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With the concept of super-atom, first principles calculations propose a new type of super
stable cage clusters Al,Hs,, that are much more energetic stable than the well established
clusters, Al,,H,, 5. In the new clusters, the aluminum core-frame acts as a super-atom with n
vertexes and 2n Al—Al edges, which allow to adsorb n hydrogen atoms at the top-site and 2n
at the bridge-site. Using AljoHsg as the basic unit, stable chain structures, (Al;2Hsg).,, have
been constructed following the same connection mechanism as for (AlHj),, linear polymeric
structures. Apart from high hydrogen percentage per molecule, calculations have shown that
these new clusters possess large heat of formation values and their combustion heat is about
4.8 times of the methane, making them a promising high energy density material.
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I. INTRODUCTION

Aluminum and aluminoborane clusters with high hy-
drogen capacity and attractive hydrogen desorption
temperature are considered to be good candidates for
hydrogen storage [1]. Aluminum clusters can also be
used as catalysis and propulsion material [2, 3]. The
central focus on many theoretical and experimental
studies is to find new stable clusters, to understand the
formation mechanism and to discover their unique prop-
erties. For aluminum hydride clusters of rich Al phase
(1<m<n in Al,H,,), the free electron is dominant in
the system and the stability can be well explained by the
jellium model [4, 5]. With more H atoms adsorbed on
the aluminum substrate, electrons in the hydrogenated
system are believed to be more localized. However, the
mechanism for the stability of rich H phase (n<m in
Al,H,,) is still largely unknown. The most exciting
findings so far is probably the experimental observation
of an unexpected stable specie, Al4Hg [3], which was
found to obey the so-called Wade-Mingos rules [6—8].
Following this rule, it was confirmed that in general
Al,H, ;2 clusters should be stable [9, 10]. However,
one can notice that in each Al,H, o cluster, there are
still (2n — 2) free electrons left, which can in principle
be saturated by extra hydrogen atoms if we consider
the Al cluster as a super-atom.

In this work, we show new stable clusters for alu-
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minum hydrides that fulfill the super-atom principle.
The structures of two stable cage aluminum hydride
AlgHg and AljsHsg have been analyzed in detail. We
have also shown that the cage AljoHszg cluster can be
used as a basic unit to form (Alj2Hsg),, chain structure
with the same bonding mechanism as that of (AlHj),
polymers. The combustion heat of new clusters has also
been estimated and its potential usage as the energy
material is discussed.

Il. COMPUTATION DETAILS

Structure optimization and electronic structure cal-
culations were performed using Perdew-Wang exchange
and gradient-corrected correlation functional (PW91)
[11] with 6-311G(d,p) Gaussian basis set as imple-
mented in Gaussian 03 package [12]. The PW91 func-
tional is known to give good description for the geom-
etry and electronic structure of aluminum hydrides [9,
13]. The Geometry optimization has been done with-
out symmetry constraint. Moreover, analytic Hessian
matrix has also been calculated to guarantee that the
obtained final structures are true minimum.

I1l. RESULTS AND DISCUSSION
A. Stable structures of AlgHg and Aljx2Hsg

After considering many different structural arrange-
ments, we finally find the core structure of the Al,, clus-

ter that is capable of adsorbing 3n hydrogen atoms.
Two best examples are AlgH1g and Aly5Hsg as shown in
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FIG. 1 The optimized structures of AlgHis and Ali2Hss,
and the corresponding infrared spectra.

