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I. INTRODUCTION

During the last two decades, metallic nanoclusters have re-
ceived considerable attention due to their finite size- and shape-
dependent properties such as electronic structure,1,2 thermody-
namic stability,1,2 magnetic behavior,1,2 optical properties,3�5

etc. Among the metallic clusters, aluminum nanoclusters,6,7

aluminum nitrides,8 and aluminum-based superatoms9,10 have
been important due to their renewed technological applic-
ations,11,12 especially in the area of nanocatalysis.13 For example,
Aln (n = 16�18) clusters have shown dissociative chemisorption
of water resulting in production of hydrogen gas.14 Also, the
dissociative chemisorption of molecular hydrogen on charged
and neutral aluminum clusters has been modeled by Henry et al.
They determined the comparative reaction barriers and enthal-
pies for both neutral and singly charged clusters.15,16 Johnson
et al.,17 through combined experimental and theoretical exer-
cises, have clearly demonstrated the importance of clusters as
model systems for investigating nanoscale catalysis. These find-
ings distinctly bring out the importance of structure on the
adsorption and hence reactivity. Variance in the reactivity at
nanoscale is due to an irregular charge distribution on the cluster
surface which is further dependent on size and geometry (shape)
of the cluster. Hence, the geometric and as a consequence the
electronic stability of the cluster has been of great practical
importance. Experimental and theoretical studies have shown
that among the small aluminum clusters Al7

+ and Al13
� are

particularly stable18�21 as their valence electron configurations
approach closed-shell magic configurations.22,23 Further, it has
been proposed that adsorption of small molecules on unstable

clusters can provide the necessary extra electron to complete its
electronic configuration and therefore may be suitable for the
preparation of new cluster-assembled materials.24�29

In this context, several theoretical and experimental investiga-
tions have been carried out to understand the adsorption of small
molecules such as H2O,

14 O2,
30 H2,

20,31�35 D2,
36,37 etc. on Al

clusters. Reactivity trends are also quite important in the
adsorption of N2 molecules on Al clusters. This is because the
activation of N2 (nitrogen fixation) is a challenge due to its ample
bond energy. In addition, aluminum nitride, one of the indust-
rially important materials, carries a high impact as an electronic
material and is usually synthesized through a direct reaction
between the Al surface and N2 at a high temperature and
pressure.38,39 Several previous studies report the general proper-
ties of small clusters formed by a mixture of Al and N atoms. For
very small clusters like Al2N2, partial reduction of the N�Nbond
is observed which is associated with the formation of an anion
N2

2�moiety rather than separated nitrido (N3�) anions.40�42 In
a computational study on M3N3 clusters (M = Al, Ga, In),
Kandalam et al.43 found that ionic MN bonds are formed only in
the case ofM=Al. Aluminum is therefore amuch better reducing
agent for nitrogen than Ga and In, and the strength of the
metal�nitrogen bond decreases in going from Al to In. Com-
bined photoelectron spectroscopy and ab initio calculations by
Averkiev et al.44,45 show the formation of a N-centered
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variations. N2 reduction is a hard process, and its dissociation on the Al surface is one of
the few chemical methods available under nonhazardous conditions. In this context, we
attempt to understand the adsorption behavior of N2 molecules as a function of varying
size and shape of Al clusters using a Density Functional Theory (DFT) based method.
During the complex formation, various N2 adsorption modes are examined. The results
clearly demonstrate that, while the interaction energy does not vary with respect to the
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(a prerequisite for the reactivity) of the N2 molecule. The underlying electronic and
structural factors influencing the adsorption of N2 molecules on the Al clusters are
analyzed with the help of the Electron Localization Function (ELF) and Frontier
Molecular Orbitals. As an illustration, the activation barrier calculations on various Al13
conformations are calculated, and results confirm the experimental propositions that
high-energy structures (depending upon their geometrical and electronic orientation) are more favorable for N2 reduction.



