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In this paper we present results of DFT calculations on bare and hydrogenated Al;, cluster with icosahedral
symmetry, an atomic “cage” obtained by removing the central Al ion from the most stable Al;3 cluster. We
discuss similarities and differences between structural, energetic, and electronic properties of bare Al;, and
hydrogenated Al,H;, and Al,,H, clusters, where the Al;,H, cluster is of particular interest for hydrogen
storage application as it has a relatively high hydrogen storage capacity. We also compare structure and
properties of bare and hydrogenated Al;, cages with the corresponding Al;; clusters. We found that in contrast
to Al3H;, cluster the Alj,H;, expands upon hydrogen adsorption on its surface. This expansion can be
attributed to the missing central Al atom. Due to the cluster expansion there is more surface area available for
hydrogen atoms resulting in a weakly bound but nevertheless rather stable, Al;,H,, cluster. The analysis of
deformation electron density reveals the covalent bonding character of Al;,H;, cluster and more polar bonding
in Al,H, clusters. Clusters stability against fragmentation and their vibrational spectra are discussed.
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I. INTRODUCTION

Recent reports on basic research challenges for hydrogen
storage!> state that developing effective hydrogen storage is
a central challenge and a key factor in enabling the success
of the hydrogen economy. The following operating require-
ments for effective hydrogen storage have been identified:
(1) favorable enthalpies of hydrogen absorption and desorp-
tion; (2) quick uptake and release; (3) high storage capacity
[6 wt. % target by 2010; 9.0 wt. % by 2015, specified by
US Department of Energy (DOE)]; (4) effective heat trans-
fer; (5) light weight and conservative in volume; (6) long
cycle lifetime for hydrogen absorption/desorption; (7) high
mechanical strength and durability; (8) safety.

Due to these considerations of performance, cost, safety
and geometric limitations, there has recently been much in-
terest in storing hydrogen gas in solid state materials such as
nanostructured carbons*'® and light weight metal
hydrides.?>?® Recently, light metal clusters have attracted
significant attention since it is believed that understanding of
hydrogen interaction with such clusters could lead to
design of novel hydrogen absorbing nanomaterials. Several
studies on Al clusters have already been reported.?*->*Stable
Al clusters conforming to the “jellium” model, i.e., having a
closed electronic  shell,>>>7 have been produced
experimentally3%-3+37-40 and such properties as ionization po-
tential, electron affinities, photoelectron spectra, polarizabil-
ities, and dissociation energies have been measured. Theo-
retically, Al cluster studies pertain to the elucidation of their
potential energy surfaces, structural, and electronic proper-
ties and size effects.??3%40-54 Attempts have also been made
to provide an insight into the possibilities of self-assembly of
such clusters.”®=% Detailed review of previous theoretical
studies of Al clusters can be found in Ref. 61.

In our previous work,’! we demonstrated that Al,; cluster
in its most stable icosahedral configuration can adsorb a hy-
drogen atom without a potential barrier. Three stable posi-
tions were determined: atop, bridge, and hollow, with the
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atop position being energetically the most stable. When two
hydrogen atoms were adsorbed, the structure with one atop
and one bridge hydrogen has been shown to have the lowest
energy. Based on this finding and the fact that the icosahedral
structure comprises 20 triangular faces, 30 edges, and 12
vertices we attempted to accommodate 20, 30, 42 hydrogen
atoms on the surface of Al;; cluster. However, all investi-
gated Al3H,, (m=20,30,42) clusters have been found to
possess imaginary frequencies in their ground state configu-
ration and cannot therefore be considered stable.

In this paper we present results of DFT calculations on
bare and hydrogenated Al,, cluster with icosahedral symme-
try, an atomic “cage” obtained by removing the central Al
ion from the Al cluster. In Sec. I we give details of com-
putational method used in this study. In Sec. III we discuss
similarities and differences between structural, energetic and
electronic properties of bare Al;, and hydrogenated Al;,H,,
and Al,H,, clusters. We also compare structures and prop-
erties of bare and hydrogenated Al;, clusters with the corre-
sponding Al;; clusters.

II. COMPUTATIONAL PROCEDURE

All calculations reported in this paper were performed
using all electron density functional theory (DFT) code
DMol® (Refs. 62—-64). Double numerical polarized (DNP)
basis set that includes all occupied atomic orbitals plus a
second set of valence atomic orbitals plus polarized
d-valence orbitals was employed. It was previously shown
that all electron basis set and addition of d functions is es-
sential for a proper description of high-valence Al atoms.?®
For exchange and correlation we applied the gradient cor-
rected approach using the generalized gradient approxima-
tion (GGA) functional in the manner suggested by Perdew-
Burke-Ernzerhof (PBE).%>% It was shown by Delley®’ that
the PBE functional with the efficient DNP numerical basis
set gives enthalpies of formation for a large set of tested
compounds and molecules from the NIST database closer to

©2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.75.195403

ALEXANDER GOLDBERG AND IRENE YAROVSKY

(1
6 € o

C£OM

© 8§~ @
FIG. 1. (Color online) Minimum energy structure of Al;, clus-
ter. Prime (') indicates a symmetrically equivalent atom. COM -
cluster center of mass; CAl - geometric center of the pentagon ring

made by All-AlI2-Al3-Al4-AlS atoms. “Top” indicates the capping
Al atom.

the experimental values than any other method available in
DMol®. The estimated error was found to be lower than that
obtained with the hybrid B3LYP/6-31G™" functional.