Fig.1. In these structures, one can see n top-site hydro-
gen atoms and 2n bridge hydrogen atoms. For AlgH;g,
the optimized geometry is of octahedral symmetry. The
Al—Al bond length among AlgH;s is 3.19 A, much
longer than that in pure aluminum clusters, demon-
strating that the direct interaction between Al atoms is
greatly weakened due to the absorption of abundant hy-
drogen atoms. Actually, with hydrogen atoms adsorbed
on bridge sites, the original Al—Al linkage is replaced
by three centers Al-H—Al bridge bond, as what was
found in Al4Hg [3]. The terminal Al-H bond length
is 1.59 A, which is a typical covalence bond length
between Al and H atoms. The bond length between
bridge H and Al atoms among AlgH;g is 1.75 A. Its in-
frared spectrum shows two main peaks at around 900
and 1800 cm ™!, resulting from the motion of hydrogen
atoms in the system. For Alj5H3g, the most stable cage
structure has a Cy symmetry, as shown in Fig.1. Al-
though an octahedral symmetric configuration with 12
terminal and 24 bridge H atoms was constructed as an
initial configuration, the geometry relaxation has led to
the reduced symmetry. The predicted infrared spec-
trum for this stable AljoHszg cluster is broadened be-
cause of its low symmetry, compared with AlgH;g. The
average Al—Al bond length among AljoHsg is 3.47 A,
which is longer than that in AlgH;g, inferring that with
the cluster size increasing, the interaction between two
adjacent aluminum atoms gets even weaker. The aver-
age bond length between bridge H and Al atoms among
Alj5Hsg is about 1.76 A and the terminal Al1—-H bond
length remains 1.59 A. From these geometry parame-
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FIG. 2 The optimized structures of AlgHg, AlgHs, AlgHio,
A16H12, A16H16, and A16H18.

ters, one can conclude that these two cage clusters have
the same structure characteristics.

B. AlgH,, and Al;;H,, series

The discovery of the stable Al4Hg cluster has at-
tracted considerable attention [3]. Such an unexpected
cluster was found to follow the so-called Wade-Mingos
rule [6]. For rich H phase, the Wade-Mingos clusters,
Al,H, 12, have become the most important species in
the whole aluminum hydride family [9]. It is worth not-
ing that the AlgH;s super-atom cluster possesses the
same octahedral Al skeleton as that of Wade-Mingos
cluster, AlgHg, whereas the Al frames for Al;oHsg
and AljoHy4 are different. The Wade-Mingos cluster
Al;oHq4 has an icosahedral Al frame, while it is an oc-
tahedral frame for super-atom cluster AljoHsg. In or-
der to understand the formation of the new super-atom
clusters, we have examined the structural evolution of
the AlgH,, and Al;oH,, series. With the geometry op-
timization, for the AlgH,, series, stable structures with
m=~6, 8, 10, 12, 16, and 18, have been obtained, while
for the Al;oH,,, structures of m=12, 14, 16, 20, and 36,
are identified.

We start with AlgHg cluster for the AlgH,, series as
shown in Fig.2. It is found that the optimized AlgHg
is of D3q symmetry and each hydrogen atom interacts
with aluminum substrate through covalence bond on
each top site. The two added hydrogen atoms in AlgHg
occupy the hollow sites in two opposite faces and the
system of the whole cluster remains the same as that
of AlgHg. For AlgHyq cluster, the added four new hy-
drogen atoms prefer to the bridge sites and the Al core-
structure is slightly distorted, resulting in a Cgj, symme-
try. With two more H atoms supplied, the Al skeleton
of the AlgH;5 cluster undergoes a noticeable change.
The triangle connection of the Al atoms turns into the
quadrilateral and the total symmetry of the AlgH;5 be-
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FIG. 3 The optimized structures of AlioHia, AlioHig,
A112H16, and A112H20.

comes Ca,. With many attempts, we failed to find sta-
ble 3D structure for AlgHq4, for which the aluminum
core-frame is dissolved after a long time optimization.
For AlgHqg, the Al skeleton returns back to its original
appearance as in AlgHg. The extra hydrogen atoms are
all adsorbed at the bridge sites. The geometry of super-
atom cluster AlgH g resembles well the structure of the
cluster AlgHqg with Doy, symmetry.

