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Abstract Structure, stability and reactivity of several metal
clusters with or without hydrogen doping were studied using
standard ab initio and density functional theory (DFT)
calculations. Conceptual DFT-based reactivity descriptors
and the associated electronic structure principles lend
additional support towards understanding the stability of
metal clusters upon hydrogen doping. Related aromaticity
was analyzed through nucleus-independent chemical shift
values. Site selectivity towards electrophilic and nucleophilic
attacks were analyzed in terms of the corresponding local
reactivity descriptors. Most of the metal clusters have the
capacity to trap hydrogen molecules.

Keywords Hydrogen storage - Metal cluster-
Conceptual DFT - Aromaticity

Introduction

A global boom in population in the last couple of decades
has led to several social as well as environmental problems
for the human race. Vigorous deforestation and unparalleled
industrialization worldwide have improved the economic
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“sensex”! on the one hand, but on the other, mankind has

been gifted with global warming—a never-ending environ-
mental hazard. Excessive use of fossil fuels has already
made a deep impact on natural energy reserves. Thus, the
probable upcoming energy crisis and its possible remedies
have become a topic of great concern for every conscious
scientific mind. The use of solar cells and other materials as
non-conventional energy resources have already been
employed. There are also further thrusts to develop alternative
clean energy resources [1-3]. Hydrogen, the third most
abundant element on Earth, has been found to be a clean and
convenient environmentally friendly energy carrier for future
use in the automobile industry and is a good substitute for
fossil fuel resources. However, the lack of appropriate
materials for the physical storage of hydrogen in large
gravimetric and volumetric densities is the primary reason
limiting its extensive use in practice. Nonetheless, several
materials, such as aluminum nitride (AIN) nanostructures [4],
transition-metal doped boron nitride (BN) systems [5],
alkali-metal doped benzenoid [6] and fullerene clusters [7],
bare as well as light metal and transition-metal coated boron
buckyballs, Bgg [8], and magnesium clusters [9] have been
tested experimentally and theoretically as potential storage
materials for hydrogen. Again, owing to the considerable
capacity of MgH, as a hydrogen-storage material, Mg-
clusters doped with H, molecules have been investigated
theoretically and found to be weakly stable or metastable
depending on the cluster size [10].

In this article, we have made an attempt to invoke the
use of the cage-like Mg-clusters predicted by McNelles et
al. [10] and similar Ca-analogues (see below) of those Mg
cages as potential traps for hydrogen. The trigonal alkali-metal

! Sensex is an abbreviation for the Bombay Exchange Sensitive Index—
the benchmark index of the Bombay Stock Exchange (BSE).
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cationic clusters, Li;" and Na;* were also investigated for

their ability to bind
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stability comparing the free, un-bound to the H,-trapped
form. Conceptual density functional theory (DFT) [11-14]
in conjunction with its various global reactivity descriptors,
like electronegativity [15—17] (¥), hardness [18-20] (1),
electrophilicity [21-23] (w), and its local variants, like
atomic charges [24] (Qx) and Fukui functions [25] (fi), can
elucidate the stability and associated structural changes of
the metal clusters upon binding with molecular hydrogen.
Further, an assessment of the aromaticity criterion in the
trigonal rings of Li;" and Nas;" as well as for the Mg/Ca
rings in the cage-clusters measured in terms of the nucleus
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hydrogen in its molecular form. The practical ability of
these small trigonal or medium cage-clusters as storage
materials for hydrogen can be judged from changes in
aspects of their structure and
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independent chemical shift (NICS) [26] values provide
ample evidence to justify the stability of the H,-bound
metal clusters theoretically.

Theoretical background

The thermodynamic stability of any chemical system,
irrespective of its size, may be assessed quantitatively from
its chemical hardness (1)) and electrophilicity (w) values. This
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Table 1 Energy (E, a.u.), electronegativity (x, eV), hardness (1, eV)
and electrophilicity (w, eV) of different H,-trapped Mg, and Ca,
cages

Molecule E, au X, eV n, eV w, eV
H,Mgg —1,601.94845 3.280 2.233 2.409
H,Mgy -1,802.07050 3.358 2.270 2.483
H,Mgo —2,002.16655 3.085 2.082 2.286
H,Cag —5,421.87014 2.639 1.629 2.138
H,Cay —6,099.48777 2.638 1.609 2.163
H,Cayq —6,777.15355 2.728 1.514 2.459

has well been justified by the establishment of various
electronic structure principles like the principles of maximum
hardness [27-29] (PMH), minimum polarizability [30, 31]
(PMP) and minimum electrophilicity [32, 33] (PME). The
above structure principles play a major role in determining
the changes in stability of the metal clusters from their free,
unbound state to the corresponding H,-trapped form. In an
N-electron system, electronegativity [15-17] (x) and hard-
ness [18-20] (m) can be defined as follows:

X:_u:_(g_]E\‘l>v(7) (1)

= (52 ?

