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Using a first-principles PAW based technique we study the absorption of N2 on small Tan (nr4) clusters

and show that such clusters do dissociatively absorb N2 and are suitable candidates for catalysis in

reactions which require dissociation of N2.
1. Introduction and motivation

Efficient activation of nitrogen is a long standing issue in the
heterogeneous catalytic process for the synthesis of ammonia.
Dissociative adsorption of nitrogen on the surface of a catalyst is the
rate limiting step. As a result, considerable effort has gone into the
development of a new catalyst which can activate nitrogen more
efficiently than traditional catalysts like iron. Transition metal
clusters have been considered as possible candidates for such
catalysis. Clusters have large surface to volume ratio which makes
them efficient as catalysts. Moreover, various geometrical structures
exhibited by clusters offer the possibility of the existence of sites
that can efficiently capture and activate the adsorbate.

The interactions of nitrogen with various supported metal
clusters have been investigated in the past. Cao et al. [1] studied
the interaction of N2 with Ru clusters modeled locally as surfaces.
They reported dissociative adsorption of N2 with an activation
barrier of about 1 eV. Guimar~aes et al. [2] investigated nitrogen
dissociation on Cr based bimetallic surfaces They suggested that
doping with 3d elements would shift the Fermi level, decrease the
HOMO-LUMO gap, increase back donation and hence increase the
efficiency of dissociation. There are a few studies on N2 dissociation
on free metal clusters as well. Bérces et al. [3] have shown that
nitrogen dissociates on small clusters of 4d Nb and Mo.

Our aim in this paper would be to study the absorption
of nitrogen on small 5d Ta clusters. We shall ask the question
whether the absorption is dissociative or not. We are motivated
by the recent finding that an isolated Ta atom on silica surfaces is
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capable of breaking the strong triple bond of nitrogen. Ta has low
5d occupation and hence, like Nb and Mo, should be a suitable
candidate for dissociative absorption of nitrogen. We are not
aware of such a study on Ta in current literature.
2. Calculational details

The energetics and geometry optimization calculations have
been carried out using the Vienna ab initio simulation package
(VASP). The code is based on the density functional formalism and
uses a plane wave basis for expansion of the wavefunctions. We
have used the projector augmented wave technique (PAW) [4,5].
This method is suitable for the study of electronic properties of
transition and noble metals, possibly better than the proposed ultra-
soft pseudo-potentials. We have treated the 5p and 5d states of Ta as
valence states in order to take into account of the contribution of
semi-core states to electronic structure. The exchange correlation
energy has been calculated using the Perdew–Burke–Ernzerhof
(PBE) functional [6]. The size of the super-cell was taken to be large
enough (cube of sides 15 Å) to avoid spurious interaction between
images. Gamma point calculations have been performed with the
plane wave cut-off energy of 400 eV. Geometries of our clusters have
been optimized using the conjugate gradient algorithm and
convergence was achieved till the Hellman–Feynman force on each
ion was o0:01 eV/Å.
3. Results and discussion

To start with, we have tested the validity and accuracy of our
computational set-up by comparing the results for nitrogen and
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Fig. 2. Conformers of Ta2N2. The first entry in the labels represents the binding

energy of the cluster (in eV) relative to its fragments and the second entry

represents the spin multiplicity of the cluster.
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Fig. 3. Conformers of Ta3N2. The first entry in the labels represents the binding

energy of the cluster (in eV) relative to its fragments and the second entry

represents the spin multiplicity of the cluster.
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Fig. 4. Conformers of Ta4N2. The first entry in the labels represents the binding

energy of the cluster (in eV) relative to its fragments and the second entry

represents the spin multiplicity of the cluster.
tantalum dimersi with experiment. The computed N–N and Ta–Ta
bond lengths, 1.12 and 2.20 Å, respectively, compare well with
the corresponding experimental values of 1.10 Å [9] and 2.15 Å
[10]. The calculated binding energy of nitrogen molecule is
5.19 eV/atom also agrees well with the experimental value of
4.90 eV/atom.

