance [6] of the σ-system (thermodynamic effect) facilitate
the chemistry of the outer surface. No favourable bonding
situation can be achieved by the addition of H, F or Me to a
C-atom at the inside of the cage, since instead of relief, addi-
tional strain is introduced into the fullerene cage. Apart from
this thermodynamic effect, kinetic factors also can be ex-
pected to inhibit addition reactions with the inner surface of
C60, since the π-orbital extent away from the inner surface is

Compound C-E bond lengths Bond angles  (deg.)

(Å) C9C1C2 C9C1E

C60 – 120.0 –

HC60 (exo) 1.12 110.7 112.1

H@C60 (endo) bound 1.17 125.2 92.4

transition state 1.43 124.9 86.9

FC60 (exo) 1.36 109.3 112.8

F@C60 (endo) bound 1.46 121.8 99.5

transition state 1.82 109.3 91.1

CH3C60 (exo) 1.52 109.7 112.7

CH3@C60 (endo) bound 1.68 121.1 99.8

transition state 1.87 123.5 95.3

Table 3. Selected bond lengths and bond angles of exohedral
and endohedral complexes of H, F and Me with C60.
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Figure 5. Endohedral addition of the
encapsulated F to the inside of the cage
after exohedral covalent binding of
hydrogen. PM3-UHF heats of formation as
a function of the distance r from F to the α-
C-atom of F@C60H.
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considerably smaller than outside the cage, which clearly
makes an orbital overlap between a potential addend and a
C-atom of the cage much less efficient. Indeed, single point
calculations describing the movement of F away from the
centre of the cage towards various directions using the
undistorted C60-cage indicate that a favourable orbital over-
lap is only provided if the addend approaches a C-atom from
outside the cage (Figure 4). Therefore, when encapsulated
by C60, the most favourable situation for such usually ex-
tremely reactive species like H- or F-atoms or the methyl
radical is to stay in the middle of the cage and to avoid inter-
actions with the inner surface as much as possible. An
endohedral addition of the encapsulated radicals is only likely
if the fullerene cage is distorted so that the orbital overlap
becomes more favourable. This situation can be created by
exohedral addition of another radical. Figure 5 shows the
energy profile for inside addition of fluorine encapsulated in
C60 after H was added at the fullerene exterior. The bound
structure 1 (Figure 6) is now the global minimum (PM3-UHF:
790.7 kcal/mol) while the isomer 2 (Figure 6) is +20,6 kcal/
mol less stable.

Conclusion

We present here for the first time a new aspect of topicity that
takes into account the influence of the shape of a bent sheet
on its reactivity. We predict that the inner concave surface of
C60 is inert toward addition reactions, even if extremely re-
active neutral guests are encapsulated. This inertness con-
trasts with the pronounced reactivity of the outer concave
surface of C60.  This prediction also implies the possibility of
studying almost unperturbed atomic species or reactive mo-
lecular systems experimentally at ambient conditions once
they are encapsulated by the inert inner surface of fullerenes.
Recent experimental [15a,b] and theoretical [15c] studies
provided the first evidence for the formation and existence a
free N-atom as its quartet ground state encapsulated by C60,

which confirms our prediction.  In an upcoming study we
will compare the results of such calculations performed for
all first row elements and show that the atomic ground state
is indeed stabilised by encapsulation in C60. In the light of
new developments in fullerene chemistry, where it has al-
ready been shown that stable derivatives with holes in the
cage [16-20] can be synthesised, it seems to be only a ques-
tion of time before it will be possible to allow suitable spe-
cies to penetrate into the interior of a fullerene, reclose the
cage and if necessary to perform subsequent modifications
like electrochemical electron-transfer reactions in order to
synthesise such extraordinary endohedrals like E@C60 in pure
form and experimentally prove the inertness of the inner sur-
faces of fullerenes.
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Supplementary material: The XYZ-files for structures shown
in Figure 2 are given.
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