Here, E is the total energy of the N-electron system and p,
and v(r) are its chemical potential and external potential,
respectively. Electrophilicity [21-23] (w) is defined as:

_e_r )

2n 27

A finite difference approximation to Eqs. 1 and 2 can be

expressed as:

Table 2 Electronegativity (x, eV), hardness (1, eV) and electrophi-
licity (w, eV) of H,, Liz" and the different H,-trapped Li;" clusters
(types a and b, as indicated)

Molecule X (eV) n (eV) w (eV)
H, 6.400 20.530 0.998
Liy" 7.345 6.444 4.185
H,-Lis" (a) 8.871 9.667 4.071
H,-Li;" (b) 7.232 6.363 4.110
H,-Lis" (a) 8.783 9.572 4.029
H,-Li;™ (b) 7.065 6.398 3.901
He-Lis" (a) 8.659 9.550 3.926
He-Lis " (b) 6.847 6.527 3.591
Hs-Lis" (a) 8.414 9.775 3.621

Table 3 Electronegativity (x, eV), hardness (11, eV) and electrophi-
licity (w, eV) of Hy, Na;" and the different H,-trapped Nas"* clusters

Molecule X (eV) 1 (eV) w (eV)
Na;" 6.870 5.887 4.009
H,-Naz" 6.798 5.870 3.936
H4-Naj*© 6.695 5.920 3.786
Hg-Nasy*™ 6.555 6.047 3.553
Hg-Nas*© 6.513 6.007 3.531
H,o-Na;* 6.457 6.013 3.466
1+ 4

X=—">5" (4)
and

n=1-4 (5)

where [ and A represent the ionization potential and
electron affinity of the system, respectively, and are
computed in terms of the energies of the N and N+l
electron systems. For an N-electron system with energy £
(N) they may be expressed as follow:

I=E(N —1)—E(N) (6)
and
A=E(N)—EN+1) (7)

The local reactivity descriptor, Fukui function [25] (FF),
measures the change in electron density at a given point
when an electron is added to or removed from a system at
constant v(r . It may be written as:

2 %GO _ | _ou
f () oN | (4) 5v(;) )

Condensation of this Fukui function, f <;) to an
individual atomic site & in a molecule gives rise to the
following expressions in terms of electron population

[34] qx:

Sif = qk(N + 1) — qx(N) for nucleophilic attack (9a)
Jfo = qk(N) — qi(N — 1) for electrophilic attack (9b)
f2 = lae(N + 1) — qx (N — 1)]/2 for radical attack ~ (9c¢)
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Table 4 Energies of H,, Liy"
and the different Hy-trapped
Lis" clusters (types a and b ) at
different levels of theory

Table 5 Energies of Na;' and
the different H,-trapped Nas"
clusters at different levels of
theory

Table 6 Nucleus independent
chemical shift (NICS [0, 1
(ppm)] for the upper and lower
rings of different H,-trapped
Mg, and Ca, cages

@ Springer

Complex B3LYP 6-311+G(d) MP2 6-311+G(d) B3LYP cc-pvdz
H, —1.17663 —1.14588 —1.17360
Lis" —22.37210 —22.19253 —22.37184
H,-Lis" (a) —23.60003 —23.38082 —23.60359
H,-Lis" (a) —24.78252 —24.53302 —24.77395
He-Lis" (a) —25.96494 —25.68516 —22.95520
Hg-Lis" (a) —27.14728 —26.83725 —27.16389
H,-Lis" (b) —23.55273 —23.34260 —23.55927
H,-Lis" (b) —24.73310 —24.49243 —24.74399
He-Lis" (b) —25.91319 —25.64199 —25.92838
B3LYP MP2 B3LYP
Complexes 6-311+G(d) 6-311+G(d) cc—pvdz
Naj" —486.74661 —485.42563 —486.75902
H,-Na;" —487.92436 —486.57260 —487.93505
H,-Na;™ —489.10201 —487.71947 —489.11097
Hg-Nas™ —490.27954 —488.86626 —490.28675
Hg-Na;™ —491.45650 —490.01260 —491.46185
Hjo-Naz™ —492.63339 —491.15889 —492.63685
Molecule NICS(0) Upper NICS(0) Lower NICS(1) Upper NICS(1) Lower
H,Mgg -12.72 -12.72 -9.12 -9.09
H,Mgy —47.90 =52.70 -17.99 —47.82
HoMgo -35.40 —35.32 -14.79 —14.86
H,Cag —4.92 —4.57 —4.58 —4.31
H,Cay —-39.00 -36.83 —35.05 -10.92
H,Cayq —62.33 —62.27 -36.93 -36.66
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Table 7 NICSzz (0, ppm) val-

