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We report a first-principle study of the tunable hydrogenation of endohedral metallofullereneg\@iC

M.@Cso, Wwhere M= Li, Be, Mg, Ca, Al, and Sc. The interaction between the encapsulated metal atoms and
the Gy 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 pysetke 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-eageverall, 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 We show here that the use of an endohedral dopant
circumvents these problems and that the internal metaibon
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 €H binding is weakened by endohedral
doping; however, at higher H densitiesX 36), the endohedral

The internal empty cavity of fullerene cages inspires endohe-
dral doping for fine-tuning the chemical, optical, and redox
properties of fullerenes.Since the beginning of fullerene
chemistry, endohedral fullererféshave attracted interest be-

cause the encapsu_lated atom; (usually metals) can impart _uniqu‘aopants strengthen the binding. As a result, the total H capacity
physical and chemical properti&s Also, the metal can readily is also increased. We investigate the hydrogenation g@f C

donate charge to the cage, and this effect stabilizes certainM@C60 and M@Csofor M = Li, Be, Mg, Ca, Al, and Sc and

errllpty-cagtﬁ fuIIer?nles otgetr_ thatolf.]: orte_gamlplet, scz;ndlurg, compare how the encapsulated metals and the number of valence
calcium, other metals, and trimetallic nitride clusters have been oo .1ns (1-3) affect fullerene hydrogenation.

encapsulated to yield various types of endohedral metallo-

fullerenes’™4 _ . 2. Computational Details
Hydrogenation of fullerenes has been investigated to probe

fullerene reactivity15-1° and for possible use in hydrogen-

storage applicatior’® 26 Hydrogen storage through hydrogena- ©N two model pathways (vide infra) thar cover a few rationally
tion of the pure empty-cage fullerene is hindered by several selectedx values?” The reactions were divided into intervals

problems. A first problem is insufficient hydrogen capacity. T0M CeoHx 10 CooHim and characterized by the interval-specific

Most experiments to date produce hydrofullerides with a @verage binding energy for addition ob.H
maximum of thirty-six bonded hydrogen atoms e{dse),
amounting to a storage density of 4.8 wt% hydrogen. In a few f= [EtOt(C60Hx) + (M2)u(H,) — EtOt(CGOHXer)]/(WZ) @)
cases, GHas has been observed in mixtures with other, less-
hydrogenated fullerenég,;22 and, very rarely, the presence of

a trace of GoHs, (6.7 wt %) has been reporté8l A second
problem is the poor efficiency of charge and discharge, which
is related to the energetics of the hydrogen bonding: When
in CgoHy is less than 36, the H atoms are too strongly bound to
be retrieved efficiently, whereas at> 36 the binding is too
weak due to the strain associated with introduction of sp
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 reversit#®?*and irreversiblé hydro-
genation/dehydrogenation reactions have been reported.

Since many hydrogenation pathways are possible, we focused

whereE"t is the total energy of the molecules in the parentheses.
For simplicity, the hydrogen chemical potentiaiH,), was
chosen to be the energy of a free hydrogen molecule. The zero-
point energy, entropy, and ;Hpressure 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 PackageA plane-wave basis

. o set (400 eV cutoff) is used in combination with an all-electron-
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TABLE 1: Average Binding Energies (in eV/H,) in Different
Stages of Fullerene Hydrogenation in PathF,

Cs0— CeoH3s CooHzs — CooHas CeoHaa — CeoHs2

Ceo 0.880 0.426 0.095
Li@Ceo 0.840 0.543 0.260
Lio@GCso 0.711 0.562 0.311
Mg.@Ceo 0.708 0.513 0.382
Ca@Go 0.782 0.561 0.130
Ca@Ceo 0.660 0.582 0.335
AlL,@Cso 0.785 0.776 0.448

largely featureless until ggHzs, which is also true for the high-
energy pathway. Previous calculatibhalso show that the strain
becomes critically minimized atggHzs. Consequently, we find
no need to study additionalvalues between 1 and 36.