The Gaussian smearing of electron density was applied
with the energy range of 0.14 eV which enables partial oc-
cupation of electronic levels. If the electronic level is occu-
pied with more than 0.5 e it is considered occupied in our
representation.

Spin unrestricted approach was applied with all electrons
being considered explicitly. In all calculations, atom centered
grids were used for numerical integration with about 2000
grid points for each atom. The real space cutoff of 7.0 A was
imposed.®*

Self-consistent-field (SCF) convergence criterion was set
to the root-mean-square (rms) change in the electronic den-
sity to be less than 1X 1070 electron/A3. Geometries were
optimized using an efficient algorithm taking advantage of
delocalized internal coordinates.®

The convergence criteria applied during geometry optimi-
zation were 2.72 X 10~* eV for energy, 0.054 eV/A for force
and 0.005 A for displacement. For all the optimized struc-
tures we performed frequency analysis to check whether the
obtained structure was a true minimum and only the true
minimum structures are analyzed in this paper. In DMol?,
frequencies are evaluated by finite differences.

III. RESULTS AND DISCUSSION

A. Structural properties

The most stable Al;, cluster has a cage structure and pos-
sesses icosahedral symmetry. The cluster can be described as
two equivalent staggered pentagon rings with a capping Al
ion positioned against the center of each ring. The cluster is
depicted in Fig. 1 which also shows some characteristic geo-
metric points we use for further analysis and discussion, e.g.,
the cluster center of mass (COM), center of Al pentagon
rings (CAl) and capping Al atoms (top). Main geometric pa-
rameters of bare and hydrogenated Al;, clusters are summa-
rized in Table I. This table also contains data for Al;; cluster
for comparison. Geometry of Al;3 cluster was obtained with

PHYSICAL REVIEW B 75, 195403 (2007)

TABLE 1. Characteristic geometric features of bare and hydro-
genated Al;, clusters.

Distance

type? Al Aliz AlpHp, AljsHyp  AljpHyy  AljzHyg
All-Al2 2.724 2808 2.729 2.785 2.737 2.968
Al-H - - 1.595 1.596 1.910 1.943
Al-CAl 1.432 1476 1435 1.464 1.439 1.560
Al,-CH - - 0.722 0.750 0.000 0.312
CAI-CAl 2317 2.388 2322 2.369 2.329 2.525
CAI-CH - - 0.713 0.714 0.575 0.670
H-H - - 4.406 4.464 3.627 2.255
COM-Al;, 2591 2.670 2.596 2.649 2.603 2.823
Al-H - - 3.817 3.871 1.910 1.943
Al-Al, 5.181 5.340 5.191 5.298 5.207 5.645
H-H, - - 8.381 8.491 6.283 6.320

#Used abbreviations: Al, — Top Al atom, Al; — Surface Al atom,
H, — Top H atom, COM — Cluster center of mass, CAl — Center
of Al pentagon, CH — Center of H pentagon.

the same computational procedure described in Sec. II. Due
to the symmetry all Al-Al distances (represented by All-Al2
jons) in Al,, are equivalent (2.724 A). This is shorter than in
the Al crystal where the shortest distance in the FCC lattice
is 2.863 A. It is also shorter than a corresponding distance of
2.808 A in Al,; cluster. The contraction of Al-Al distance
relative to Aly3 cluster can be attributed to the lack of the
repulsive central ion in Al, cluster. This is further demon-
strated by the fact that the distance between the central and
surface Al ions in Al cluster is 2.670 A while the distance
between the center of mass (COM) and Al,, an ion on the
surface of Aly, cluster, is only 2.591 A. It should also be
noted that the bonding is affected by the cluster configuration
as Al-Al distance in Al, molecule (2.653 A) is significantly
shorter than between any Al pair in the clusters considered in
this paper.

It is interesting to note that using B3LYP/LanL.2DZ(d)
basis set Fowler et al.’® predicted Al,, cluster to have Ds,
symmetry at equilibrium. We have calculated the single point
energy on this geometry with our method and found it to be
higher in energy than the icosahedral structure by 0.17 eV
while it has no negative frequencies. The consequent geom-
etry optimization brought it back to our lowest energy icosa-
hedral structure. Fowler et al.3® reported variations in length
between three different types of Al-Al distances in their D5,
cluster: “peak-to-ring” (2.743 A), “ring” (2.681 A), and
“ring-to-ring” (2.847 A), where ring refers to Al-Al dis-
tances within the same pentagon ring and ring-to-ring refers
to distances across the molecular equator. Fowler et al.>® also
reported another eclipsed structure classified as a saddle
point rather than a true minimum. This configuration has a
shorter average Al-Al distance than our minimum energy
cluster with icosahedral symmetry and is a saddle point
0.90 eV higher in energy within our calculation method.