14616 dx.doi.org/10.1021/jp203452a |J. Phys. Chem. C 2011, 115, 14615–14623

The Journal of Physical Chemistry C ARTICLE

octahedral Al6N unit in Al6N
� and Al7N

� cluster anions. Thus,
in the small Al cluster sizes, the nitrogen impurity is absorbed
(rather than adsorbed) by the metallic host. On the other hand,
reports by Bai et al.46 show that for larger clusters the nitrogen
impurity prefers a peripheral position with just four Al�Nbonds,
which is the same as the coordination number for the Al atom in
bulk aluminum nitride.

The importance of the Al�N reaction has motivated Roma-
nowski et al.47 to perform a theoretical study of N2 reaction with
liquid Al metal. They have calculated the activation barrier for
dissociative chemisorption of N2 to be 3.0 eV. At low tempera-
tures, the N2 molecule is only known to physisorb on the Al
surfaces. In an another work, experimental studies48,49 have
shown that the high-energy configurations (obtained from the
high-temperature conditions) have enhanced catalytic reactivity
toward N2 molecules as compared to their ground state analo-
gues when subjected to the same (room temperature) reaction
conditions. In the case of the former, the activation barrier is seen
to drop by nearly 1 eV. Despite the fact that the surface atoms in
the liquid Al or high-energy Al conformations are at a lower
energy and hence adjust easily to the incoming N2 molecule,
there must be a clear correlation between the structure and
reactivity/adsorption trends. Hence, in the present paper, we
explore the reactivity of Al clusters using a nitrogenmolecule. We
address issues such as: Is the reactivity toward the N2 molecule a
function of cluster size? Is the reactivity shape sensitive? Or, in
other words, how does a structural change help in enhancing the
reactivity of a given cluster size?

For this objective, we have chosen Al clusters with varying
number of atoms and shapes. It includes lowest-energy conformers
of Al2, Al3, Al4, Al5, Al13, Al30, and Al100 clusters. Al2�Al5 are small
Al clusters that have been analyzed for understanding the adsorp-
tion of the N2 molecule. The reason for starting with such small
clusters is to have a qualitative understanding on two issues, viz.,
(a) the electronic properties underlying the adsorption of the N2

molecule on the cluster and (b) the adsorption of the N2molecule
as a function of size and orientation. The adsorption studies are
extended to the high-energy conformations of Aln (n = 3�5, 13)
clusters to evaluate shape sensitivity of N2 adsorption. All con-
sidered structures are optimized, and the bonding properties
within them are analyzed through the Electron Localization
Function (ELF) and Frontier Molecular Orbitals.

The rest of the work is organized as follows. In Section II, we
give a brief description of the computational method and
descriptors of reactivity used in this work. Results and discussion
are presented in Section III for the Aln�N2 interaction. Finally,
our conclusions are summarized in Section IV.

II. COMPUTATIONAL DETAILS

As mentioned earlier, aluminum clusters of varying sizes, viz.,
Al2, Al3, Al4, Al5, Al13, Al30, and Al100, are considered in the
present study. Several initial conformations are generated for
cluster sizes with atoms 3�5 and 13. For Al30 and Al100, nearly 50
conformations are generated from various databases. All the
generated conformations are optimized using a Density Func-
tional Theory (DFT) basedmethod. Following the optimization,
low-lying structures and few characteristic high-energy confor-
mations are considered for N2 adsorption. The optimization is
carried out using VASP.50,51 All the molecules are enclosed in a
cubical box. The dimensions of the box are set to 10 Å greater
than the largest diameter of the cluster. We have ensured that the

results are converged with respect to a further increase in the size
of the simulation box. As in standard DFT programs, the
stationary state (local minima) is calculated by iteratively solving
Kohn�Sham equations.52 Vanderbilt’s ultrasoft pseudo-
potentials53 within the Local Density Approximation (LDA)
are used for describing the behavior of core electrons. All LDA
potentials apply the exchange correlation form according to
Ceperly and Alder as parametrized by Perdew and Zunger,
whereas the GGA potentials use the same parametrization and
apply the generalized gradient corrections PW91.54a To validate
the choice of functional, Al2 was initially optimized with both
GGA and LDA functionals. The Al�Al bond distances obtained
using both the methods are found to be 2.62 and 2.59 Å,
respectively. Thus, LDA is seen to give closer Al2 interatomic
distances with respect to the experimental value of 2.56 Å.1