The related structures of AljxH,, clusters are col-
lected in Fig.3. Our optimized Al;oH15 cluster possesses
a Dsq symmetry, in close agreement with the earlier re-
ported structure of Ij, symmetry [14]. In this case, each
hydrogen atom is bonded to an aluminum atom on the
top site. The two extra hydrogen atoms in the opti-
mized AljoHis of D3gq symmetry occupy two opposite
hollow sites, similar to the case of AlgHg. However,
for Al;oHqg cluster all four extra hydrogen atoms pre-
fer to the bridge sites with approximately icosahedral
skeleton. When four more hydrogen atoms are added to
form Al;oHsg, the symmetry of Alys core-frame is grad-
ually changed from semi-icosahedral to semi-octahedral
to provide suitable edges for adsorbing hydrogen atoms.
We have found that further adding hydrogen atoms be-
tween 20 and 36, the cluster does not lead to any stable
structures and the aluminum skeleton is always broken
down. The Al;oHszg is a stable structure with octahe-
dral aluminum core-frame. In general, for Al cluster,
the octahedral core-frame tends to adsorb more hydro-
gen atoms than the icosahedral one. It is also important
to note that not all Al,H,, cluster has a stable config-
uration. There are certain magic numbers involved.

There are several important parameters that are use-
ful for judging the stability of a cluster, namely the
energy gap (Eg), the vertical electron affinity (VEA)
and the vertical ionization potential (VIP). Normally,
a cluster with larger F,, lower VEA and higher VIP is

DOI:10.1088/1674-0068/25/02/147-152

Stable High-Energy Density Clusters of Aluminum Hydride 149

TABLE I Calculated HOMO-LUMO energy gap (E;), BE,
VEA, and VIP for different Al¢H,, and Al12H,, clusters. All
values are in eV.

E, BE VEA VIP
AlgHg 0.54 2.33 2.86 7.43
AlgHg 2.83 2.43 0.73 7.51
AlgHyo 2.08 2.39 1.50 7.62
AlgH s 3.23 2.47 0.79 7.97
AlgH g 1.44 2.39 2.12 7.62
AlgH 3.28 2.44 1.85 9.14
AlioHio 0.23 2.52 421 7.91
AlyoHyy 2.50 2.56 1.91 7.84
AljoHyg 2.34 2.50 2.05 7.75
Aly5Hag 177 2.43 2.85 7.93
AlyoHag 4.08 2.46 1.41 9.00

often more stable. The calculated values for AlgH,,, and
Al;oH,, series are summarized in Table I. The Wade-
Mingos clusters AlgHg and Al;sHy4 are known to be
very stable, which are clearly demonstrated by their en-
ergetic properties. By using AlgHg as the reference one,
we can immediately see that AlgHg, AlgHyg and AlgHyg
are less stable species, while AlgHio and AlgHg are
comparably stable, if not more stable. For the Al;oH,,
series, it can be found that the Wade-Mingos cluster
A112H14 is much more stable than A112H12 and 1&112H207
slightly more stable than Al;osH14. However, it is defi-
nitely much less stable than Al;oHsg. In general, both
super-atom clusters, AlgHyg and AljsHsg, possess very
good energetic properties that guarantees the stability.
It is worth noting that the large gap energies of 3.28 and
4.06 eV for super-atom clusters AlgH1g and AlyoHgg are
comparative with that of (AlHj), polymer. Based on
all these results, one can at least conclude that it is
possible to find more stable hydrogen rich aluminum
hydrides than what the Wade-Mingos rule allows.

C. Chemical bond between the hydrogen and the
aluminum atoms

We have used different ways to illustrate the chem-
ical bond between the hydrogen and the aluminum
atoms. The first one is the deformation of electron
density (ED), which is obtained by a simple relation,
EDa1, 1s, —EDa1, 1, —ED2,n, i.e. subtracting electron
density of Al,H,, (only terminal Al—H bonds involved)
and those individual bridge hydrogen atoms from the
total electron density of Al,Hs,. With it, one can de-
termine how these bridge hydrogen atoms are involved
in its chemical bonding with the aluminum substrate,
and verify whether the valence bond between top site
hydrogen atoms and aluminum atoms are affected by
bridge hydrogen atoms.