CeoHaeT Very little is known about the structures of the more highly

Figure 1. Two possible reaction pathways to hydrogenation gf C hydrogen_ated fullerenes such a@K_DM . QSOHSZ' Here, we

represented in Schlegel diagrams. The dots are hydrogenated Carbor(]:omputatlonally search for stable ISomers gu'ded by the same

atoms. Double lines show the double bonds in the naked C pairs, and'ules for the two reaction paths. Having investigated over 100

the ovals indicate the local aromatic rings. The marked symmetry for CsoHas isomers, we have found that these two rules work well,

CeoHas and GoHs; are not strict but are for classification of the reaction  predicting here the lowest-energyd44-T isomer (in Figure

pathways. 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 figgH&-T

gradient approximations. In a periodic boundary condition, the (in Figure 1b) to be the lowest energy isomer by adding four
cubic unit cell size in our calculations has a dimension of 25 H’'s to every one of the four aromatic rings in theyBs6T

to maintain sufficient vacuum surrounding the molecules. structure, which leaves four equilaterally located, naked carbon
) ) pairs. The sequences in Figure 1 are considered as two reaction
3. Results and Discussions paths (denoted as pali-and path¥) starting from G, because

In correspondence with previous studies on hydrogenation the isomers of GHas and GoHsz in parts a and b are results of
of pure fullerenes, we selected= 0, 36, 44, and 52 for the direct H addition to f[he @Hgf,-Th and T isomers, respectively.
CeoHy's along the H addition pathway. Isomers of the different NOW the key question is: How do endohedral dopants affect
CeoHy's give different reaction pathways. For example, the the corresponding reaction behavior?
CsoHss compound, the most studied hydrofulleride, hak0l4 Table 1 gives the average hydrogenation energies encountered
possible isomer® Of these, theT}, structure (in Figure 1a)  along pathf, (Figure 1a). A first thing to note is that the
initially proposed by Haufler et &l.was later found to be a  formation energy of Hsg is reduced by up to 0.2 eVivhen
high-energy isomet®-37 while the T structure (in Figure 1b)  metals are inside, as shown in Figure 2. Second, incorporation
predicted by Tayld¥ was found to be the ground state. These Of an endohedral metal increases the formation energies of
two well-known isomers highlight two different isomerization CeoHasa and GoHsp. Without the endohedral metal atom,
rules. In theTy structure, all the unhydrogenated (“naked”) hydrogen is very weakly bound in the range betweepHas
carbon atoms form pairs, but these carbon pairs are isolatedand GoHsz, while endohedral doping increases H binding by
and evenly distributed across the hydrofulleride molecule to as much as a factor of 4. Thus the first 36 H atoms are easier
release the maximum strain. In contrast, in Thetructure, the  to retrieve, and the late8 H atoms are easier to load.
naked carbon pairs form aromatic rings, which are then evenly Importantly, we find a correlation between the binding energy
distributed throughout the cage. Although energetically more changes and the electronegativity and number of valence
favorable, the aromatic rings may not be formed with an electrons of the metal atom. Qualitatively, the lower the
approach such as the Birch reduction, since only conjugated€lectronegativity and the more valence electrons in the corre-
double bonds are attacked. Consequently, experimentalists findgsponding metal atoms, the larger the change in the H binding
diverse GgHss isomers in their product$:38:3° with the T energy relative to the puregeecase. This implies that charge
structure being quite rafé:4°This suggests that the hydrogena- transfer from the metal to the fullerene cage plays an important
tion reaction pathway is mostly determined by kinetics rather role:*344
than by minimum energy considerations. Our calculations show The corresponding reaction behavior for patFigure 1b)
that theT;, structure of GoHse is 3.0 eV above it isomer and is summarized in Table 2. It is not surprising that this path ends
that aCz isomer has the second-lowest energy (0.2 eV above with CgoHze-T, a tetrahedron with four aromatic rings on the
the T isomer), in good agreement with previous calcula- flat faces and carbon hydrides along the bent edges. This is an
tions19:31.32.36.3Here we studied two model reaction pathways ideal structure in which aromaticity and strain relief consider-
following the above two rules of isomerization, with the higher ations are synchronously satisfied. The addition of a single
energy pathway traveling through the¢HseTh and the low- additional dihydride unit harms both. Without doping, neither
energy one passing througlBssT. Between Gp and GoHas, CooHaa-T nor GsoHs2-T is energetically favorable relative to
other hydrofullerides, e.g.,d¢H2 and GoH1g-Cs, (with aromatic CesoH36-T, which has a formation energy as high as 1.05 eV/H
rings), were also observé&*! Our calculation gives binding  (Table 2). Again, the endohedral doping weakens H binding in
energies of 0.904, 1.080, and 0.950 eYA$ average energies CgoHse-T by up to 0.2 eV/H yet permits hydrogenation to
for hydrogenation over the intervalsséC— CgoHz, CsoHz — CeoHas-T for all dopants. Hydrogenation togs,-T is how
CsoH1s-Cs,, and GoHi1gCs, — CeoHse-T, respectively. This possible with endohedral Be, Mg, and Ca, although the
indicates that the energy landscape for the addition of H is compounds are not as stable as in Thecase. However, it is
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Figure 2. (Up) Tuning behavior in patfiy 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 moleculesgiy-Tn or Mo@ CsoHx-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 subtractel] wjtt8@e negative (positive) value indicating