Hence, all further calculations were done using the LDAmethod.
Further validation of the used method is done by comparing the
ground state geometries, the Al�Al bond lengths, and relative
energies such as cohesive and atomization energies with that of
high-level benchmark results.54b An energy cutoff of 400 eV has
been used for the plane-wave54 expansion of Al andN atoms. The
structural optimization of all geometries is carried out using the
conjugate gradient method55 except for the high-energy con-
formers where the quasi-Newton method56 is used to retain the
local minima. The structure is considered to be optimized when
the maximum force on each atom is less than 0.001 eV/Å. The
frequency analysis was performed on all stationary points, and no
imaginary frequency was observed.

The Electron Localization Function (ELF)57 is applied to
describe the nature of bonding within the aluminum clusters
as well as Al�N complexes. According to a description by Silvi
and Savin,57 the molecular space is partitioned into regions or
basins of localized electron pairs or attractors. At a very low
value of ELF, all the basins are connected. As this value increases,
the basins begin to split, and finally, we will get as many basins as
the number of atoms. Typically, the existence of an isosurface
in the bonding region between two atoms at a high value of
ELF, say around 0.70 and above, signifies a localized bond
in that region. The mathematical description of ELF is as
follows

ηðrÞ ¼ 1

1 þ Dp

Dh

� �2 ð1Þ

Dh ¼ 3
10

� �
ð3π2Þ5=3 � F5=3 ð2Þ

Dp ¼

1
2

X
i

j∇Ψj2 � 1
8
j∇Fj2

F
ð3Þ

F ¼
XN
i¼ 1

jψðrÞj2 ð4Þ

where Dp stands for the excess local kinetic energy due to the
Pauli restriction, i.e., the difference between the definite positive
kinetic energy density Ts(r) of the actual fermionic system and
that of the von Weizs€acker kinetic energy functional TuW(r). If
the wave function is written as a single determinant, DF is
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expressed in terms of orbital contributions as in eq 3. Dh is the
kinetic energy of the electron gas having the same density, or one
can say it is the value of Dp in a homogeneous electron gas, and
F is the charge density.

III. RESULTS AND DISCUSSION

(A). Adsorption Behavior of the N2 Molecule on Alumi-
num Clusters. (i). Structural, Electronic, and Adsorption Proper-
ties of Aln (n = 2�5) Clusters. The Al2 dimer and small-sized Al
atomic clusters,58�61 viz., Al3, Al4, and Al5, are widely studied to
understand the adsorption of molecules such as H2O,

14 O2,
30

H2,
20,31�35 D2,

36,37 etc. In the present work, we first analyze the
size dependence of the N2 interaction on these small-sized Al
clusters. The N2 molecule can adsorb on the Aln clusters through
three different modes, viz., (a) along the Al�Al bond which we
call “linear mode”, (b) parallel to the Al�Al bond which we call
“parallel mode”, and (c) perpendicular to the Al�Al bond. The
(a) and (b) modes of adsorption result in a stable complex with
varying strength of interaction for all Aln clusters; however, the
perpendicular mode of adsorption results in a metastable com-
plex for all the clusters.
The ground state geometry and ELF contours of Al2 along

with a demonstration of different modes of N2 adsorption are
given in Figure 1(a). As can be seen from Figure 1(a), the
interatomic bond distance in Al2 is 2.59 Å. The covalent nature of
this bond is clearly understood from its ELF contour. The two
atomic basins merge at an isovalue of 0.78. Coming to the
Al2�N2 complexes, in “linear” mode, N2 is adsorbed on the Al2
with an Al�Nbond distance of 1.86 Å. Following the adsorption,
the N�N bond elongates from 1.11 to 1.15 Å. Similarly, the
Al�Al bond shows a marginal increase of around 0.03 Å. The
ELF isosurface at a value of 0.78 for the complex shows polarized
basins on the interacting Al and N atoms (see Figure 1(a)). The
basins along the Al�Al bond and N�N bond merge by an
isovalue of 0.70, while the basins of the adjacent Al and N atoms
do not merge even at an isovalue of 0.50. Therefore, the Al�N
bond formed in this complex is far from covalent in nature. The
polarization of basins, on the other hand, shows the Al�N bond
to be weakly ionic in nature. This analysis is also supported by the
interaction energy value, which is around 13 kcal/mol.
On the other hand, the “parallel mode” of adsorption results in