ues of the trigonal Lis ring in the Molecule NICSzz(0)

different H,-trapped Lis " (types

a and b) clusters Liy" —8.75
H,-Liy" (a) —-14.57
Hy-Lis" (a) —14.44
He-Lis™ (a) ~1432
Hg-Lis™ (a) ~14.19
Ha-Lis"™ (b) -8.49
H,-Lis™ (b) ~11.97
Hg-Lis" (b) —7.87

Computational details

Geometry optimization of the different H,-trapped Mg,
and Ca, cages (n=8-10) was performed at the B3LYP/6—
311+G(d) level of theory. For the various conformers of
Li;" and Nas -bound poly-hydrogen clusters, optimiza-
tion of the molecular geometry was carried out at the
B3LYP/cc-pvdz, B3LYP/6-311+G(d) and MP2/6-311+G
(d) levels of theory. All computations were performed
using the GAUSSIAN 03 program package [35]. The
number of imaginary frequencies (NIMAG) of all the
optimized geometries is zero, thereby confirming their
existence at the minima on the potential energy surface
(PES). Single point calculations were further done to
evaluate the energies of the N+1 electron systems by
adopting the geometries of the corresponding N-electron
systems optimized at the B3LYP/6-311+G(d) level of
theory. The [ and 4 values were calculated using a ASCF
technique. The electrophilicity (w) and hardness (n) were
computed using Egs. 3 and 5, respectively. A Mulliken
population analysis (MPA) scheme was adopted to
calculate the atomic charges (Qy) and FFs (f(7) ). The
NICS [26] values [NICS(0, 1)] of the upper and lower
rings of the H,-bound Mg, and Ca, cages (n=8-10) as
well as the [NICS,,(0)] for the free and H,-trapped
trigonal Li;" and Na;" systems were calculated. The
frontier molecular orbital pictures were obtained through
the GAUSSVIEW 03 package [35].

Table 8 NICSz; (0, ppm) val-

ues of the trigonal Nas ring in Molecules NICSzz (0)

the different H,-trapped Naz* -

clusters Naj —12.77
Hz-Na; —8.52
Hy-Nay" -8.49
1‘16-1\]3.3Jr -13.12
Hg-I\L':l_gJr -11.97
Hl()-Na:;+ -13.14

Table 9 Reaction energy (AE, kcal mol™") for the gradual formation
of different H,-trapped Lis" (types a and b) clusters

Reaction AE
Lis" + H, = H,Li;" (a) —32.188
H,Li;™ (a) + H, = HyLis" (a) -3.677
H4Lis™ (a) + H, = HgLis ™ (a) —3.631
HeLis" (a) + H, = HgLi5" (a) —-3.584
Li;" + H, = HyLis" (b) -2.508
H,-Lis" (b) + H, = HyLiz" (b) -2.346
Hy-Lis" (b) + Hy, = HgLis" (b) -2.168