In Fig.4, we present both depletion and excess of elec-
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(b)

FIG. 4 (a) The depletion and (b) excess of electron density
with the bridged H atoms adsorbed on Al;2Hss.

tron density for AljoH3zg as a result of adsorbed bridge
H atoms. We can see that there is no obvious elec-
tron deformation between the terminal Al—H bonds.
The electron density around the hollow site of the alu-
minum substrate decreases, but it increases around the
H atoms on the bridges. That is to say, the added H
atoms on bridges do not affect the covalent bond be-
tween the terminal Al and H but completely mix with
Al atoms through the covalent bonding and contribute
to the formation of three centers Al-H—Al. Accompa-
nying with 2n bridged hydrogen atoms, all free electrons
in aluminum clusters are totally localized around three
centers Al-H—Al bridge bonds.

We have also plotted out in Fig.5 the orbital distribu-
tions of A112H12, 1A112}1147 and A112H36 to further exam-
ine the nature of the chemical bonds in these clusters. In
Fig.5 each orbital is partitioned into three parts that are
contributed from the aluminum core-frame, top-site hy-
drogen atoms and bridge/hollow-site hydrogen atoms,
respectively. It can be seen that the energy positions
of hydrogen-induced orbitals are highly dependent on
the adsorption sites of hydrogen atoms. The orbitals
involved of terminal Al1—H bonds are confined to the
energy region from —11 to —7 eV in all these clusters,
while the contribution of bridge hydrogen atoms spread
over the whole energy spectrum, well mixed with those
oribitals of Al atoms. This is particularly obvious in
Al oHgg cluster, indicating that these two types of hy-
drogen atoms interact with the aluminum substrate dif-
ferently. The hydrogen atoms on the top site form cova-
lence bonds with aluminum atoms and these covalence
bonds are not affected by the presence of bridged hy-
drogen atoms. The bridged hydrogen atoms contribute
their electrons to the whole system. In Al;oHgzg, the
contributions of hydrogen atoms in all oribitals are al-
most equal to those of aluminum atoms.

It can be seen from the energy level distribution of
AlyoHq5 in Fig.5, the energy gap between the highest oc-
cupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO) is very small, but the
gap between LUMO and (LUMO+1) gap quite large.
This indicates that the Al;3H15 is not stable in general.
To add two hydrogen atoms, the LUMO of AljoHjs
is filled up and the resulting AljoHq4 cluster become
very stable. This picture is consistent with the pro-
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FIG. 5 The energy level distribution with partitioned con-
tributions from the aluminum substrate (Al), top-site hy-
drogen atoms (Hop) and bridge/hollow-site hydrogen atoms
(Hbrg) fOI‘ A112H12, A112H147 and A112H36, respectively.

posed Wade-Mingos rules for Al4Hg [3]. Wade-Mingos
rules, also known as polyhedral skeletal electron pair
approach, are empirical theory based on bonding mod-
els. With accurate molecular orbital calculation, we
can now provide a clear molecular orbital view on the
stablhty of A112H14.

With the concept of super-atom, we can also re-
late the stability of a cluster to its special shell struc-
ture of electronic distribution. In Fig.6, we have plot-
ted out the orbital pictures of all valence orbitals for
A112H12 and A112H14 and calibrated them with cor-
responding atomic orbitals. It can be seen that the
ground state electronic structure of AljoHis can be
presented by a super-atom with a configuration of
1521p%1d101152s22p%2d101£8. It is known that the filled f
shell should hold 14 electrons, while there exist only 12 f
electrons in AljoHio. Moreover, the LUMO of Al;oHqo
is also f orbital and LUMO+1 is of s character. The
small HOMO-LUMO gap and large LUMO-LUMO+1
gap could be understood from the fact that they fall
into either the same or different shells. When two hy-
drogen atoms are added, the symmetry of the system
is reduced from Dsq to Dsq, resulting in the energy
adjustment for related molecular orbital. The ground
state electronic structure of Al;oHi4 has a configura-
tion of 1s21p%1d!°1f62s22p?2d22p*1£22d8115, consisting
of fully occupied two s shells, two p shell, one d shell
and one f shell. We can say that the extremely stabil-
ity of AljoHy4 comes from its closed shell-like electronic
distribution.
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FIG. 6 The molecular orbital pictures of valence orbitals for
A112H12 and A112H14.