Further analysis of the bare Aly, cluster shows that the
distance between the geometric centers of two pentagons
(CAI) is 2.317 A (2.383 A in Al;3) while that between the
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FIG. 2. (Color online) Minimum energy structure of Al;,H,
cluster. Al atoms represented by large dark spheres, H atoms by
small light spheres. Atom numbers are shown for Al atoms only.
CH - geometric center of the pentagon ring formed by H atoms
attached to Al1-5. All other abbreviations are the same as in Fig. 1.

top Al, ion and the CAl is 1.432 A (1.476 A in Al,5), indi-
cating the contraction of Al;, compared to Al;;. These dis-
tances will be compared to the respective distances in the
hydrogenated clusters. In addition, we define the “cluster di-
ameter” as the longest Al-Al distance; this is 5.181 A for
Aly, cluster and 5.340 A for Al, 3. Overall, it is evident from
Table I that all equivalent distances between Al ions as well
as between the chosen characteristic points in Al;, cluster are
shorter than those in Al;; cluster.

The hydrogenated Al;,H,, cluster also possesses icosahe-
dral symmetry, with each hydrogen atom bonded to an Al ion
in atop position previously reported as the most stable for the
Al;H cluster.?! All Al ions as well as hydrogen atoms are
symmetrically equivalent in this cluster. The Al;,H, cluster
is depicted in Fig. 2, also showing an additional characteris-
tic point, CH, which is a geometric center of the ring of five
hydrogen atoms attached to the Al ions forming the respec-
tive pentagons.

The measured distances between Al ions, pentagon planes
and Al-H bonds in the optimized ground state Al;,H;, struc-
ture are given in Table I. We note that all characteristic dis-
tances, including the shortest Al-Al distance, in the hydro-
genated cluster are longer than those in the bare Al;, cluster,
indicating that the cluster actually expands upon hydrogen
adsorption. However, the Al-Al distance in Alj,H;, is still
shorter than the respective distance in the Al;3H, cluster. It
was previously reported*® that there is a slight reduction in
the Al-Al distance with H adsorption on the lowest energy
sites for some ALH,, (n=6-13, m=1,2) clusters. In our
calculations for the Al;3H;, cluster the Al-Al distance is in-
deed 0.023 A shorter compared to the similar distance in the
bare Al;z cluster. However, we do not find this in Al;,H,
clusters, where the AI-Al distance is slightly longer
(0.005 A) than that in its bare Al;, counterpart, indicating
the cluster expansion caused by adsorption.
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Comparison of other characteristic distances in Al;,H,
and Al,, clusters confirms the slight cluster expansion upon
hydrogen adsorption. For instance, the distance between the
top Al atom and the center of the pentagon ring is elongated
from 1.432 A to 1.435 A in Al;,H,, cluster; the distance
between the centers of two pentagon rings is also increased
from 2.317 A to 2.322 A. Note, that similar distances in
Alj3H, cluster are shorter compared to its bare counterpart.

The Al-H bond length in Al,H,, cluster is 1.595 A, sig-
nificantly shorter than the bond length of 1.685 A in the AIH
molecule. This can be a result of Al atoms in clusters sharing
electrons that participate in bonding with the H atom or, as
was pointed out by Kawamura et al.,** due to the 3s elec-
trons on Al atoms hybridizing with the 3p state creating a
shorter bond with H. However, the Al-H distance in Al;,H;,
is longer than that in Alj;H cluster with H located in the atop
position (1.57 A).3! The Al-H bond seems to increase when
more hydrogen atoms are adsorbed on the cluster surface.
The effect of the central Al atom on the Al-H bond does not
appear significant: the bond length is 1.596 A in the Al;;H,,
cluster, which is only 0.001 A longer than that in the Al;;H;,
cluster.

The distance between the top Al atom (Al,) and the center
of the hydrogen pentagon is only 0.722 A while the distance
between Al, and each hydrogen atom in the pentagon is
rather long (3.900 A), indicating there is no bonding be-
tween these atoms. The distance between the planes of Al
and H pentagons is 0.713 A, demonstrating that H atoms are
not lying within the same plane as Al. The distance between
Al, and the center of the closest hydrogen pentagon in
Alj3H;, cluster is longer than that in Al;,H;, confirming the
smaller size of the latter cluster. Although the lengths of the
core Al-Al distances are different in Al;3H;, and Al,H;,
clusters, the Al-H bond length and the separation between
the centers of Al and H pentagon rings are the same (Table
D).

The longest distance between two Al ions in the Alj,H;,
cluster, which can be interpreted as the “inner cluster diam-
eter,” is 5.191 A. The longest Al-Al distance in Al,, cluster
is 5.181 A, which indicates a slight size increase induced by
the adsorbed hydrogen atoms in the Al;,H;, cluster com-
pared to the Al;3H;, one. The “inner diameter” of AlsH,
cluster (5.298 A) is smaller than the corresponding distance
in the bare Al; cluster (5.340 A). This indicates that Alj,
cluster increased in size upon hydrogen adsorption while
Al cluster decreased.