Results and discussion

Total energy (E, a.u.) and important global reactivity
descriptors such as electronegativity (x), hardness (1) and
electrophilicity (w) for the different H,-trapped Mg, and
Ca, cages (n=8-10) are presented in Table 1. A similar
display of the above global reactivity descriptors for the
different Li;" and Nas'-bound poly-hydrogen clusters can
be seen in Tables 2 and 3, respectively. The energies of
these Li;" and Na;'-bound poly-hydrogen clusters opti-
mized at different levels of theory are shown in Tables 4
and 5, respectively. Tables 6, 7 and 8 present a detailed
description of the aromaticity measures of the H,-bound
metallic cages and rings computed in terms of NICS,,
values. A thorough analysis of the corresponding reaction
energies (AE) upon increasing H,-storage by the trigonal,
aromatic Li;" and Nas " systems is given in Tables 9 and 10,
respectively. An in-depth population analysis study under
the Mulliken scheme (MPA) consisting of the atomic
charges (Qy) and FFs (f;",f; ") for all the atomic sites of
the H,-bound Mg, and Ca, cages (n=8-10), Li;" and Na;"
trapped clusters are shown in Tables S1-S3, respectively.
Figure 1 depicts the optimized geometries of the different
H,-trapped Mg, and Ca, cages (n=8-10). The stable
molecular conformations of the different Li;" and Naj*-
bound poly-hydrogen clusters are portrayed in Figs. 2 and
3, respectively. A variation of the 1 and w values for the
Li;" and Na;" systems as a function of increasing H,-

Table 10 Reaction energy (AE, kcal mol ") for the gradual formation
of different H,-trapped Na; " clusters

Reactions AE

Na;" + H, = H,Na;* —0.697
H,-Na;" + H, = HyNaz* -0.639
H,-Na;" + H, = HeNa;" —0.569
HG—Na3+ + H2 = 1'181\13.3Jr —0.200
Hg-I\Ia_:;+ + H2 = I‘Il()I\Ia,:;+ —0.165
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Fig. 1 Optimized geometries
(B3LYP/6-311+G(d)) of H,M,

(where M=Mg, Ca; n=8, 9, 10)
clusters

H,Ca,q

trapping is plotted in Figs. 4 and 5, respectively. The
important frontier molecular orbitals (FMOs) of the H,-
trapped Mg, and Ca, cages (n=8-10) and the Li;" and
Na; "-bound poly-hydrogen clusters are shown in support-
ing information as Figs. S1-S3, respectively.

Scrutiny of Table | reveals that the energies of the Hj-
bound Mg, and Ca, cages (n=8-10) increase, as expected.
It may, however, be noted that the Mg,,/Ca,, cages cannot be
stabilized in the free, unbound form until molecular
hydrogen are trapped within them. This aspect can be seen
clearly in Fig. 1. Figure 1 further illustrates that in the Ca,
cage, unlike other cages, the H-H distance increases and

<
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J/’.“
—
ke J‘ ﬁ
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Fig. 2 Geometries of the different hydrogen trapped Lis " (types a and
b) clusters optimized at B3LYP/6-311+G(d) level of theory
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H,Caq

hydrogen is bound mainly in its atomic form. Tables 2 and
3 reveal that the electrophilicity (w) of the different
conformations of Li;" and Na;'-bound poly-hydrogen
clusters decreases gradually upon increasing the number
of trapped H, molecules. This trend possibly warrants the
increasing stability of the H,-trapped Li;" and Na; " systems
upon increase in the cluster size, thereby providing some
theoretical justification towards the use of such trigonal
alkali-metal systems as storage materials for hydrogen. The
varied geometrical conformations of the poly-hydrogen
bound Li;" and Na;* complexes illustrated in Figs. 2 and 3,
respectively, also show that H, molecules captured in the

o ™
# Nay’
¥ H,Na,® 3
¥
e
3
2@
HgNajy* > HioNa,*

Fig. 3 Geometries of the different hydrogen trapped Nas;" clusters
optimized at B3LYP/6-311+G(d) level of theory
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Fig. 4 Variation of hardness (1) and electrophilicity (w) for gradual
trapping of H, to form H,-Lis" (type a) clusters

trigonal ring mostly dissociate and are eventually trapped in
atomic form, while those bound at the apices retain their
diatomic, rather molecular nature. Tables 4 and 5 further
reveal that the structures of all the conformers of H,-bound
Li;" and Na;" clusters optimized at different higher levels
of theory are stabilized upon gradual trapping. Tables 6, 7
and 8 illuminate the stabilization of the H,-bound metal
clusters in terms of NICS [26], an aromaticity criterion
often executed successfully to determine the stability of all-
metal ring systems. Table 6 shows that both the NICS(0)
and NICS(1) values for the upper and lower rings of the H,-
trapped Mg, and Ca, cages (n=8-10) are negative, which
proves the existence of a diatropic ring current in the My
(M = Mg, Ca) rings of the clusters. Tables 7 and 8 reveal a
similar aromatic stabilization in the free as well as poly-
hydrogen bound clusters of the different conformations of
Li;" and Nas' species. From Tables 9 and 10, it is evident
that the reaction energy, (AE, kcal mol™") for the gradual
uptake of H, by the aromatic Li;" and Naz" clusters is
negative. The negative AE values perhaps provide some
support of gradual H,-binding by the Li;" and Na; " clusters
from a thermodynamic viewpoint. However, the AE values
for higher order H,-trapping with increasing numbers of H,
molecules is several times lower for the Na;™ system
compared to Li;". This may be rationalized from the
smaller size and hence a higher charge density of the Li"
species compared to Na', which provokes the former to
attract H, molecules a bit more strongly than the latter.