D. Thermodynamic properties of AlgHg and Al;2H3e

One important thermodynamic property of a
molecule is the heat of formation. We have used at-
omization reaction method to calculate it. In this ap-
proach, the Al,H,, is decomposed into Al and H atoms,
and the heat of formation for Al H,, is calculated with
the help of the reaction: Al,H,, — nAl+mH. We firstly
calculate the heat of formation for molecular Al,H,, at
0 K (A¢Hy;(0 K)), following the relationship:

ArHY(0K) =Y " 2AcHE (0 K) — Do(M) (1)

here, A;HY (0 K) stands for the heat of formations for
constituent atomic elements (X) at 0 K which are taken
from the reference [15]; Do a1,m,, stands for the atom-
ization energy which is calculated by the corresponding
energy difference from the inclusion of zeor-point vibra-
tion energy correction, i.e.,

= (nEop a1 + mEou) —
(Eo,Al,m,, + EzPE ALH,,) (2)

Do, a1, 1,,

We introduce temperature correction represented as
HY ., (298 K)—Hg) y (0K) and Y x[HF (298 K)—
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FIG. 7 Optimized chain structures of (Ali2Hszs)2 and
(Al12Hse)s3.

HY (0 K)], here, the first part is the enthalpy correction
for the molecule, obtained from the frequency analysis;
the latter part is the enthalpy corrections for the alu-
minum and hydrogen atoms, referring to the chemical
database [16]. Finally, we get the the heat of formation
for molecular Al,H,, at 298 K from the relationship:

AfHe (298 K) = AfHXlnHm (0 K) =+
[H3),1,, (298 K) — HY)  (0K)] -
> a[HZ(298K) — HR(0K)]  (3)

With all these values in hand, we have obtained the
heat of formation for AlgHigs and AljsHsg at 298 K,
which is 0.55 and 1.00 MJ/mol, respectively. These are
comparable high positive heat of formation values, indi-
cating that these clusters can be potential high energy
density material. We have also calculated their com-
bustion heat to the products, Al,O3 and HyO, which
are found to be 4.90 and 5.74 MJ/mol for AlgHys and
Al oHgsg, respectively. These values are about 4.8 times
of the methane, and three times of high energy material
Al4Hg [3].

E. The formation of (Ali2H36), chains

The crystal structures of aluminum trihydride pos-
sess several different polymorphs with covalent AlHj
cluster as the smallest structure unit. We have found
that the super-atom clusters, Alg,H1s,, can function
the same way as AlH3 to form chain-like polymeric
structures with retained structure characteristics. With
the number of hydrogen atoms three times as many
as aluminum atoms per molecule, materials made from
Alg, Hyg,, super-atom clusters can store up to 10.1% of
hydrogen just like aluminum trihydride. The unique
thermodynamic properties could make them promising
high-energy high-density material (HEDM).
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We have constructed different (Al;2Hsg),, conforma-
tions with the Alj3Hsg cluster as the basic constructive
unit. In Fig.7, the optimized most stable structures
for (Al1oHgsg)2 and (AljoHsg)s are illustrated. In these
oligomers, two top-site hydrogen atoms on two different
Al 5Hgzg clusters have served as the connecters. The dis-
tance between the hydrogen and aluminum atoms of two
clusters lies in 1.70—1.90 A. It is important to note that
for each Al;oH3s molecule, apart from one top hydro-
gen atom involved in the connection, the entire Al;oHgzg
cage structure remains its unique geometry characteris-
tics. All twelve top hydrogen atoms in Al;sHsg cluster
can have the possibility to connect to another cluster.
It is thus highly feasible to form 3-dimensional inter-
connected AljoHsg structures.