a stable Al2�N2 complex with interaction energy of 38.51 kcal/mol.
The complex has three Al�N bonds which vary from 1.93 to
2.14 Å (see Figure 1(a)). Further, the Al�Al and N�N bond
lengths elongate by 0.34 and 0.1 Å, respectively. These geome-
trical parameters correspond very well to the earlier reported
values on (AlN)2 polyatomic clusters42 where Al�N and N�N
distances in D∞h symmetry correspond to 2.10 and 1.29 Å,
respectively. In this case, the ELF basins along the Al�N bond
merge at an isovalue 0.72, thereby demonstrating it to be
covalent in nature. The Al�Al basins in the complex also merge
at high isovalue of 0.82. Thus, the ELF contours and shorter bond
lengths indicate toward an increased covalent nature and thereby
stability of the “parallel mode” complex as compared to the
“linear mode” complex.
The ground state geometries of Al3, Al4, and Al5 are shown in

Figure 1(b). Cyclic Al3 (ground state geometry of Al3) is an
equilateral triangle with all Al�Al bond distances around 2.47 Å.
Al4 and Al5 ground state geometries are built upon the Al3
ground state geometry with Al�Al bond distances along the
vertices varying between 2.47 and 2.60 Å. The interatomic

distances between the diagonal atoms are 2.79 and 2.81 Å in
Al4 and Al5 clusters, respectively. This bonding pattern reflects in
ELF where the basins along the surface bonds merge by an
isovalue of 0.82 for Al3 (all the bonds are surface bonds), Al4, and
Al5. On the other hand, the basins along the diagonal bonds in Al4
and Al5 merge only around an isovalue of 0.72. Thus, the bonds
along the surface are more covalent in nature, while the diagonal
bonds are more metallic (and less covalent) in nature with their
values being close to those found in bulk aluminum which is
around 2.86 Å.62

Linear and parallel modes of N2 adsorption are studied on the
ground state geometries of Al3, Al4, and Al5 clusters. We first
discuss the outcome of the linear mode of adsorption on these
ground state geometries. N2 is adsorbed linear to one of the
Al�Al bonds on various sites of these small-sized clusters.
Figure 1(b) shows the most favorable sites of adsorption for
N2 on Al3, Al4, and Al5 ground state geometries. As in the case of
Al2, the linear mode of adsorption on all of the three ground state
geometries results in a complex with reasonably low interaction
energy of ∼8 kcal/mol. The geometrical modifications are
similar as those noted in the case of the Al2�N2 linear mode
complex. Surprisingly, the parallel mode of adsorption on Al3,
Al4, and Al5 ground state geometries does not result in an
appreciable interaction energy which ranges between 8 and
13 kcal/mol. For instance, interaction of the Al4 ground state
geometry with N2 in parallel mode leads to two Al�N bonds
with lengths of 2.23 and 2.38 Å, respectively. However, the N�N
bond after the formation of complex elongates by just 0.04 Å.
The reason for this low interaction even in the parallel mode may
be attributed to a slightly higher degree of covalency in these
clusters (as indicative by slightly smaller Al�Al bond distances
and the value at which ELF basins merge along the surface
atoms) that does not favor an N2 adsorption.
In addition to the ground state Aln clusters, N2 adsorption is

also studied on several high-energy Aln (n= 3�5) conformations.
The high-energy structures chosen differ nearly by 1.13 to 1.83
eV in energy compared to their ground state analogues. Figure 1-
(c) shows few characteristic high-energy conformations studied,
the bonding within them through ELF contours, and Aln�N2

