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We report a first-principle study of the tunable hydrogenation of endohedral metallofullerenes M@C60 and
M2@C60, where M) Li, Be, Mg, Ca, Al, and Sc. The interaction between the encapsulated metal atoms and
the C60 cage leads to a tuning of the hydrogen binding in a desired manner as the hydrogenation proceeds.
At lower H densities, when H atoms are too strongly bound to pure C60, the endohedral dopants weaken the
binding. The dopants also enhance the hydrogen-binding energy at higher coverages and enable the degree
of hydrogenation to be substantially increased relative to that available with empty-cage C60. Overall, the
encapsulated metals increase the capacity and improve the energy efficiency for hydrogen storage. We identify
materials capable of storing 6.1 wt % hydrogen and elucidate a subtle interplay between reactivity and structure
which will be important for designing the next-generation hydrogen-storage materials.

1. Introduction

The internal empty cavity of fullerene cages inspires endohe-
dral doping for fine-tuning the chemical, optical, and redox
properties of fullerenes.1 Since the beginning of fullerene
chemistry, endohedral fullerenes2,3 have attracted interest be-
cause the encapsulated atoms (usually metals) can impart unique
physical and chemical properties.3-6 Also, the metal can readily
donate charge to the cage, and this effect stabilizes certain
empty-cage fullerenes other than C60. For example, scandium,
calcium, other metals, and trimetallic nitride clusters have been
encapsulated to yield various types of endohedral metallo-
fullerenes.7-14

Hydrogenation of fullerenes has been investigated to probe
fullerene reactivity1,15-19 and for possible use in hydrogen-
storage applications.20-26 Hydrogen storage through hydrogena-
tion of the pure empty-cage fullerene is hindered by several
problems. A first problem is insufficient hydrogen capacity.
Most experiments to date produce hydrofullerides with a
maximum of thirty-six bonded hydrogen atoms (C60H36),
amounting to a storage density of 4.8 wt% hydrogen. In a few
cases, C60H44 has been observed in mixtures with other, less-
hydrogenated fullerenes,20-22 and, very rarely, the presence of
a trace of C60H52 (6.7 wt %) has been reported.23 A second
problem is the poor efficiency of charge and discharge, which
is related to the energetics of the hydrogen bonding: Whenx
in C60Hx is less than 36, the H atoms are too strongly bound to
be retrieved efficiently, whereas atx > 36 the binding is too
weak due to the strain associated with introduction of sp3

bonding. Thus, there is both a high energetic cost to liberate
hydrogen at lowx and a high energetic cost to stabilize hydrogen
at highx. Together, these factors lead to poor charge/discharge
energy efficiency. Both reversible20,24and irreversible25 hydro-
genation/dehydrogenation reactions have been reported.

We show here that the use of an endohedral dopant
circumvents these problems and that the internal metal-carbon
interactions enable the coverage-dependent H binding to be a
smoother and more desirable function of the H/C ratio. At lower
H densities, the C-H binding is weakened by endohedral
doping; however, at higher H densities (x > 36), the endohedral
dopants strengthen the binding. As a result, the total H capacity
is also increased. We investigate the hydrogenation of C60,
M@C60, and M2@C60 for M ) Li, Be, Mg, Ca, Al, and Sc and
compare how the encapsulated metals and the number of valence
electrons (1-3) affect fullerene hydrogenation.

2. Computational Details

Since many hydrogenation pathways are possible, we focused
on two model pathways (vide infra) thar cover a few rationally
selectedx values.27 The reactions were divided into intervals
from C60Hx to C60Hx+m and characterized by the interval-specific
average binding energy for addition of H2,

whereEtot is the total energy of the molecules in the parentheses.
For simplicity, the hydrogen chemical potential,µ(H2), was
chosen to be the energy of a free hydrogen molecule. The zero-
point energy, entropy, and H2 pressure contributions are
considered as constants here. This is a very rough approximation,
which should be restricted to energetics discussions. For more
accurate calculation of entropy, one must evaluate the contribu-
tion from the phonons (or vibration) of all the fullerene,
hydrofulleride, and hydrogen molecules associated with their
internal degree of freedom. By our definition, positive values
of f mean energetically favorable binding.

We use spin-polarized first-principles method implanted in
the Vienna Ab Initio Simulation Package.28 A plane-wave basis
set (400 eV cutoff) is used in combination with an all-electron-
like projector augmented-wave potential and Perdew-Burke-
Ernserhof exchange-correlation functional29 within generalized
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f ) [Etot(C60Hx) + (m/2)µ(H2) - Etot(C60Hx+m)]/(m/2) (1)

13275J. Phys. Chem. C2007,111,13275-13279

10.1021/jp073482a CCC: $37.00 © 2007 American Chemical Society
Published on Web 08/15/2007



gradient approximations. In a periodic boundary condition, the
cubic unit cell size in our calculations has a dimension of 25 Å
to maintain sufficient vacuum surrounding the molecules.

