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This  paper  describes  the  variations  in  the  properties,  characteristics  and  hydrogenation  energy  barri-
ers  of  magnesium  clusters  induced  by  titanium.  DFT  approach  was  used  to  determine  the  most  stable
structures  at this  theory  level  and then  MP2  was  used  to refine  the  energy  calculations  with  the  basis
set  6-311g(d)  for magnesium  and  hydrogen,  and pseudopotential  lanl2dz  for  titanium.  Bimetallic  clus-
ters  showed  higher  stability  and  reactivity  than  the  corresponding  magnesium  ones.  Titanium  induces  a
change in  the  magnesium  atoms  in their  electronic  configuration  reflected  in  an increase  of  the  popula-
agnesium cluster
imetallic titanium–magnesium
ydrogen storage

tion  of  their  orbitals.  At  the same  time  titanium  electronic  populations  is  modified.  These  changes  cause
variations  in  some  reactivity  parameters  such  as  the  Fukui  indexes  which  modify  the hydrogenation  of
the magnesium  clusters  and  bimetallic  clusters.  For  example,  there  is  a reduction  in  the  energy  barrier
for dissociation  of  the  H2 molecule  in the bimetallic  clusters.  In the  hydrogenated  cluster  the  hydrogen
atoms  form  bridges  between  all of  the  magnesium  or magnesium–titanium  atoms.  These  results  indicate
that, energetically,  bimetallic  systems  can be more  promising  systems  for hydrogen  storage.
. Introduction

The development of hydrogen as an energy vector requires sys-
ems with hydrogen storage capability of more than 7% in weight
w/w) at near ambient conditions [1].  Different approaches have
een proposed such as high-pressure tanks [1,2], high surface area
aterials [3–8] and materials for chemical absorption [9–14] such

s metal hydrides. Among many potential hydrogen storage mate-
ials, those based on magnesium [15] are of particular interest
ecause magnesium has a high hydrogen storage capacity and
lso has one of the lowest decomposition temperatures among the
ydride compounds. However, the low decomposition-formation
inetics of the magnesium hydride and slow diffusion of hydrogen
hrough the magnesium crystal tend to limit its practical applica-
ion [16].

Experimental data obtained with pure magnesium nanopar-
icles of about 2.5 nm show a reduction in the hydrogenation
emperature from 380 ◦C to values around 250 ◦C [17]. Other
tudies show that dehydrogenation reactivity of MgH2 is directly

ependant on the particle size [18]. The hydrogenation of pure
agnesium has been investigated using computational chemistry

alculations, some of these results indicate that reactivity of par-
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ticles with a diameter less than 1.0 nm (about 15 Mg  atoms),
estimated by molecular dynamic studies, is very different from the
one observed for bigger size particles [19]. DFT calculations carried
out by Wagemans et al. [20] showed that for nano-sized clus-
ters with about 15 magnesium atoms, the hydrogenation energy
can be as low as 18 kcal/mol. The higher reactivity and small
hydrogenation energy are factors that favor the reduction in the
hydrogenation temperature of small Mg  clusters.

On the other hand, since the work of Reilly and Wiswall
[21,22] on the hydrogenation of different magnesium alloys, with
transition metals, there has been a growing interest to find bet-
ter combinations of magnesium with doping metals to improve
the hydrogenation–dehydrogenation kinetics and to decrease its
decomposition temperature. In this way, different materials have
been developed such as alloys or mixtures with other materi-
als trying to obtain similar or better hydrogen storage capacities,
under more mild conditions, and at the same time to obtain
higher adsorption–desorption kinetics than those obtained with
pure magnesium hydride. Thermogravimetric studies show that
Fe–Mg alloys have faster hydrogenation reaction kinetics than that
of pure magnesium [23,24]. In the case of vanadium–magnesium
alloys the reduction in the hydrogenation temperature can be close

to 100 ◦C [25], particularly in systems with particle size in the
range of nanometers. Similar tendency has been observed in the
case of magnesium alloys with Ni [26,27] and Ti [28,29] as well
as with other compounds [30,31]. Computational calculations in

dx.doi.org/10.1016/j.jallcom.2011.06.022
http://www.sciencedirect.com/science/journal/09258388
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hich a magnesium atom of the cluster was replaced by an atom
f a transition metal were used to investigate the electronic and
hermodynamic properties of the hydrogenation of these alloys by
hen et al. [32]. Most of the transition metals were found to stabi-

ize the hydrogenated Mg  crystal array with the exception of Sc, Y
nd Zr. Among the investigated metals Ti, V, Fe and Ni were found
o improve reactivity and stability of the doped magnesium crys-
als for hydrogenation, in some cases similar to the reactivity of the
ure metals.