A detailed scrutiny of the local parameters exhibited in
Tables S1-S3 for all the hydrogen-bound metal cages and
clusters shows that the atomic charges (Qy) on the metal
centers for the Mg, and Ca, cages (n=8-10) are mostly

positive, particularly for metal sites present in the upper and
lower rings. These centers therefore may become the targets
of anions and hard nucleophilic attack upon chemical
response. All the metal centers for H,Mgg and some sites
for H,Mgy, H,Mg;, and H,Ca;, bear negative charges,
thereby presuming an electrophilic attack. All the metal
centers for the trigonal Li;" and Na;" rings in the H,-
trapped complexes bear positive charges, and therefore are
similarly prone to attack by nucleophilic species. The
variation in 1 and w values for the different poly-
hydrogen bound Li;" and Na;' systems depicted as a
function of increasing H,-trapping in Figs. 4 and 5,
respectively, pictorially reveals the uniform decrease in
the electrophilicity (w) values upon cluster growth,
justifying the trends observed in Tables 2 and 3. The
behavior of 1 roughly mirrors that of w, confirming the
validity of the PMH [27-29] and the PME [32, 33].
Systems like X,Y3 (X = Li, Na, K; Y = Be, Mg, Ca) can
also trap H, (not shown here). The important frontier
orbitals of the H,-bound Mg, and Ca, cages (n=8-10) (see
Fig. S1) show that, for n=8, the HOMO is o-antibonding in
nature for both the Mg and Ca cages. For the other cages, the
highest occupied MO contours are a bit complex but still
depict some electron delocalization surrounding the upper
and lower rings. On the other hand, the frontier orbitals of
the Li;" and Naj'-bound poly-hydrogen clusters (see
Figs. S2 and S3, respectively) reveal some interesting trends.
The HOMO of the free Li;" (Fig. S2) system shows an
expected o-symmetry as the latter also possesses a o-
aromaticity [36]. The H,-bound Li;" systems also portray a
0-HOMO when the hydrogens retain their molecular nature
(type b) and are coplanar with the trigonal, aromatic Lis"
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ring. However, for the other isomers, which have a split H,
molecule trapped mostly in its atomic form (type a), the
HOMO exhibits a t-symmetry. In that case the H-atoms of
the ripped H, molecule lie on a plane perpendicular to that of
the Li;" ring. The frontier molecular orbitals of the
hydrogen-trapped Na;' complexes (Fig. S3) also represent
a similar trend like that of the corresponding type b Lis"
analogs. For hydrogen-bound Na; " systems, the H, molecule
retains its diatomic nature, and thereby remains coplanar
with the Na;" ring. The HOMOs thus show a o-symmetry
for the free as well as H-trapped Na;' complexes.

Conclusions

The potential use of some alkaline-earth metal cages like
Mg, and Ca, (n=8-10) as well as a couple of trigonal,
aromatic and cationic alkali-metal clusters Li; " and Na; " as
trapping/storage materials for H, was scrutinized in depth
with the aid of conceptual DFT through various global and
local reactivity descriptors. The energy (E), hardness (1)
and electrophilicity (w) of the poly-hydrogen bound metal
complexes suggest a gradual increment in stability upon
cluster growth. The NICS(0,1) for the upper and lower
rings of the H,-bound Mg, and Ca, (n=8-10) cages as well
as the NICS,_,(0) values of the free and hydrogen-trapped
Li;" and Nas' rings are negative. Thus, the presence of an
“all-metal aromaticity” in the different cages and rings is
verified. The stability of the hydrogen-trapped complexes
also achieves some thermodynamic support from the
negative AE values. These all-metal cages and rings can
therefore be fruitfully applied as trapping materials for
hydrogen—a future fuel reserve.
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