The outer cluster diameter (the longest H-H distance) in
Al,H,, is 8.381 A while in Al;3H,, it is 8.491 A. Overall,
all symmetrically equivalent distances in Al;3H,, cluster are
longer than those in Al;,H;, (Table I).

The Al;,H, cluster also possesses icosahedral symmetry
(Fig. 3) and provides more than 6% hydrogen adsorption
capacity by weight. All hydrogen atoms are located in the
hollow positions above the center of the triangle plane of Al
ions typical for the icosahedral structure (Fig. 3). Every hy-
drogen atom belongs to threefold site with three equivalent
Al-H bonds of 1.910 A.

Similarly to the clusters reported above, all Al ions and all
hydrogen atoms are equivalent. In accord with the trend ob-
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FIG. 3. (Color online) Minimum energy structure of Al;,Hy,
cluster. All abbreviations are the same as in Figs. 1 and 2.

served for Al,H,, cluster, there is further elongation of in-
teratomic distances in the Al;,H,, cluster:

D(Al}y) < D(Al,H ) < D(Al,Hy),

where D indicates all equivalent Al-Al distances and Al-H
bond lengths. For instance, the shortest Al-Al distance in
Al,H,, cluster increases to 2.737 A. The Al-H bond length
where the H position in the Al;,H,, cluster is equivalent to
the hollow position above the surface of Al cluster reported
previously?! is particularly long (1.910 A). Interestingly, we
found this hydrogen position to be the least stable in the
AsH cluster with the AI-H bond length slightly longer
(1.931 A) compared to that in the Al;,H, cluster.

The top Al atom in Al;,H, is separated from the center of
the Al pentagon by 1.439 A which is slightly longer than in
the Al;,H;, cluster. However, in contrast to Al;,H;, the hy-
drogen atoms and the top Al ion lie in the same plane (Fig.
3). Inner planes of Al and H pentagons are separated by
0.575 A, being closer than in Al;,H,, cluster. The H-H dis-
tance in the Al;,H,, cluster (3.627 A) is significantly shorter
than that in Al,H,,. The Al,H,, has the largest inner Al
core with the longest Al-Al distance of 5.207 A. However,
its longest H-H separation is 6.283 A that is 2.098 A shorter
than that in the Al,H,, cluster.

The Al;3H,, cluster with icosahedral symmetry was also
considered but was found to be a saddle point with a set of
16 imaginary frequencies. Comparing equivalent distances in
this cluster with those in Al;,H, cluster we found that all of
the Al-Al and Al-H bonds are longer in Al;3H,, cluster
(Table I) except that of H-H separation.

B. Energetic properties

A proper estimate of the binding energies is important in
order to understand the stability against fragmentation as
well as the energetics of hydrogen reaction on cluster sur-
faces. We calculated the total binding energy per atom using
the expression
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TABLE II. Calculated energetic properties of bare and hydro-
genated Al;, clusters.

HOMO-LUMO
Cluster Binding energy (eV) gap (eV) 1P (eV)
Total H Al AlH
Al 220 - 408 - 115 5.92
Al 244 - 433 (s - 1.99 6.70
4.51 (c)®
Al H,, 246 265 634 351 2.84 7.82
AlH,, 245 246 675(s) 3.95 1.87 7.08
2.46 (c)
AlHy 201 189 279 174 091 6.05
AljzHyy 2.09 175 3.10(s) 1.82 0.31 5.98
6.29 (c)

4(s) indicates the surface Al atom.
b(c) indicates the central Al atom.

, _ E(ALH,) - nE(Al) - mE(H)

total — ’
n+m

where E(AlH,,) is the total energy of the cluster, E(Al) is
the energy of an Al atom and E(H) is the energy of an H
atom. The results presented in Table II show that the cluster
stability increases in the order

A1]2H20 < A1]2 < Al]zH]z.

The binding energies of H and Al atoms as well as of the
AIH molecule were calculated based on the difference in
total energies of the full cluster and the cluster without the H
atom or the Al atom or the AIH fragment, respectively. For
instance the binding energy of the H atom was calculated as

Eﬁ = E(AlnHm) - E(A]nHm—l) - E(H) B

where E(AlH,,_;) is the single point energy based on the
optimized intact Al H,, cluster.

To obtain the vertical ionization potential (IP) the energy
difference between the optimized neutral cluster and its posi-
tively charged counterpart was calculated (Table II). The ver-
tical IP for the bare Al;, is 5.92 eV and the HOMO-LUMO
gap is 1.15 eV. The total binding energy (2.29 eV) is lower
than that of the icosahedral Al,; cluster (2.44 eV), indicating
that Aly, cluster is less stable. Higher stability of the Al
cluster also follows from the large HOMO-LUMO gap of
1.99 eV and ionization potential of 6.70 eV. In addition,
both surface and central Al ions are more stable against frag-
mentation in the Al cluster.

Hydrogen adsorption on the low energy sites of Al;, and
Al,z surface results in the change of the cluster stabilities,
with Al;, becoming more stable than Al;; upon the adsorp-
tion.