However, questions on whether the effects of metal on the
ctivity of the magnesium cluster as a function of the cluster size
nd on the overall physical and chemical properties of the alloy
anoparticles have not been addressed fully. To get further under-
tanding of these properties, in this study we examined electronic,
hermodynamic and hydrogenation characteristics of Ti(Mg)n clus-
ers with less than 7 magnesium atoms using electronic structure

ethods.

. Computational approach

.1. Characterization of the magnesium and
itanium–magnesium clusters

The initial geometries of the clusters before optimization were
ased on the symmetry and geometry data of Mg  and bimetallic
lusters published in the literature [33–35],  then a set of different
tructures with different geometries and different full point sym-
etry group were generated for each cluster size. The structures

f each cluster size were fully optimized using the hybrid density
unctional theory (DFT) with the functional B3PW91 and the pseu-
opotential Lanl2dz basic set, all calculations were performed using
he software Gaussian 03 [36]. This DFT method has been suggested
n the literature as one of the most appropriate for the analysis of Mg
lusters [37] and it is one of the best options to search geometries in
ystems with transition metals [38], while the pseudopotential is
uitable for the description of relativistic effects in metals with part
ull d orbitals [39]. Each cluster was characterized in different elec-
ronic states—quintuplet, triplet and singlet. This information was
sed to find the minima of each type of cluster. Although, under nor-
al  conditions, clusters of different electronic states can contribute

o the overall chemistry of the system, for simplicity in this study,
e considered only contributions of electronic states of the lowest

nergy state (ground-state) of the clusters. The clusters selected in
his way were used for the hydrogenation reactions. The hydro-
enation process was carried out by adding two hydrogen atoms at
he same time. With this procedure, we explored a set of different
eometrical configurations based in cluster symmetry in order to
ecide where the two hydrogen atoms were adsorbed. This proce-
ure generates a large number of different structures which were
ptimized with the same DFT method and the structure with the
owest energy were selected, then, another two hydrogen atoms

ere added and the optimization process repeated until the whole
luster was saturated (MgnH2n). Only the lowest energy structures
ere reported. Energy data were further improved by single-point

nergy calculations at MP2  level of theory using the basic set 6-
11g(d) for the Mg  atoms and Lanl2dz for the Ti atom.

Molecular hydrogen dissociation was studied to determine the
ossible effect of Ti in the kinetics of the process. For each stable
luster, we explored a set of possible ways by which the hydrogen
olecule can be dissociated. This was done using scan calcula-

ions to determine possible transition states. In this procedure the

ydrogen molecule approached the cluster in a face, bond, atom,
r another possible configuration. After identifying and character-
zing the transition state, we did an IRC calculation with the same
evel of theory to verify the reaction path.
mpounds 509 (2011) 8501– 8509

2.2. Theoretical models for reactivity

Density functional theory allows the calculation of some chem-
ical reactivity indices such as chemical potential (�), chemical
hardness (�) and the Fukui function. The chemical potential and
chemical hardness relate the first and second derivative of energy
with respect to the number of electrons at the potential constant
(v(r)) – by the following: [40].

� =
(

∂E

∂N

)
�(r)

(1)

� = 1
2

(
∂2E

∂N2

)
�(r)

= 1
2

(
∂�

∂N

)
�(r)

(2)

It is also possible to obtain both parameters using the Koopmans
approximation with the frontier orbitals of a chemical species as
follows:

� = 1
2

(IP + EA) ≈ 1
2

(εL + εH) (3)

� ≈ 1
2

(IP − EA) ≈ 1
2

(εL − εH) (4)

where IP is the ionization potential, EA is the electron affinity while
εH and εL are the HOMO and LUMO orbital energies, respectively.
Both properties describe the tendency of a chemical species to
receive/transfer its electron from/to another. The chemical poten-
tial shows the direction in which the electron transfer can take
place, while the chemical harness indicates the ability of accepting
electron. A hard molecule does not easily accept electrons.