complexes with their interaction energies. The high-energy
conformations of Aln (n = 3�5) clusters show a lower symmetry
as compared to their ground state counterparts. As an illustration,
we discuss the high-energy conformations of Al3, viz., the bent
and linear conformations. In linear structure, the two Al�Al
bonds are nearly equivalent, and ELF basins of all three atoms
merge at an isovalue of 0.84. On the contrary, the two bond
distances in the bent structure vary by 0.12 Å. In line with that,
Al(1)�Al(3) basins merge at an isovalue of 0.86, while the
Al(1)�Al(2) basins merge at an isovalue of 0.78 (figure not
shown). Similarly, the atoms in various high-energy conforma-
tions of Al4 and Al5 are bonded to each other through a larger
range of bond lengths (see Figure 1(c)). Some of the ELF basins
in these high-energy conformations begin to merge at much
higher isovalue (around 0.86) as compared to those in the
ground state conformation, while some other basins merge at
considerably lower isovalue (around 0.72 and below). Thus, the
high-energy conformations have enlarged covalent bonding at
specific pockets with the remaining parts exhibiting a more
metallic (or lower covalent) bonding.
The linear mode of adsorption on several high-energy con-

formations is seen to give results very similar to that of their
ground state counterparts with interaction energies varying
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between 6 and 11 kcal/mol. However, the corresponding parallel
mode of adsorption results in very stable Aln�N2 (n = 3�5)
complexes with interaction energies of 30 kcal/mol and above.

Incidentally, all the favorable parallel adsorption modes are along
the more weakly bonded Al�Al bonds of the Al cluster. For
instance, a favorable parallel adsorption of N2 on Al4 is seen only

Figure 1. Continued
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Figure 1. (a) Ground state geometries, ELF of the Al2 cluster, and its corresponding N2 complex. (b) Ground state geometries, ELF of Aln (n = 3�5)
clusters, and their corresponding N2 complexes. (c) High-energy conformer geometries and ELF of Aln (n = 3�5) clusters and their corresponding N2

complexes. (d) LUMO contribution for Aln clusters in ground state and high-energy conformations. (e) Interaction energy with the N2 molecule as a
function of Al cluster size and conformation.
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along the Al(4) and Al(2) bond (see Figure 1(c)). Parallel
adsorption of N2 along Al(2)�Al(1), Al(1)�Al(3), and Al-
(2)�Al(3) bonds results in complexes with lower interaction
energies. Thus, the parallel adsorption of N2 on high-energy Al
conformations is site and geometry specific. The high-energy
conformations with short Al�Al bonds along the surface do not
favor N2 adsorption (interaction energies in these cases vary
between 5 and 10 kcal/mol), whatever the adsorption mode.
In the case of complexes with high interaction energies of
30 kcal/mol and above, the numbers of Al�N bonds formed
are as good as that noted in bulk aluminum nitride. In these cases,
the ELF basins along the Al�N bond merge at an isovalue of
0.72, predicting the Al�N bond to be predominantly covalent.
Further, the interacting Al�Al bonds and N�N bonds elongate
by about ∼0.25 and ∼0.1 Å in comparison to those in the bare
cluster. In addition to the structural analysis, the interaction
energy of ∼40 kcal/mol for these complexes strengthens the
feasibility of a polyatomic cluster formation. To support our
above structural analysis, we also examine the Frontier Molecular
Orbital (FMO) contribution which is known to be a good
reactivity descriptor. Figure 1(d) illustrates the LUMO contribu-
tion for Aln clusters in their respective ground state conforma-
tions and high-energy conformations. As an example, we
elaborate LUMO discussion of ground state cyclic and high-
energy pendent conformation of the Al4 cluster. It is clearly seen
form Figure 1(d) that in the case of high-energy conformers the
p-orbitals of the adjacent Al atoms contribute to the LUMO of
the cluster. This results in a strong π�π type overlap between
the LUMO of the cluster and the HOMO of the N2 molecule.
The same site specifications are observed for the Al2 cluster,
where its LUMO is p-orbital concentrated on two Al atoms,
which eventually leads to higher interaction with incoming
N2 molecule in parallel mode. Nonetheless, the ground state
geometries of other clusters fail to achieve this specific site
requirement due to their symmetric nature and hence better
hybridization between the s and p atomic orbitals within them
(as shown for cyclic conformation of Al4 in Figure 1(d)).
We conclude the results of this section in Figure 1(e), which