Alj,H;, is the most stable of all clusters considered in this
study. It has a relatively large HOMO-LUMO gap of 2.84 eV
and the vertical IP of 7.82 eV which is 0.85 eV and 1.12 eV
higher than those in Al;3 clusters, respectively. In Alj3H,
cluster the HOMO-LUMO gap is 0.97 eV and the IP is
0.74 eV lower than those of the Al;,H;, cluster.
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The total binding energy of the Al,H,, cluster (2.46 eV)
is close to the value of 2.426 eV reported by Alhrihs et al.?®
for the Aly3 cluster with the icosahedral symmetry. Our cal-
culations show that it is also comparable to the binding en-
ergy of the Al;3H;, cluster (Table II).

In the Al,H,, cluster each hydrogen atom is strongly
bound to the Al core with the binding energy of 2.65 eV,
which is slightly lower than the calculated values reported by
Kawamura et al.*® for the bridge and hollow hydrogen posi-
tions on the Al;; (2.880 and 2.867 eV, respectively). For
comparison, the binding energy of H atom in the Al;3H;,
cluster is 0.19 eV lower than that in the Al;,H;, cluster
(Table 1II).

The binding energy of an Al atom in Al;,H, cluster is
2.26 eV higher than that in the bare Al;, cluster. The binding
energy of the surface Al atom in Alj3H;, cluster is 0.41 eV
higher than in the Al;,H;, cluster. However, for the central
Al atom in Al3H;, cluster the binding energy is only
2.46 eV, indicating that the cage structure (a cluster with
central Al atom removed) is more stable than its “parent”
cluster.

The Alj,H,, cluster with the I, symmetry is the least
stable among the studied clusters, with the total binding en-
ergy of 2.01 eV. Although its IP is relatively high (6.05 eV)
the HOMO-LUMO gap is only 0.91 eV. The small HOMO-
LUMO gap points towards the high reactivity of this cluster.
This fact can be used to promote the hydrogen release from
the surface of this cluster. On the other hand this cluster
would be difficult to obtain experimentally as it would be
highly reactive due to the small HOMO-LUMO gap. Hydro-
gen atom is relatively weakly bound to the threefold site on
the surface of the Al;,H, cluster, with the binding energy of
1.89 eV, which is 0.76 eV lower than that in the Al;,H;,
cluster. It is also among the lowest compared to the typical
binding energies in small Al H clusters reported by Kawa-
mura et al.¥® In the Al;,H, cluster the binding energy of the
Al atom is 3.55 eV lower than that in the Al;,H;, cluster and
1.29 eV lower than that in the bare Al,, cluster. Although the
results reported above point towards a relatively low stability
of this cluster it is important to note that to the best of our
knowledge this cluster represents the highest hydrogen load-
ing of all stable studied Al clusters to date.

C. Electronic properties

It is interesting to understand the charge distribution in
icosahedral Al H,, clusters. It was previously suggested that
to exhibit magic behavior within the jellium model electron
transfer must occur in AL,H,, clusters.*3~47->3-38 For example,
for Al clusters there is a discussion in the literature whether
the electron transfer occurs from Al, cluster to hydrogen or
the hydrogen atom donates its electron to the Al, framework
upon adsorption onto the cluster surface. Khanna and Jena,*’
Burkart et al*® suggested the electron transfer occurs to-
wards the Al;; framework in an Al,3;H cluster, in order to fill
the open electronic shell of this cluster. Yong Kyu Han et
al.>>>3 and Kawamura et al.*} argued that the charge transfer
from H to Aly; is unlikely as the IP of H is significantly
higher (13.6 eV) compared to Al;3 (6.49 eV) and there could
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FIG. 4. (Color online) Comparison of deformation electron den-
sity of bare and hydrogenated Al;, and Al;; clusters at isovalue of
0.025 CICCU‘OHS/AS': (a) Allz, (b) A113, (C) A112H|2, (d) A1|3H|2, and
(e) Alj,Hy clusters.

be a charge transfer to hydrogen. The authors suggested that
in contrast to the electron transfer in Al;3Na or Al;;Li where
the alkali metal donates its electron to the hydrogenlike Al,3
“superatom,” in Al;3H cluster the electron transfer occurs
from the Al;; superatom to hydrogen. The AlsH cluster sta-
bility is attributed to a strong interaction between Alj; and
H~, which was confirmed by the analysis of the charge
density.** Our calculations show that IP of the Al;, cluster is
even lower (5.92 eV). Therefore, as suggested in Refs. 43,
52, and 53 the charge transfer is most likely to occur from
Aly, cluster to hydrogen atoms. Below we report our analysis
of the charge density of the studied clusters where we found
different charge distributions for the Al cluster network as
well as a different degree of the charge localization on the H
atoms depending on the system.