Fukui function is a local reactivity index that can also be evalu-
ated using DFT. This reactivity index is determined by the electronic
characteristics of the frontier HOMO or LUMO electron density by
the following expression [40,41].

f =
(

ı�

∂�(r)

)
N

=
(

∂�(r)
∂N

)
�(r)

(5)

f −(r) ≈ �(HOMO)(r) (6)

A large value of f at a given site favors reactivity at that point. In
this research the Fukui function was calculated using the Top-Mod
software [42] taking into account the wave function of the lowest
energy configurations.

3. Results and discussion

3.1. Geometrical and electronic properties of magnesium and
titanium–magnesium clusters

The most stable structures of the bimetallic clusters, investi-
gated in this research with just one Ti atom, were in quintuplet
state. Singlet and triplet electronic states were also evaluated; how-
ever, their energy values were higher than the quintuplet state.
There are some stable structures in triplet state which differ just a
few kcal/mol from that of the quintuplet state. There are some sta-
ble structures in triplet state which differ just a few kcal/mol from
that of the quintuplet state, see Supplementary information.

Fig. 1 shows magnesium clusters where one of the Mg  atoms was
substituted by one Ti atom. Each one of these clusters can have dif-
ferent isomers. However, those presented here are the energetically
most stable ones in relation to each cluster size.

The most stable structures with more than four atoms are tridi-

mensional, no stable planar structures were found for clusters with
more than 4 atoms. In none of the optimized clusters does the Ti
atom appear as the central atom; it is always located at the surface
of the cluster. In the optimization, no linear clusters were found
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Fig. 1. Most stable isomers of TiMgn clusters. In parenthesis, the energy, in kcal/m

Table  1
Variation of the electronic configuration and charge of the titanium atom in the
titanium–magnesium clusters.

Number of Mg
atoms

Ti electronic configuration
4s23d24p04d0

NBO charge

1 4s0.303d3.014p0.624d0.05 0.032
2 4s0.853d2.514p0.864d0.06 −0.270
3  4s0.593d3.074p0.564d0.02 −0.228
4  4s1.013d2.334p0.794d0.09 −0.216

0.88 2.49 0.98 0.13
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5  4s 3d 4p 4d −0.464
6  4s0.703d3.294p1.144d0.12 −1.242

uggesting that the atomic interactions can be very mild with low
ovalent character and more van der Waals type interaction [43];
he electronic configuration of Mg  atoms in the clusters is presented
n Table 1 of the Supplementary material. This information shows
hat the magnesium atoms in clusters smaller than 4 are closer to
he 3s2 configuration of the atomic Mg.  Therefore, van der Waals
nteractions are favored. The most stable clusters have Cs symme-
ry. There is loss of symmetry induced by the presence of the Ti
tom which introduces different bond lengths.

Variation of the bond lengths of Ti–Mg and Mg–Mg of the most
table isomers is presented in Fig. 2. The Ti–Mg bond length remains
lmost constant with the size of the clusters here investigated.
owever, the Mg–Mg  average bond length in the bimetallic cluster
s well as in the pure Mg  clusters decreases with the size of the
luster, approaching the value of 3.21 Å of the bulk Mg  [37]. This

eduction of the bond length with the size of the clusters indicates
ore stability of the larger clusters.

ig. 2. Variation of the average bond length of Ti–Mg and Mg–Mg  versus the size of
he  cluster. Filled symbols are for the bimetallic system. Open circles for the pure

g  clusters.
ol, of the addition of a Ti atom to the Mg cluster: Ti + Mg(n+1) → TiMgn + Mg.

3.2. Electronic characterization

3.2.1. Global characteristics
3.2.1.1. Cohesion energy. The value of the average binding energy
provides an idea of the stability of a cluster, this value is determined
as the negative of the difference between the energy of the cluster
and the energy of the elements (see Eq. (7)), the data thus obtained
is presented in Fig. 3a).

�E = − (ETiMgn − ETi − nEMg)
(n + 1)

(7)

The presence of Ti in the cluster induces an energetic stability
of about 15 kcal/mol per Mg  atom compared to that of the pure
magnesium cluster. This is an important effect that shows how this
atom can distort the electronic structure of the magnesium atoms
which induces a larger orbital overlapping between the Mg atoms.