3. Results and Discussions

In correspondence with previous studies on hydrogenation
of pure fullerenes, we selectedx ) 0, 36, 44, and 52 for the
C60Hx’s along the H2 addition pathway. Isomers of the different
C60Hx’s give different reaction pathways. For example, the
C60H36 compound, the most studied hydrofulleride, has∼1014

possible isomers.30 Of these, theTh structure (in Figure 1a)
initially proposed by Haufler et al.1 was later found to be a
high-energy isomer,30-37 while the T structure (in Figure 1b)
predicted by Taylor33 was found to be the ground state. These
two well-known isomers highlight two different isomerization
rules. In theTh structure, all the unhydrogenated (“naked”)
carbon atoms form pairs, but these carbon pairs are isolated
and evenly distributed across the hydrofulleride molecule to
release the maximum strain. In contrast, in theT structure, the
naked carbon pairs form aromatic rings, which are then evenly
distributed throughout the cage. Although energetically more
favorable, the aromatic rings may not be formed with an
approach such as the Birch reduction, since only conjugated
double bonds are attacked. Consequently, experimentalists find
diverse C60H36 isomers in their products,19,38,39 with the T
structure being quite rare.34,40This suggests that the hydrogena-
tion reaction pathway is mostly determined by kinetics rather
than by minimum energy considerations. Our calculations show
that theTh structure of C60H36 is 3.0 eV above itsT isomer and
that aC3 isomer has the second-lowest energy (0.2 eV above
the T isomer), in good agreement with previous calcula-
tions.19,31,32,36,37Here we studied two model reaction pathways
following the above two rules of isomerization, with the higher
energy pathway traveling through the C60H36-Th and the low-
energy one passing through C60H36-T. Between C60 and C60H36,
other hydrofullerides, e.g., C60H2 and C60H18-C3V (with aromatic
rings), were also observed.18,41 Our calculation gives binding
energies of 0.904, 1.080, and 0.950 eV/H2 as average energies
for hydrogenation over the intervals C60 f C60H2, C60H2 f
C60H18-C3V, and C60H18-C3V f C60H36-T, respectively. This
indicates that the energy landscape for the addition of H is

largely featureless until C60H36, which is also true for the high-
energy pathway. Previous calculations42 also show that the strain
becomes critically minimized at C60H36. Consequently, we find
no need to study additionalx values between 1 and 36.

Very little is known about the structures of the more highly
hydrogenated fullerenes such as C60H44 and C60H52. Here, we
computationally search for stable isomers guided by the same
rules for the two reaction paths. Having investigated over 100
C60H44 isomers, we have found that these two rules work well,
predicting here the lowest-energy C60H44-T isomer (in Figure
1b). This is because the two naked carbon pairs (double bonded)
are equidistant between the two aromatic rings, which release
the maximum strain. For the same reasons, we find C60H52-T
(in Figure 1b) to be the lowest energy isomer by adding four
H’s to every one of the four aromatic rings in the C60H36-T
structure, which leaves four equilaterally located, naked carbon
pairs. The sequences in Figure 1 are considered as two reaction
paths (denoted as path-Th and path-T) starting from C60, because
the isomers of C60H44 and C60H52 in parts a and b are results of
direct H addition to the C60H36-Th and -T isomers, respectively.
Now the key question is: How do endohedral dopants affect
the corresponding reaction behavior?

Table 1 gives the average hydrogenation energies encountered
along path-Th (Figure 1a). A first thing to note is that the
formation energy of C60H36 is reduced by up to 0.2 eV/H2 when
metals are inside, as shown in Figure 2. Second, incorporation
of an endohedral metal increases the formation energies of
C60H44 and C60H52. Without the endohedral metal atom,
hydrogen is very weakly bound in the range between C60H44

and C60H52, while endohedral doping increases H binding by
as much as a factor of 4. Thus the first 36 H atoms are easier
to retrieve, and the later 8 H atoms are easier to load.
Importantly, we find a correlation between the binding energy
changes and the electronegativity and number of valence
electrons of the metal atom. Qualitatively, the lower the
electronegativity and the more valence electrons in the corre-
sponding metal atoms, the larger the change in the H binding
energy relative to the pure C60 case. This implies that charge
transfer from the metal to the fullerene cage plays an important
role.43,44

The corresponding reaction behavior for path-T (Figure 1b)
is summarized in Table 2. It is not surprising that this path ends
with C60H36-T, a tetrahedron with four aromatic rings on the
flat faces and carbon hydrides along the bent edges. This is an
ideal structure in which aromaticity and strain relief consider-
ations are synchronously satisfied. The addition of a single
additional dihydride unit harms both. Without doping, neither
C60H44-T nor C60H52-T is energetically favorable relative to
C60H36-T, which has a formation energy as high as 1.05 eV/H2