Electronic properties of Al;, cluster to a large extent are
determined by its icosahedral symmetry. We analyzed the
deformation of electron density of this cluster, which is cal-
culated as the difference between the total cluster electron
density and the density of the isolated atoms. The plot of the
deformation electron density of Al,, at isovalue
0.025 electron/A3 [Fig. 4(a)] exhibits the delocalized char-
acter of the electronic framework of the cluster. The charge
spreads over the entire cluster with high concentration be-
tween the Al ions. The deformation density of Al cluster at
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FIG. 5. (Color online) Electron density of the HOMO orbital at
isovalue of 0.025 electron/A%: (a) Aljy, (b) Alys, (¢) AljHyp,, (d)
Al;3H |, and (e) Alj,Hy clusters.

isovalue 0.025 electron/A3 [Fig. 4(b)] shows slightly differ-
ent character. It forms a charge network that in contrast to
Aly, cluster is also filling the internal space of the cluster. All
Al atoms in both Al;, and Al,; clusters are donating their
valence electrons to shape the charge framework.

It is also interesting to investigate which orbitals contrib-
ute to the electronic cluster framework. The Al;, cluster has
a number of degenerate orbitals resulting from the high sym-
metry. The one-electron HOMO orbital was identified as or-
bital number 154. There are 8 degenerate orbitals (147-154)
that contribute to the electronic core of Al;, cluster. In Fig.
5(a) the Al;, HOMO orbital at isovalue 0.025 electron/A? is
presented indicating its effective delocalized character. All 8
degenerate orbitals are of similar nature and form an effec-
tive core framework of the Al, cluster. Low lying electrons
have more localized character. Although degenerate orbitals
141-146 contribute partially to the outer shell framework,
they show more pronounced density localization around the
Al ions [Fig. 6(a)]. As we show below it is these low energy
electrons that are donated to hydrogen atoms to form the
stable Al H,, clusters.
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(d

FIG. 6. (Color online) Electron density of the low energy orbit-
als at isovalue of 0.025 electron/A3: (a) Alyy, (b) Aly3, (¢) Alj,H)s,
(d) Alj3H,,, and (e) Alj,Hy clusters.

Aly; cluster has 6 HOMO degenerate orbitals (165-170)
and consequently 8 lower lying degenerate orbitals (157—
164). All these orbitals [Fig. 5(b)] signify delocalized elec-
tronic character. Lower energy orbitals (151-156) [Fig. 6(b)]
exhibit localized character similarly to the Al;, cluster.

The  deformation charge density surface at
0.025 electrons/A® of the Al,H,, [Fig. 7(a)] cluster shows
an excess of charge on hydrogen atoms and partially on the
framework of the Al;, core. The 0.05 electrons/A> [Fig.
7(b)] isosurface further illustrates the charge concentration
on the hydrogen atoms while that on Al;, is considerably
depleted. The picture of the higher density value
(0.1 electrons/A%) [Fig. 7(c)] indicates significant charge
around hydrogen atoms while that on Al;, core is completely
depleted. The Al;3H;, cluster follows similar trend with a
few small insignificant differences.

This analysis shows the delocalization of charge from Al
atoms towards the Al;, framework as well as the charge
transfer to hydrogen atoms evident from a higher charge con-
centration on hydrogen atoms.

As was pointed out in the previous section the Al;, cluster
has groups of degenerate orbitals. Eight high energy elec-
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(a) | (b)
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FIG. 7. (Color online) Electron deformation density surfaces of
Alj,Hy, cluster: (a) 0.025 electrons/A3, (b) 0.05 electrons/A3, (c)
0.075 electrons/A3, and (d) 0.1 electrons/A3.

trons (orbital numbers 163-170) belong to the Al;, core of
the Alj,H;, cluster. This is evident from the similar orbital
shape of the core region of the Al;H,, and bare Al;, clus-
ters. Moreover there is only a small disturbance induced by
hydrogen atoms to these high energy orbitals. This is illus-
trated by the plot of HOMO of Al;,H;, cluster shown in Fig.
5(c). This orbital belongs to the Al;,H;, core and is similar
to the HOMO orbital of Al,, cluster [Fig. 5(a)].

Deep-lying degenerate electronic states of the Al,H;,
cluster (numbers 153-162) are responsible for the strong co-
valent bonding between Al;, core and hydrogen atoms.
These orbitals are not present in bare Al}, cluster. Figure 6(c)
depicts the isosurface of low energy orbital (number 162)
showing bonding between the Al;, core and the H atoms. All
ten degenerate orbitals are of the same type.

The orbitals’ character and the deformation electron den-
sity point to the existing polar covalent bonding between the
Al;, core and hydrogen atoms with higher charge concentra-
tion on the hydrogen atoms.

The deformation density of the Al;3H;, cluster looks
similar to that of the Al;,H;, cluster with some charge con-
centration inside the core. The nonzero charge around the
cluster center can be attributed to the contribution from the
central Al ion. We suggest that the expansion of the Al;,
cluster upon adsorption of 12 hydrogen atoms is due to the
missing central Al atom.

However the orbitals’ shape and their order appeared to be
different. There are two high energy degenerate HOMO or-
bitals (181-182) that are essentially shared between the cen-
tral Al ion, Al}, core and hydrogen atoms [Fig. 5(d)]. Higher
energy 8 degenerate orbitals (173—180) are similar to orbitals
163-170 in the Al;,H;, cluster, i.e., these orbitals belong to
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FIG. 8. (Color online) IR-Spectrum of hydrogenated Al Clus-
ters. Peaks are labeled as follows:
Cluster/modes Al-Al stretching Al-H stretching H-H vibrating
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Al;3H), 1.3 8 5

the Al;, surface. Representative orbital 180 of this type is
shown in Fig. 5(d). As discussed above these orbitals appear
similar to the high energy orbitals of the bare Alj; cluster
[Fig. 5(b)].