3.2.1.2. Chemical hardness. The hardness of a chemical species
(molecule, ion or atom) gives a qualitative description of how polar-
izable the species is when exposed to an electrical field. The concept
has been particularly useful to understand the acid–base chemistry
and also to interpret chemical reactivity.

Fig. 3b shows the variation of the chemical hardness of the
MgMgn and TiMgn clusters with the size of the cluster. In general
there is a tendency of the hardness to become smaller with the
size of the cluster. The main differences are found in the smaller
clusters, n = 1 or 2. The Ti atom in the cluster reduces the hard-
ness of the small clusters and brings this parameter to values that
show only a slight variation with the number of Mg  atoms. This
tendency suggests that in this kind of bimetallic clusters there is a
small reduction of the energy required to transfer electronic charge
to other systems as the size of the cluster increases.

3.3. Local characteristics

3.3.1. Variations of the Ti electronic configuration in the
titanium–magnesium clusters

Table 1 shows the changes in the electronic configuration
and the charge of the Ti atom in the titanium–magnesium clus-
ters. The configuration of magnesium atoms is presented in the
Supplementary material. There is a strong interaction between both
metals which modifies the electronic properties of both atoms. The
electronic configuration of the Ti atom shows that the presence of
just one Mg  atom causes a reduction in the charge of the 4s orbital
from two to one or less electrons. At the same time the charge of the

3d orbital is augmented between 0.5 and 1.3 electrons depending
on the type of cluster. The charge of the 4p orbital is also markedly
increased particularly in the clusters with 5 and 6 Mg  atoms. The
charge of the 4d orbital is slightly modified. In general, the Ti atom
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Fig. 3. (a) Average cohesio

ains charge from the Mg  atoms and the value increases with the
umber of Mg  atoms.

The analysis of the electronic configuration of the Mg  atoms
hows that the population of the s-orbital is drastically reduced
o values between 1.5 and 1.0 electrons while the p-orbital
as between 0.3 and 0.8 electrons. This is a large change in
he electronic configuration considering that the energy required
or the transfer of one electron from the 3 s orbital to the 3p
rbital is more than 100.4 kcal/mol [44]. The changes in the
lectronic configuration of TiMg, TiMg2 and TiMg3 suggest that
hese variations are apparently controlled by the geometry of the
luster.

.3.1.1. Cluster reactivity based on the Fukui function. Indexes such
s hardness give an idea of global reactivity but these values do not
ndicate from which side the cluster grows or which atom or region
f the cluster is the most susceptible to the attack of an electrophilic
f nucleophilic species. This information can be obtained from the
nalysis of the Fukui function or frontier function.

The representation of the Fukui function is shown in Fig. 4. This
ind of illustration displays the region of the cluster where the

argest concentration of the electron density is located, and there-
ore is the area of highest reactivity in the cluster. If the reactivity
s located in the frontier orbitals, the HOMO allows determining
he value of the function f− where an electrophilic attack may  be

ig. 4. Variations in the electronic density induced by the Ti atom. Isosurface represen
ndicate  higher electronic density in that area of the cluster, and therefore, is the plac
ecessarily associated with the Ti atom.
gy. (b) Chemical hardness.

oriented. In Fig. 4 the values of the Fukui function for the 0.02 iso-
surface are presented for the pure magnesium clusters (Mg–Mgn)
and the titanium magnesium clusters (Ti–Mgn). The value and the
shape of the Fukui function indicate the differences between both
clusters. For this isosurface the smaller clusters are the most reac-
tive. In both cases the common point is that the reactivity is not
located on any specific atom, it is mostly directed towards the bond-
ing between atoms or in the planes of the clusters. See for example
the Mg4 cluster where the reactivity is located between two of the
bondings while in the TiMg2 the reactivity is directed to both sides
of the plane formed by the three atoms. In the other clusters, the
reactivity appears more evenly distributed around the cluster. As
expected, in the magnesium clusters the reactivity is more sym-
metrically distributed than in the clusters with Ti. One exception
is the TiMg2 cluster that has the same value of the f− function on
both sides of the cluster and no distortion is induced by the Ti atom
as is the case for the other clusters where the f− function is located
towards the Ti atom. As mentioned before, the Fukui index indi-
cates the most probable region of the cluster where a reaction can
take place. When an atom is added to a cluster, the addition fol-
lows the direction indicated by the f− function. However, due to

the relaxation processes of the cluster during its optimization, there
are changes in the geometry. For example, see in Fig. 4 the varia-
tions when going from TiMg2 to TiMg3 and to TiMg4. This sequence
suggests that the place where the new atom can be identified.