(Table 2). Again, the endohedral doping weakens H binding in
C60H36-T by up to 0.2 eV/H2 yet permits hydrogenation to
C60H44-T for all dopants. Hydrogenation to C60H52-T is now
possible with endohedral Be, Mg, and Ca, although the
compounds are not as stable as in theTh case. However, it is

Figure 1. Two possible reaction pathways to hydrogenation of C60,
represented in Schlegel diagrams. The dots are hydrogenated carbon
atoms. Double lines show the double bonds in the naked C pairs, and
the ovals indicate the local aromatic rings. The marked symmetry for
C60H44 and C60H52 are not strict but are for classification of the reaction
pathways.

TABLE 1: Average Binding Energies (in eV/H2) in Different
Stages of Fullerene Hydrogenation in Path-Th

C60 f C60H36 C60H36 f C60H44 C60H44 f C60H52

C60 0.880 0.426 0.095
Li@C60 0.840 0.543 0.260
Li2@C60 0.711 0.562 0.311
Mg2@C60 0.708 0.513 0.382
Ca@C60 0.782 0.561 0.130
Ca2@C60 0.660 0.582 0.335
Al2@C60 0.785 0.776 0.448
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clear that the binding-energy tunability is a general trend
independent of the reaction path.

The binding energy reduction for the first 36 hydrogen atoms
(see Figure 2 for path-Th) can be understood in terms of charge
transfer. The C60 fullerene has high electronegativity42 due to
the low LUMO level and forms a more stable complex with
encapsulated metals atoms. This chemically inert complex is
thus more difficult to hydrogenate as compared with pure C60,
whose LUMO level will be pushed up by hydrogenation. As it
will be described in details below, the LUMO level of C60Hx

steadily goes up with the hydrogen coverage increases but stops
at some intermediate value, 36< x < 44, and then starts to
drop at high coverage due to a new factor, i.e., negative (inward)
curvature induced by strain. An examination of the atomic
structure of C60H52-Th, shows that over-hydrogenation tends to
introduce local negative curvature in the naked sites to release
the strain. This weakens theπ bonds, creating some component
of inward sp3-like dangling bonds in the “naked” carbon pairs,
pushing the bonding states (HOMO) up and pulling down the
antibonding states (LUMO). Thus, a high H density in empty
hydrofullerides is energetically unfavorable. However, with
metals inside, both the LUMO and HOMO states (localized at
these negatively curved sites) hybridize with the metal atoms,
which stabilizes the negative curvature. We will see that the
carbon-metal hybridization can be in the form of either charge
transfer or bonding, depending on the metal atoms. The local
curvature shown in Figure 2 is measured by the summation of
three bond angles around a naked carbon atom subtracted by
360°, and the negative (positive) value denotes inward (outward)
curvature. It is seen that negative curvature begins to occur in
C60H44 and becomes significant in C60H52. The endohedral

dopants enhance the negative curvature, indicating hybridization
between the naked carbon and the metal atoms.

Figure 3 shows the details of hydrogenation-induced energy
shift of the LUMO states of the empty cages and the electron-
density distribution upon metal encapsulation for path-Th. In
Ca2@C60, for example, most of the valence electrons of the two
Ca atoms are transferred to the cage, whereas only fractional
charge is transferred from the Ca-Ca bond in the case of
Ca2@C60H36-Th. But the negatively curved carbon sties in
Ca2@C60H52-Th attract more charge from the Ca atoms, leaving
little electron density on the Ca-Ca bond. In the case of Al
(and Be), due to its larger electronegativity, we observe that
strong bonds with the C atoms pull the C atoms further inward
and enhance the negatively curved sites (Figure 4). A third factor
comes into play when transition-metal Sc atoms are used as
dopants. The transition metal atoms interact strongly with both
the π bonds and the low-lying emptyπ* orbitals in the cages

Figure 2. (Up) Tuning behavior in path-Th measured by reduction of H binding energies due to doping of the cage with two Li, Ca, and Al atoms.
Positive means binding weakening, and negative indicates binding enhancement. (Down) Local curvature averaged over all double bonds (naked
carbon pairs) in the molecule C60Hx-Th or M2@C60Hx-Th, wherex ) 36, 44, and 52, compared to the unhydrogenated fullerenes. The local curvature
is measured by the summation of the three bond angles around a carbon atom subtracted by 360°, with the negative (positive) value indicating
inward (outward) curvature.