inward (outward) curvature.

TABLE 2: Average Binding Energies (in eV/H,) in Different
Stages of Fullerene Hydrogenation in PathF
Coo— CooHzs  CeoHas — CooHaa  CooHaa — CooHs2 03 |
Ceo 1.046 —0.104 —0.078 F
Li.@Gso 0.947 0.068 —0.067 %
Bex@Ceo 0.981 0.303 0.006 =%2r
Mg.@GCso 0.866 0.067 0.080 5
Ca@Cso 0.801 0.150 0.050 T 01
AlL,@GCso 0.917 0.704 —0.002 k]
Se@Cso 0.858 0.160 —0.179 g
S50
clear that the binding-energy tunability is a general trend e
independent of the reaction path. 01} Ca,@Cq,
The binding energy reduction for the first 36 hydrogen atoms
(see Figure 2 for patfiy) can be understood in terms of charge 0-36H 36~44H 44-52H

transfer. The & fullerene has high electronegativifydue to_ Figure 3. Energy shift summation over the two lowest-unoccupied
the low LUMO level and forms _a more _Stable_ complex W'th_ molecular orbitals (LUMO) per K addition in different stages of
encapsulated metals atoms. This chemically inert complex is hydrogenation of empty & Green and orange bars are respectively
thus more difficult to hydrogenate as compared with pugg C  for T, andT paths. It is seen that fromggto CeoHae, the LUMO levels
whose LUMO level will be pushed up by hydrogenation. As it are lifted up by over 0.3 eV perHWith further increase of H coverage,
will be described in details below, the LUMO level ofdEl the LUMO levels drops. Once metal atoms are encapsulated, the charge
steadily goes up with the hydrogen coverage increases but stopdansfer from metal to the cage decreases ig@@xHssTn and then

. . increases again in @@ CsoHs>- T, as is shown by the insets, where
at some intermediate value, 36 x < 44, and then starts to the charge density is contributed by the four electrons just below the

drop at high coverage due to a new factor, i.e., negative (inward) Fermi level.

curvature induced by strain. An examination of the atomic

structure of GoHs2-Th, shows that over-hydrogenation tends to  dopants enhance the negative curvature, indicating hybridization
introduce local negative curvature in the naked sites to releasebetween the naked carbon and the metal atoms.