tation of the Fukui function of the Mg–Mgn and Ti–Mgn clusters. Large f− values
e of higher reactivity. The largest concentration of the electronic density is not
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ig. 5. (a) Potential energy surface for the dissociation of molecular hydrogen on th
ransition state and dissociation of the hydrogen molecule and hydrogen atom mig

owever, due to internal migrations in the cluster, the final geom-
try of the same cannot be assessed.

.3.2. Effect of the Ti atom on the hydrogenation energy
To determine the hydrogenation properties of the magnesium

nd titanium–magnesium clusters, a relaxed scan was done as
xplained previously. In general there are two main steps, the first
s the formation of a complex H2–XMgn which is followed by dis-
ociation of the hydrogen molecule, and the second, the migration
f the hydrogen atoms to other positions in the cluster. This migra-
ion takes place according to the previously described reactivity
ndexes.

Fig. 5a shows the potential energy surface for a hydrogen
olecule dissociation in the clusters with four atoms (XMg3). The

nalysis is done with this type of cluster because of the geometrical
nd structural similarities between the clusters with and without
i which facilitates the comparison between them. However, the
esults can be extrapolated to other clusters. Dissociation of the
rst hydrogen molecule in the magnesium cluster has an energy
arrier of about 17 kcal/mol. The transition state complex has an

maginary frequency of −1576 cm−1 indicating the direction of the
–H dissociation. The presence of the Ti atom reduces the energy
arrier to about 12 kcal/mol, in this case the transition state com-

lex has an imaginary frequency of −579 cm−1. In both cases the
rocess is exothermic. The above results suggest that hydrogena-
ion of the titanium–magnesium clusters can be kinetically more
avorable than the hydrogenation of pure Mg  clusters.
Mg3 and Ti–Mg3 clusters. (b) Structures illustrating the hydrogen chemisorptions,
.

Hydrogen adsorption and dissociation is illustrated in Fig. 5b.
The initial stage of the reaction of both clusters up to their transi-
tion state is rather similar. In both cases the transition state has one
hydrogen atom bonded to two atoms, which coincide with the loca-
tion of the highest value of the Fukui function. The other hydrogen
atom is in a dangling position, as shown in Fig. 5b. The final product
is slightly different due to a Ti induced re-orientation of the dan-
gling atom to form two  bonds. BSSE calculations were carried out
finding a correction of 0.26 kcal/mol. Therefore the BSSE corrections
were not included in the calculations.

3.3.3. Hydrogenation characteristics of the TiMgn clusters
Each cluster was hydrogenated until it became completely

saturated. The smaller clusters have a larger capacity to adsorb
hydrogen atoms. For example, the TiMg cluster can adsorb six
hydrogen atoms to generate a stable structure with no imaginary
frequencies (H/Mg ratio 6:1). The TiMg2 can adsorb a maximum
of eight hydrogen atoms (H/Mg ratio 4:1). This hydrogen adsorp-
tion capacity is reduced as the number of magnesium atoms is
increased, the TiMg6 cluster can take 12 hydrogen atoms for an
H/Mg ratio of 2:1. The small size Ti–Mg clusters have the capacity
to adsorb one extra hydrogen molecule compared to the equivalent
pure magnesium cluster, see for example the TiMgH6 and TiMg2H8

clusters, in both cases there is one hydrogen molecule adsorbed
directly on the Ti atom. The difference is that in the TiMgH6 the
extra hydrogen molecule has the H–H bond completely dissoci-
ated while in the Ti Mg2H8 the H–H bond distance is similar to
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Fig. 6. Most stable hydrogenated isomers of TiMgn . (a) Structures with the highest hydrogen uptake capacity. Observe the lack of symmetry in most of these structures. (b)
Isomers of TiMg6H14.
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Table  2
Ti–Mg average bond order determined using the Wiberg indexes.