Lower energy electrons on degenerate orbitals (163-172)
contribute to covalent bonding between Al core and hydro-
gen atoms [Fig. 6(d)]. These orbitals are not present in the
bare cluster and they are similar to degenerate orbitals (153—
162) of Al;,H,, cluster [Fig. 6(c)].

Overall, the orbital analysis of the Al;3H;, cluster reveals
polar covalent bonding between the Al core and the hydro-
gen atoms with the charge transfer towards the hydrogen
atoms.

The Al;,H,, cluster does not contain the characteristic Al,
electronic core. The 0.025 electron/A3 deformation density
[Fig. 4(e)] shows high charge concentration around hydrogen
atoms. There seems to be more charge accumulated on hy-
drogen atoms in comparison with the other studied clusters.
In contrast to the slightly polarized covalently bonded
Alj,H;, cluster, the Al;,H,, cluster has a pronounced ionic
bonding character.

The orbitals in the Al;,H,, cluster can be grouped into
degenerate states, however the charge distribution of those
orbitals is more delocalized. Figure 5(e) demonstrates the
delocalized character of the HOMO orbital of the Al;,H,
cluster. There are three degenerate HOMO orbitals (numbers
174-176). The electron density is mostly shared between
each group of three atoms (H-Al-H). There are also five low
energy degenerate delocalized orbitals (numbers 169-175) of
a different shape [Fig. 6(e)]. One of those orbitals (number
169) exhibits some charge delocalization among hydrogen
atoms in the pentagonal arrangement.

We also note that in contrast to Al}, and Al;,H;, clusters,
Al ,H, cluster possesses an uncompensated spin that is
evenly distributed around the entire cluster.

D. Frequency spectrum

We now proceed to analyzing the frequency spectra of the
Aly,, Al H,,, and Alj,H,, clusters (Fig. 8). The spectra re-
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veal intensity peaks at three characteristic frequencies. Peaks
1-3 can be associated with the breathing mode of Al core
related to the Al-Al bond stretching; peaks 4—6 are related to
the H atoms vibration around the cluster surface; peaks 7-9
are related to the Al-H bond stretching.

Since the Al-H bond is rather short the associated fre-
quency mode has the highest energy. The stretching mode of
the longer Al-Al bond has low energy. The energy of the
frequency mode related to H vibration is in between those
two. The obtained frequencies can be compared with those of
the Al, and Al-H molecules. The Al-Al distance in Al, mol-
ecule is 2.653 A with the characteristic frequency of about
213 cm™!. Since the Al-Al distances in the studied clusters
are shorter, peaks in their spectrum can be expected to arise
at a higher frequency. The AIH molecule has a characteristic
frequency of 1572 cm™!. Al-H bonds in the considered clus-
ters vibrate at the higher or lower frequencies depending on
the Al-H bond length, i.e., Al;;H;, peaks at higher energy,
while the Al;,H,, with the longer bond peaks at the lower
energy.

Aly, cluster with all equivalent Al atoms has only one
peak of very low intensity in its frequency spectrum (not
shown in Fig. 8). This peak is associated with the symmetric
stretch of Al-Al bonds and has the energy of 248 cm™' which
is higher than that in the Al, molecule, as expected. Fowler
et al.* predicted a peak of the breathing mode at 257 cm™!
that is in a good agreement with our finding.

The Al;,H;, cluster shows 3 distinct peaks: 9, 4, and 2 as
labeled in Fig. 8. As expected, the highest peak correspond-
ing to the Al-H bond breathing mode (peak 9) has a higher
energy (1878 cm™') compared to the AIH molecule due to
the shorter Al-H bond in the cluster. As pointed previously
by Kawamura et al.¥® the high intensity of this peak can
indicate that this hydrogen position is dynamically
unstable,* and may, in principle, favor hydrogen desorption
kinetically. The mode associated with the hydrogen atoms
vibration directed around the cluster surface (labeled 4 in
Fig. 8) peaks at 377 cm™!. The intensity of this motion is
more than seven times lower compared to the Al-H stretch-
ing mode. We can also identify a mode associated with the
breathing Al-Al motion (peak 2, Fig. 8). This is a low inten-
sity peak at 283 cm™! that corresponds to the Al;, framework
stretching mode, involving the collective motion of Al at-
oms. Low intensity confirms the stability of the framework
against fragmentation.