TABLE 2: Average Binding Energies (in eV/H2) in Different
Stages of Fullerene Hydrogenation in Path-T

C60 f C60H36 C60H36 f C60H44 C60H44 f C60H52

C60 1.046 -0.104 -0.078
Li2@C60 0.947 0.068 -0.067
Be2@C60 0.981 0.303 0.006
Mg2@C60 0.866 0.067 0.080
Ca2@C60 0.801 0.150 0.050
Al2@C60 0.917 0.704 -0.002
Sc2@C60 0.858 0.160 -0.179

Figure 3. Energy shift summation over the two lowest-unoccupied
molecular orbitals (LUMO) per H2 addition in different stages of
hydrogenation of empty C60. Green and orange bars are respectively
for Th andT paths. It is seen that from C60 to C60H36, the LUMO levels
are lifted up by over 0.3 eV per H2. With further increase of H coverage,
the LUMO levels drops. Once metal atoms are encapsulated, the charge
transfer from metal to the cage decreases in Ca2@C60H36-Th and then
increases again in Ca2@C60H52-Th, as is shown by the insets, where
the charge density is contributed by the four electrons just below the
Fermi level.
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through Dewar coordination.45,46 This explains the relative
smaller reduction of the formation energy of Sc2@C60H36-T and
the larger reduction of those of Sc2@C60H44 and Sc2@C60H52,
because the four aromatic rings in C60H36-T interact strongly
with Sc atoms, as shown in Figure 4.

Importantly, the hydrogenation/dehydrogenation process ap-
pears to be completely reversible. Once the hydrogen atoms
are removed, the metal-carbon bonds break, and a spherical
fullerene cage is spontaneously recovered. This agrees with the
experimentally demonstrated reversibility.20,24One main concern
associated with the reversibility is that fullerene reaction may
occur during hydrogenation at high temperature.25 Fortunately,
the endohedral metallofullerenes are chemically more stable than
pure fullerenes due to the complexing of the interior of the
fullerene by the encapsulated metals.47 Therefore, using en-
dohedral dopants would improve the reversibility. Also, the
barriers for hydrogen dissociation and dehydrogenation will be
important parameters for the kinetics and the reversibility.
According to our constraint-dynamics calculation, the encap-
sulated metals, at least for the specific case of Ca2@C60, cannot
reduce the reaction barrier. The dehydrogenation barriers are
3.8 and 3.9 eV, respectively, for Ca2@C60H2 and empty C60H2,
in which the hydrogen atoms are initially attached to the two
ends of a double C-C bond. The barriers of the reverse process,
i.e., H2 dissociation, are 3.2 and 3.1 eV, respectively. Techni-
cally, the high barriers should not be a major problem because
external catalysts may be employed.

The encapsulated metals change the thermodynamics and will
therefore undoubtedly change the dynamics associated with the
isomerization. For example, we can surmise that some isomers
may be stabilized and that the reaction paths may be altered.
This would be an interesting topic, but a detailed investigation
must be saved for future work. In any case, the tuning behavior
of the binding energy is clear.

The use of larger fullerene cages such as C70 or C80 would
further reduce the upper limit of H-binding energy. Interestingly,
a recent computational study48 of the i-Sc3N@C80Hx also shows
substantial binding energy reduction (from∼1.1 to 0.65 eV/
H2; see Figure 3 therein) at lower H coverage (x < 44) due to
the encapsulated Sc3N cluster, which strongly supports our
theory. Because sequential binding energies were not calculated
in ref 48, it is not clear how the H-binding strength changes at
higher coverage. However, the fact that the average binding
energy ini-Sc3N@C80Hx decreases less fast than that ini-C80Hx

asx approaches 72 may imply an enhanced H binding in the
high coverage region ini-Sc3N@C80Hx. Therefore, our theory

is applicable toi-Sc3N@C80, indicating that the tuning behavior
we proposed here is universal for all endohedral metallo-
fullerenes.

4. Conclusion

In summary, we have demonstrated that endohedral metal-
lofullerenes can behave as tunable hydrogen-storage materials.
The desirable tuning of the hydrogen-binding energies and
capacities occurs naturally through interplay between charge
transfer and bond rehybridization effects. At lower H densities,
when H atoms are too strongly bound to pure C60, the endohedral
dopants weaken the binding. The dopants also enhance the
hydrogen-binding energy at higher coverage and enable the
degree of hydrogenation to be substantially increased relative
to that available with empty-cage C60. Overall, the encapsulated
metals increase the capacity and improve the energy efficiency
for hydrogen storage. These studies point to the possible use of
endohedral metallofullerenes for hydrogen storage and highlight
key physical and chemical principles that may be harnessed to
design future materials with even better properties. From a
fundamental viewpoint, this study demonstrates an unconven-
tional catalysis. Unlike the conventional catalysts, which contact
with both reactants and reduce the reaction barrier of a single-
step reaction, the catalyst here is hidden in one of the reactants
but systematically modifies the dynamics of the complicated,
sequential reaction process. This study shows vividly the
interplay between the “inside chemistry” and “outside chem-
istry” as was envisioned in ref 1 for fullerenes.
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