Estructure TiMg TiMg2 TiMg3 TiMg4 TiMg5 TiMg6

0.715 0.610 0.523 0.545 0.552
0.080 0.070 0.093 0.119 0.062
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clusters. The difference is more marked in the small size clus-
ters, this gap becomes smaller as the size of the cluster increases.
The large dehydrogenation energy of the small titanium clusters
can be ascribed to the preference of the Ti atom to form more
Wiberg index Metallic cluster 0.605 

Hydrogenated clusters 0.139 

hat in molecular hydrogen. It is interesting to observe that in the
ydrogenated clusters there is no direct bonding between the Ti
tom and the Mg  atoms. The bond order analysis presented in the
able 2 confirm this graphical observation, where all of the Mg–Ti
ond orders are smaller than 0.12. In all cases there is a hydrogen
ridge between both metals. For these kinds of configurations, sym-
etry is almost non-existent. Fig. 6a shows that the hydrogenated

tructures have different geometries with optimized energy values
ery close to each other. Fig. 6b presents the hydrogenated isomers
f the TiMg6 cluster and the energy difference with respect to the
inimum energy cluster. For example, the most stable cluster in

inglete state is about 35 kcal/mol less stable than the correspond-
ng triplet state. No structures were optimized in quintuplet state.
his suggests that the triplet electronic state of the hydrogenated
somer is the most stable, even though the TiMg6 cluster is in a
ifferent electronic state.

Fig. 6 shows that the hydrogen bond in these clusters can be
lassified in three types. There is a group of H atoms that act as a
ridge between the Ti and Mg  atoms. A second group of H atoms
re bonded to two Mg  atoms and a third group is formed by dan-
ling H atoms bonded to one Mg  atom. Each one of them has
ifferent bond lengths which indicates that in one cluster there are
ifferent bond energies which give rise to an energy distribution
f the hydrogen–metal interaction. Therefore, hydrogen desorp-
ion should be in a range of temperatures where the hydrogen
toms more weakly bound will be the first to leave the cluster. The
ast hydrogen atoms would be very tightly bound and therefore

ould require large energies for desorption and longer reaction
imes. When the hydrogen atom is in between the Ti and Mg
toms (Ti–H–Mg), the distance between Ti–H is larger than the one
etween H–Mg suggesting a stronger interaction of the H atom with
he Mg  atom. This behavior can be related to the difference in elec-
ronegativity between the atoms involved in the bonding. However,
hese differences are reduced as the size of the cluster is increased,
hat is when increasing the number of Mg  atoms in the cluster the

g–H bond length increases, while the Ti–H distance is reduced or
emain constant.

ELF analysis was carried out for the metallic hydrogenated clus-
ers. An ELF value of 1 corresponds to perfect electron localization
nd an ELF value of 0.5 corresponds to the highest electron delo-
alization. Fig. 7 shows two isosurfaces for TiMg3 and TiMg3H8
lusters. Fig. 7a corresponds to the 0.703 isosurface for TiMg3 a
et of basins located over each metallic atom and between them
an be observed. The basins on the metallic atoms have an occu-
ancy of 2.0 electrons, while those in between have an electronic
ensity of 0.5 electrons. The location of these basins is close to the
osition of each hydrogen atom in the hydrogenated cluster. Fig. 7b
hows the 0.900 isosurface for the TiMg3H8. This result is similar to
he one reported by Cheng et al. [45] for bimetallic Ti–Pd systems,
here the high ELF values between the Ti and Pd atoms correlate
ell with the location of the hydrogen atoms in the hydrogenated

ystem. However, in our case the correlation is not as good because
he Mg  clusters show high relaxation as the hydrogen atoms are
dded to the structure.

The average bond order of the Ti–Mg bond is presented in

able 2. In the case of non-hydrogenated clusters the bond order
as a trend to reduce its value with the size of the cluster indicating
hat the interaction Ti–Mg becomes weaker with the increase in the
umber of Mg  atoms. When the clusters are hydrogenated there is
Fig. 7. ELF isosurface plots for TiMg3 and TiMg3H8. In (a) the electronic density is
located close to the metallic atoms or between them at an ELF value of 0.703. In (b)
the  electronic density is located over each hydrogen atom.

a clear reduction in the Ti–Mg bond order. As explained before, and
shown in Fig. 6, in these clusters the hydrogen atom locates prefer-
ably between the Ti and Mg  atoms forming a bridge between them.
Therefore, the bond order is drastically reduced to values as low
as 0.06 which is representative of very weak interactions between
these atoms.