The spectrum of the Al;sH;, cluster has 3 peaks num-
bered 8, 5, and 1 in Fig. 8 with similar features to those
discussed above. The mode related to the hydrogen atoms
vibration directed around the cluster (peak 5) is blue shifted
(energy of 482 cm™!) compared to the corresponding peak of
the Al;,H;, cluster. Peak 8 responsible for the Al-H stretch-
ing is close in energy (1857 cm™') to the corresponding peak
of Alj,H;, cluster reflecting the similar Al-H bond length in
the two clusters. Peaks 1 and 3 corresponding to the Al-Al
stretching have energies of 165 cm™' and 325 cm™! respec-
tively. The two peaks reflect the presence of two different
Al-Al distances in this cluster: first, the distance between the
central Al atom to the surface Al atom and, second, the dis-
tance between two closest surface Al atoms. The overall in-
tensities of the peaks in the Al;3H;, cluster are smaller indi-
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cating the higher kinetic stability of this cluster compared to
the A112H12.

In the frequency spectrum of the Al;,H, cluster the most
prominent mode responsible for the stretching of Al-H bonds
has a peak at 971 cm™' (numbered 7 in Fig. 8). It has a lower
energy than the corresponding mode in the A,H;, cluster
and Al-H molecule, thus reflecting the longer Al-H bond
length in the Al;,H, cluster. The intensity of this peak is less
than half that in the Al,H;, cluster, pointing the dynamic
stability of the Al-H bond in the Al,,H,, cluster. The mode
related to the H vibration with the energy of 536 cm™' (la-
beled 6 in Fig. 8) has rather low intensity. The Al-Al stretch
mode (not shown in Fig. 8) has energy of 250 cm™! which is
between that of the corresponding peaks in the other two
clusters, reflecting the bond length order. However, due to
extremely low intensity, this peak cannot be noticed in the
spectrum.

IV. CONCLUSIONS

In this paper we identify stable Al;,H;, and Al;,H,, clus-
ters, where the Al,H,, cluster is of particular interest for
hydrogen storage as it has relatively high hydrogen storage
content.

In hydrogenated clusters, characteristic Al-Al distances
lengthen compared to its bare Al;, counterpart, indicating
cluster expansion upon adsorption of hydrogen. From the
comparison between Al;, and Al clusters we learned that in
Al;; cluster the tendency is the opposite, i.e., the hydrogen-
ated Al cluster contracts upon hydrogen adsorption. We can
speculate that this is the reason why Al;,H,, cluster is ener-
getically stable whereas Al;3H, is not.

The expansion of the Al;, cluster upon adsorption of hy-
drogen atoms can be attributed to the missing central Al
atom. The deformation electron density shows that the cen-
tral Al atom in the Al5 cluster contributes to the electronic
framework while the electronic framework of the cage clus-
ter consists of the high electron concentration just on its
surface. Consequently, in Al;3 the electron density in the
cluster interior induces reduction in the total electron density
with the central atom bonding to both surface Al atoms and
the hydrogen atoms. Obviously the bonding contribution
from the central atom is missing in the case of the hollow
cage clusters. Therefore, the cage clusters expand upon hy-
drogen adsorption. It should be noted that cluster expansion
would play a positive role in hydrogen adsorption. Due to the
cluster expansion more surface area for hydrogen adsorption
becomes available resulting in a stable, although weakly
bound Al;,H,, cluster.

In the Al,H;, cluster all H atoms occupy the atop posi-
tion while in the Al;,H,, cluster they occupy the threefold
site with each hydrogen atom bonded to three Al ions.

We found high energetic stability of the investigated clus-
ters with total binding energies of 2.29 eV, 2.46 eV, and
2.01eV, for Al AlpHp,, and Alj,H,, respectively.
Al,H/, cluster is the most stable, which is confirmed by an
extremely high HOMO-LUMO gap and IP. The lower bind-
ing energy of Al,H,, cluster correlates with a smaller
HOMO-LUMO gap. The Aly; cluster has a stronger binding
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energy than the Alj,, a larger HOMO-LUMO gap and a
higher IP. However, the Al;,H;, cluster, having almost the
same total binding energy as Al;3H;,, has stronger bonded H
atoms, as well as a larger HOMO-LUMO gap and a higher
IP.

The analysis of the deformation electron density, showed
that the Al,H,, cluster is bound by polar covalent bonds
between the Al;, core and the hydrogen atoms. The higher
electron density on the H atoms indicates partial electron
transfer from the Al atoms towards hydrogen upon adsorp-
tion. This feature is similar in Alj3H;, cluster, although the
bonding is less polarized. In contrast, the electron density of
Alj,H, cluster demonstrates the ionic character of bonding
in this cluster.

The electronic framework of Al;, cluster is found to be
made of high energy electrons while low energy electrons
contribute to the Al-H bonding. A similar mechanism is also
found in the A1]3H]2, A1]2H12, and A1|2H20 clusters with
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higher electron density concentration on the hydrogen atoms
in the indicated order.

The frequency spectrum analysis of the three clusters
identifies the highest energy mode corresponding to Al-H
stretching, followed by the H atoms vibration directed
around the cluster surface and, finally, the stretching vibra-
tion mode of the Al core framework. The highest intensity
corresponds to the Al-H stretching mode, indicating its dy-
namic instability. The lower energy mode that corresponds to
hydrogen vibration has lower intensity. The low intensity of
the Al core vibration points towards the high stability of the
Al core for all the clusters studied.
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