the strain. This weakens thebonds, creating some component Figure 3 shows the details of hydrogenation-induced energy
of inward sp-like dangling bonds in the “naked” carbon pairs, shift of the LUMO states of the empty cages and the electron-
pushing the bonding states (HOMO) up and pulling down the density distribution upon metal encapsulation for pathin
antibonding states (LUMO). Thus, a high H density in empty Ca@GCs, for example, most of the valence electrons of the two
hydrofullerides is energetically unfavorable. However, with Ca atoms are transferred to the cage, whereas only fractional
metals inside, both the LUMO and HOMO states (localized at charge is transferred from the €€a bond in the case of
these negatively curved sites) hybridize with the metal atoms, Ca@GCsoH3zs-Th. But the negatively curved carbon sties in
which stabilizes the negative curvature. We will see that the Ca@ CsoHso-Th attract more charge from the Ca atoms, leaving
carbon-metal hybridization can be in the form of either charge little electron density on the C&Ca bond. In the case of Al
transfer or bonding, depending on the metal atoms. The local (and Be), due to its larger electronegativity, we observe that
curvature shown in Figure 2 is measured by the summation of strong bonds with the C atoms pull the C atoms further inward
three bond angles around a naked carbon atom subtracted byand enhance the negatively curved sites (Figure 4). A third factor
36C, and the negative (positive) value denotes inward (outward) comes into play when transition-metal Sc atoms are used as
curvature. It is seen that negative curvature begins to occur indopants. The transition metal atoms interact strongly with both
CsoHa4 and becomes significant inefHs,. The endohedral the x bonds and the low-lying empty* orbitals in the cages
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is applicable ta-SeN@GCso, 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 pugg, @e endohedral

Al,@CgHs,-T Sc,@CgH 36-T dopants weaken the binding. The dopants also enhance the
Figure 4. Charge density contributed by six electrons below the Fermi ydrogen-binding energy at higher coverage and enable the
level. In AL@CsHs-T, the naked carbon pairs (red arrows) are pulled degree of hydrogenation to be substantially increased relative
inward to form bonds with Al atoms. In 8@CsoHse-T, the Sc atoms to that available with empty-cage;&Overall, the encapsulated
coordinate with the aromatic rings (red arrows) in the cage. metals increase the capacity and improve the energy efficiency

for hydrogen storage. These studies point to the possible use of
through Dewar coordinatiof?#¢ This explains the relative  endohedral metallofullerenes for hydrogen storage and highlight

smaller reduction of the formation energy oL&CsoHzs T and key physical and chemical principles that may be harnessed to
the larger reduction of those of @ CsoHa4 and Se@ CsoHs, design future materials with even better properties. From a
because the four aromatic rings i3 T interact strongly fundamental viewpoint, this study demonstrates an unconven-
with Sc atoms, as shown in Figure 4. tional catalysis. Unlike the conventional catalysts, which contact

Importantly, the hydrogenation/dehydrogenation process ap-With both reactants and reduce the reaction barrier of a single-
pears to be Comp|ete|y reversible. Once the hydrogen atomsstep I’eaction, the Catalyst here is hidden in one of the reactants
fullerene cage is spontaneously recovered. This agrees with theS€quential reaction process. This study shows vividly the
experimentally demonstrated reversibif§2¢One main concern  interplay between the “inside chemistry” and “outside chem-
associated with the reversibility is that fullerene reaction may 1Stry” @s was envisioned in ref 1 for fullerenes.
occur during hydrogenation at high temperattrEortunately,
the endohedral metallofullerenes are chemically more stable than
pure fullerenes due to the complexing of the interior of the
fullerene by the encapsulated met&lsTherefore, using en-
dohedral dopants would improve the reversibility. Also, the
barriers for hydrogen dissociation and dehydrogenation will be
importqnt parameters fo_r the kine_tics and the reversibility. raferences and Notes
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