gives the interaction energy between the N2 molecule and Al
clusters as a function of cluster size and shape. Thus, the reactivity
of Al clusters toward the N2 molecule is not size sensitive; rather,
it is shape and site sensitive. As the number of atoms increases,
the high-energy conformers provide distinct shapes with varying
bonding pattern within it thereby leading to distinct reactive
sites. In other words, the variation of the bonding within the Al
atoms in the high-energy conformations facilitates easier adsorp-
tion of the N2 molecule at specific sites, where the Al�Al bonds
are more weakly bonded at a few pockets in the cluster (i.e.,
bonded through larger interatomic distances in the range of
2.79�3.10 Å). Also, the parallel mode of adsorption facilitates
the formation of multiple Al�N bonds at sites with larger Al�Al
distances of a given cluster.
( ii). Structural, Electronic, and Adsorption Properties of Aln

(n = 13, 30, 100) Clusters. Next we consider somewhat larger
aluminum clusters for N2 adsorption. Al13 is the most well
studied among the aluminum clusters. Icosahedra (Ih) is found
to be the global minima of Al13 in this study as well as in all earlier
studies.50 Hence, we found it interesting to choose this cluster for
N2 adsorption. In addition, there are several reports for the
clusters with 30�100 atoms.6,48,63,64 There have been quite a few
contrasting reports on the lowest-energy conformation of Al30.
One of the reports suggests a double tetrahedron as a global

minima for Al30.
63 Recent reports, on the other hand, predict a

structure built upon a hexagonal motif as the lowest-energy
geometry for Al30.

64,6 The ground state geometry obtained in our
case is seen to agree with the reports of Drebov et al.64with
double tetrahedron nearly 8.5 kcal/mol higher in energy as
compared to the structure based on the hexagonal motif. Hence,
we discuss here the structural and bonding features in the
hexagonal motif conformation followed by the N2 adsorption
on it. While it is difficult to guarantee global minima for a 100
atom cluster, we propose the conformation discussed in this
work as a potential minima of Al100. It is difficult to illustrate in
detail structural parameters of a 100 atom cluster and their
corresponding N2 complexes; hence, we only outline the bond-
ing as predicted by ELF. Figure 2(a) shows the optimized ground
state geometries and ELF contours of 13, 30, and 100 atom
clusters and their N2 complexes.
The ground state geometry of Al13 has three unique reactive

sites, namely, “A”, “B”, and “C”, as shown in Figure 2(a). These
reactive sites arise due to their distinct distances from the central
atom. The atoms “B” and “C” are at 2.66 and 2.60 Å from the
central atom “A”, respectively. Hence, it is clearly seen that the
global minimum of the Al13 cluster is not a perfect Ih but includes
slight Jahn�Teller distortion leading to the D3d structure. A
distance between two adjacent “B” atoms is 2.82 Å, while that of
two adjacent “C” atoms is 2.90 Å. The interatomic distance
between sites “B” and “C” is 2.70 Å. On the contrary, in Al30
ground state geometry, surface atoms result in shorter bond
length ranging from 2.53 to 2.74 Å, whereas core atoms are
interconnected through longer bond lengths of 2.71�2.87 Å. In
the Al100 cluster, the Al�Al bond lengths vary between 2.63 and
3.15 Å with surface atoms interconnected through shorter bond
distances.
Analysis of ELF for Al13 shows that the ELF basins do not

merge up to an isovalue of 0.75. Around 0.74, basins of “B” and
“C” atoms merge with each other, while the basins along “B�B”
and “C�C” bonds merge at a slightly lower isovalue of 0.72. In
the case of Al30, at an isovalue of 0.86, the basins of all surface
atoms merge, while the basins of core atoms merge at a lower
value of 0.74. The covalency of the Al100 cluster is as good as that
of the Al30 cluster. The basins on the surface atoms of Al100 start
merging at an isovalue of 0.84. These results indicate an overall
covalent nature of bonding, especially between the surface atoms
in the moderate-sized Aln clusters (similar to that of small-sized
clusters).
As in the case of smaller clusters, we consider twomodes of N2