IV. CONCLUSION

A new type of stable cluster Al,Hs, that obeys the
concept of super-atom is predicted from first principles
calculations. It could be another important aluminum
hydride family for rich hydrogen phase apart from the
well-known Wade-Mingos clusters Al,H, 5. A sim-
ple structural consideration for such new clusters is re-
vealed, which requires an aluminum core-frame that can
provide n vertexes and 2n Al—Al edges to bond hydro-
gen atoms. Detailed electronic structures of these new
clusters have been given and illustrated with interesting
atomic orbital pictures. It is found that these new clus-
ters can form stable polymeric chain structures without
causing any structural modifications. With high hydro-
gen percentage per molecular and very high combustion
heat, these stable hydrogen rich clusters could be useful
for energy applications.

V. ACKNOWLEDGEMENTS

This work was supported by the Swedish Research
Council, Swedish National Infrastructure for Com-
puting, the National Natural Science Foundation of
China (No0.10534010 and No0.20925311), the Funda-
mental Research Funds for the Central Universities
(N0.201103255), and the China Scholarship Council.

[1] R. Zidan, B. L. Garcia-Diaz, C. S. Fewox, A. C. Stowe,
J. R. Gray, and A. G. Harter, Chem. Commun. 3717

DOI:10.1088/1674-0068/25/02/147-152

Ke-Yan Lian et al.

(2009).

[2] K. Suyama, Y. Sakai, K. Matsumoto, B. Saito, and
T. Katsuki, Angew. Chem. Int. Ed. 49, 797 (2009).

[3] X. Li, A. Grubisic, S. T. Stokes, J. Cordes, G. F. Gan-
tefor, K. H. Bowen, B. Kiran, M. Willis, P. Jena,
R. Burgert, and H. Schnockel, Science 315, 356 (2007).

[4] B. Kiran, P. Jena, X. Li, A. Grubisic, S. T. Stokes,
G. F. Gantefor, K. H. Bowen, R. Burgert, and
H. Schnockel, Phys. Rev. Lett. 98, 256802 (2007).

[5] W. A. de Heer, Rev. Mod. Phys. 65, 611 (1993).

[6] K. Wade, Chem. Commun. 792 (1971).

[7] E. D. Jemmis, M. M. Balakrishnarajan, and P. D. Pan-
charatna, J. Am. Chem. Soc. 123, 4313 (2001).

[8] M. M. Balakrishnarajan and R. Hoffmann, J. Am.
Chem. Soc. 126, 13119 (2004).

[9] A. Grubisic, X. Li, S. T. Stokes, J. Cordes, G. F. Gan-
tefor, K. H. Bowen, B. Kiran, P. Jena, R. Burgert, and
H. Schnockel, J. Am. Chem. Soc. 129, 5969 (2007).

[10] J. I. Martinez and J. A. Alonso, J. Chem. Phys. 129,
074306 (2008).

[11] J. P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jackson,
M. R. Pederson, D. J. Singh, and C. Fiolhais, Phys.
Rev. B 46, 6671 (1999).

[12] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuse-
ria, M. A. Robb, J. R. Cheeseman, J. A. Montgomery
Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Mil-
lam, S. S. Iyengar, J. Tomasi, V. Barone, B. Mennucci,
M. Cossi, G. Scalmani, N. Rega, G. A. Petersson, H.
Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda,
J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.
Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P.
Hratchian, J. B. Cross, C. Adamo, J. Jaramillo, R.
Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin,
R. Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala,
K. Morokuma, G. A. Voth, P. Salvador, J. J. Dannen-
berg, V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M.
C. Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K.
Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A.
G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov, G.
Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L. Mar-
tin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng,
A. Nanayakkara, M. Challacombe, P. M. W. Gill, B.
Johnson, W. Chen, M. W. Wong, C. Gonzalez, and J.
A. Pople, Gaussian 03, Revision C.02, Wallingford, CT":
Gaussian Inc., (2004).

[13] B. K. Rao, P. Jena, S. Burkart, G. Gantefor, and
G. Seifert, Phys. Rev. Lett. 86, 692 (2001).

[14] A. Goldberg and I. Yarovsky, Phys. Rev. B 75, 195403
(2007).

[15] M. W. Chase Jr., NIST-JANAF Themochemical Ta-
bles, 4th Ed., J. Phys. Chem. Ref. Data Monograph 9,
(1998).

(©2012 Chinese Physical Society