The location of the hydrogen atoms in the hydrogenated magne-
sium or titanium magnesium cluster, previously described, implies
the migration of the hydrogen atoms to the innermost part of the
cluster, and vice versa, in dehydrogenation the hydrogen atoms
have to leave from those places to the outer part of the cluster to
become molecular hydrogen. This process has a negative effect on
the kinetics of the overall hydrogenation/dehydrogenation process
using magnesium clusters.

3.3.4. Dehydrogenation energy
The dehydrogenation energies of the TiMgn and Mg–Mgn clus-

ters shown in Fig. 8 indicate that dehydrogenation of bimetallic
clusters is energetically more demanding that the magnesium
Fig. 8. Dehydrogenation energy of TiMgnH2n and Mg–MgnH2n+2 clusters
XMgnH2(n+1) → XMgn + (n + 1)H2.
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Fig. 9. Qualitative molecular orbital diagram of the interac

table interactions with the hydrogen atom than those formed with
agnesium. For the Ti–MgnH2n+1 clusters, the dehydrogenation

nergy decreases as the number of Mg  atoms increases while for
he MgnH2n clusters the dehydrogenation energy increases slightly.

In the case of small Mg  clusters their interaction with molecu-
ar hydrogen is not favored because magnesium has a closed shell
tructure. While the interaction with the Ti–Mgn clusters is posi-
ively favored. In this case the hydrogen molecule approaches the
luster by the Ti atom and since the Ti atom has vacancies in the
alence orbitals there is a stronger interaction with these clusters.
ig. 9 shows a qualitative representation of a molecular orbital
iagram for the interaction between a hydrogen molecule with

 magnesium or titanium atom. As can be seen, the interaction
2–Mg  is a non-stabilizing one due to the presence of two elec-

rons in bonding and antibonding orbitals. A different situation is
bserved for the interaction with Ti because this metal has un-
aired electrons in the d orbital which facilitate the donation of
he electrons of the � orbital bonding of the molecular hydrogen
o the metal atom; in this way the binding affinity between both
pecies is enhanced, these kind of interactions strongly depend on
he type of metal [46].

Another factor that can influence this interaction is the nega-
ive charge of the Ti metal which facilitates the overlapping of the
lectron density between both species and therefore a more stable
omplex is obtained.

On the contrary, the initial interaction of molecular hydrogen
ith the magnesium cluster is of the van der Waals type. As a con-

equence, stronger experimental conditions would be required to
tart the hydrogenation of a pure magnesium cluster compared to
he conditions for the hydrogenation of a Ti–Mgn cluster which
hould have more mild requirements of temperature.

. Conclusion

The addition of titanium to magnesium clusters modifies the
lectronic characteristics of the Mg  atoms. There is charge transfer
rom the Mg  atoms to the Ti atom which causes a change in the
lectronic population of the s and p orbitals of the closest atoms to
i in the bimetallic cluster. As a consequence, there is a complete
hange of the cluster reactivity sites. The above changes affect the
inetics and thermodynamics of the hydrogenation of the cluster.
n particular there is a reduction in the energy barrier for the dis-
ociation of the hydrogen molecule in the most stable bimetallic
lusters.

On the other hand, it was observed that there are different types
f hydrogen bonds inside a cluster as indicated by different bond

engths. Some of the isomers of the hydrogenated clusters have a
ery small energy difference between them which suggests that
here may  be a large variety of structures in a potential energy sur-
ace of hydrogenated bimetallic systems. The hydrogen atoms are

[
[

[

f molecular hydrogen and magnesium or titanium atoms.

preferentially located as bridges between the Mg atoms or between
the Ti and Mg  atoms in the cluster.

These simulated systems show tendencies that can be useful
in the development of hydrogen storage systems. It is clear that
with current technologies it is difficult to synthesize the isolated
clusters. However, they can be produced in a dispersed way  over a
material with large surface area such as graphite, graphene, active
carbon or carbon nanotubes.
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