interaction. The first case, where N2 is kept linear to one of the
Al�Al bonds in Al13, Al30, and Al100, results in a stable complex.
Here, the Al�N bond distance is optimized to 1.90 Å as
compared to 1.86 Å in Aln (n = 2�5)�N2 complexes. The
N�N bond elongation in the complex is 1.13 Å as compared to
1.15 Å in Al2 and Al3. The interacting Al�Al bond elongates by
about∼0.03 Å. Following the N2 adsorption, there is a small loss
of symmetry in each of these clusters. For example, the Al�Al
bonds in the upper half of Ih-Al13 elongate by about 0.03 Å.
Consequently, the overall volume of the cluster increases to some
extent. As anticipated once again, in this linear mode of N2

adsorption there are no merged basins along the Al�N bond.
However, the basins of Al atoms in the complex begin to merge
around 0.76 in Al13 and around 0.86 in Al30 and Al100. Thus, the
Aln�N2 complex is a weak ionic one with interaction energy of
∼7.50 kcal/mol. Remarkably, this is nearly half of that found for
the O2 molecule on Al13 (0.77 eV).30 The parallel mode of N2
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Figure 2. (a) Ground state geometries, ELF of Aln (n = 13, 30, 100) clusters, and their corresponding N2 complexes. (b) High-energy conformer
geometries, ELF of Aln (n = 13) clusters, and their corresponding N2 complexes. (c) Activation barrier of N2 on various Al13 conformations.
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adsorption on these clusters is found to be unstable with N2

adsorbing only on one Al atom (resulting back into a linear mode
of adsorption) with more or less the same interaction energy.
Thus, the reactivity of ground state Al clusters is not size
sensitive.
In view of the conclusion in the earlier section that the

adsorption is sensitive to shape of the aluminum cluster, we
study N2 adsorption on a few characteristic high-energy Al13
conformations. The next considered high-energy structures are
roughly 0.34�2.56 eV higher in energy compared to the global
minimum structure. Decahedron (Dh) is a dominant high-
energy conformation of Al13 seen between 400 and 1200 K in
a finite temperature study.65 Hence, we found it interesting to
study the adsorption of N2 on this conformation. In addition, we
have also chosen quite a few high-energy conformations from a
finite temperature run of Ih geometry at 1600 K and studied the
N2 adsorption on them. We discuss the results of one such
characteristic high-energy conformation, viz., H1. Figure 2(b)
shows the geometry and ELF of these high-energy conforma-
tions and their corresponding N2 complexes. We have attempted
both the linear and parallel modes of N2 adsorption on these
high-energy conformations. However, as the linear mode of
adsorption leads to results very similar to those of small-sized
high-energy Al conformations (i.e., high-energy conformations
of Al3, Al4, and Al5), the details of those complexes are omitted in
the further discussion.
When N2 is adsorbed in parallel mode on the Dh conforma-

tion, it fails to form more than one Al�N bond on adjacent
reactive sites. The resulted Dh�N2 complex shows structural
and ELF characteristics similar to that of the original Ih�N2

complex. The interaction energy comes out to be 15.86 kcal/mol.
On the other hand, the high-energy conformer, H1, forms a
stable complex with the parallelly placed N2. The complex is
characterized by the presence of two Al�N bonds (2.03 and
2.16 Å, respectively). The N�N bond elongates to 1.20 Å. The
resulting interaction energy is 41 kcal/mol. The ELF basins along
the Al�N and Al�Al bonds merge at an isovalue of 0.72 and
0.82, respectively. Therefore, for H1 (and a few other high-
energy conformers), the enhanced interaction energy and cova-
lency along the Al�N bond helps in chemisorption of N2 (see
Figure 1(e)). In other words, the high-energy conformers
provide deformed structures where some of the adjacent Al�Al
bonds are not so strongly coordinated. Around these sites, N2

gets easily embedded in the cluster, forming various Al�Nbonds
and resulting in a stable (Al)n�N2 complex. This is validated by
the analysis of average interatomic Al�Al distances in Al clusters.
For example, the average interatomic distance in the high-energy
conformation of Al13, viz., H1, is 3.91 Å as compared to 3.59 and
3.65 Å in Ih and Dh, respectively.
(B). Activation Barriers for the N2 Molecule on Al13 Con-

formations. Relevance of calculations presented in the previous
section can be verified by evaluating the activation barrier for N2

adsorption. Hence, we have calculated the activation barriers on
various Al13 conformations and demonstrate the same on the
ground state conformation of Al13 and three high-energy con-
formations, viz., Dh, H1, and H2 (another high-energy Al13
conformation) in Figure 2(c). The activation barriers are calcu-
lated using the Nudged Elastic Band (NEB) method as incorpo-
rated in VASP. The activation barrier for Ih is 2.73 eV, while that
for Dh is 2.65 eV. However, the activation barrier for H1 is lower
and is around 0.12 eV. Here, the activation barrier drops by 2.61
eV, i.e., 60.03 kcal/mol compared to that of Ih. The barrier is also

calculated on various other high-energy conformations of Al13.
This value is found to be highly sensitive to the particular
structural arrangement with some of the conformations showing
a sizable drop in activation barrier. For example, on another high-
energy conformer H2, the activation barrier results in 2.40 eV,
thus it drops by 0.33 eV. The conformations with a lower
activation barrier are characterized by the presence of weakly
bonded Al�Al atoms along the surface of the cluster. Interest-
ingly, this is in line with some of the recent experimental findings,
which report the activation barrier to drop by nearly
1 eV on Al clusters subject to phase transition.48,49 In the present
study, the difference in the activation energy for the N2 molecule
on high-energy and ground state conformers of Al13 and the fact
that the N�N bond elongates systematically to 1.20 Å in several
high-energy Al cluster�N2 complexes following the adsorption
present a consistent picture. Finally, we note that the activation
barrier for N2 on high-energy Al clusters is not very far away as
compared to the values seen on various metal surfaces (between
0.2 and 0.8 eV66�69). It can thus be proposed that high-energy Al
conformations with mixed bonding nature are better candidates
for the Al�N polyatomic cluster formation and N2 dissociation.
Finally, it is interesting to state that our ELF results match with
the Reigonal-DFT results studied by Yarovsky and co-workers.70

This method provides a measure of the electronic stress tensor
from which it is possible to determine bond indices and electro-
nic chemical potential of Al clusters. Their calculated bond
indices on the surface of Al12X clusters present a similar under-
standing of the mixed, covalent, and metallic bonding nature of
the cluster. Similar to our ELF observations, these indices predict
the regioselectivity observed in reactions of the Al clusters.

IV. CONCLUSION AND SCOPE

DFT-based calculations have been carried out to understand
the reactivity of the Aln clusters (n = 2�5, 13, 30, 100) toward the
nitrogen molecule. The ground state and few high-energy
conformers of Aln clusters are considered for this purpose. In
addition, different modes of N2 adsorption have been verified.
For all ground state Aln conformers (except Al2), interaction
energy is nearly constant irrespective of the N2 adsorption mode.
However, for high-energy Aln conformers, interaction is sensitive
to the shape and the orientation of the N2molecule. High-energy
conformers with nonuniform Al�Al bonds on the surface (more
weakly bonded Al�Al bonds) provide strong sites for embed-
ding of the N2 molecule. This adsorption is accompanied by the
formation of multiple covalent Al�N bonds and hence a highly
stable (Al)n�N2 complex. This is validated by the ELF contours
where basins along the Al�N bond merge by an isovalue of 0.72.
Interestingly, the activation barrier drops to 0.12�2.65 eV for
high-energy and ground state conformers, respectively, thereby
indicating the high-energy conformations to be better candidates
for N2 activation or formation of polyatomic Al�N compounds.
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