The possible conformers of TaN2 are shown in Fig 1. The
ground state structure is a linear chain with molecularly adsorbed
N2 (structure 1). It is stable over its fragments by 1.72 eV. The N–N
bond is slightly elongated (1.16 Å as against 1.12 Å of free N2), but
not dissociated.

There is an almost degenerate conformer (structure 2) with
fully dissociated N atoms and with N–Ta–N angle of 98.61. It is
higher in energy over the ground state structure by only 0.02 eV
and hence under experimental conditions both the structures 1
and 2 may simultaneously be present. These two most favorable
structures are rather similar to those of MoN2 [7]. However, there
is a large difference in N2 binding energy. N2 binds very weakly on
Mo, whereas on Ta we obtain significant binding. Another
remarkable difference is that N–N bond in structure 2 is totally
dissociated, whereas in MoN2 it is only partially so.

There is one more conformation (structure 3) with partially
dissociated N–N bond having N–Ta–N angle of 381. It is stable
over its fragments by 1.61 eV. The comparison between structures
2 and 3 can give us information about the mechanism of N–N
bond dissociation. On going from structures 3 to 2 the spin
multiplicity changes from 4 to 2. The greater stability of structure
2 over 3 is derived from the strong bonding interaction between
s–d hybridized states of Ta and p states of N. The dissociation
of the N–N bond in structures 2 and 3 is due to the transfer of Ta d
electrons to the sA and pA orbitals of the N atoms. This is not
possible in the case of N2 adsorbed in the end-on position as in
structure 1. The large binding energy of N2 on Ta atom suggests
that Ta can adsorb N2 efficiently. Furthermore as a rule of thumb,
larger the binding energy the smaller the activation barrier. Thus
Ta can dissociate N2 with less activation barrier. Thus our choice
of TanN2 clusters as the subject of this study seems justified.

Ta dimers with two N atoms yield several geometrical
conformations. The most favorable conformations are shown in
Fig. 2. The energy minimum conformation (structure 1) is a square
shaped structure with cyclically placed Ta and N atoms. It can be
regarded as an extension of structure 2 of Fig. 2 with an addition
of a Ta atom. Its spin multiplicity is 5, same as that of Ta dimer.
This structure is favorable over its fragments by 5.16 eV. The large
N–N distance (2.58 Å) suggests that nitrogen is completely
dissociated. This is similar to N2 adsorbed on Nb dimers, but
unlike N2 adsorbed on Ti, Y, and Zr [8] in which N–N bonds are
only partially dissociated. The Ta–Ta bond is elongated to 2.71 Å
as against 2.20 Å for the free dimer. The binding energy of N2

on Ta2 is fairly high as compared to the cases on Mo2 and Nb2 (0.3
and 3.0 eV). The last three structures in which two N atoms are
more or less molecularly bonded are less stable. This is in contrast
to TaN2 where the most favorable structure had molecularly
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Fig. 1. Conformers of TaN2. The first entry in the labels represents the binding

energy of the cluster (in eV) relative to its fragments and the second entry

represents the spin multiplicity of the cluster. The line below gives the N–N

distances in three configurations.
adsorbed N2. Despite the energy cost (9.79 eV) for breaking strong
N–N bond the six structures with broken N–N bonds are stable
over their fragments.

The stable pristine trimer of Ta is an isosceles triangle with
sides 2.42 and 2.51 Å. The favorable conformations of Ta trimers
with two N atoms are shown in Fig. 3. The most stable conformer
(structure 1) has one N atom lying in the plane of the three
Ta atoms and another N atom is out of plane and situated at the
bridging site of two Ta atoms. The spin multiplicity of 2 is
different from the spin multiplicity 4 of Ta trimer. This structure
is more stable than its fragments by 5.03 eV. This binding energy
is fairly high compared to those on Mo3 (1.5 eV) and Nb3 (3.2 eV).
The first five conformers in which N–N is totally dissociated are
fairly stable, whereas the last three structures with more or less
molecular N2 are less stable in agreement with the case of Ta2N2.

Fig. 4 shows the favorable conformers of Ta4N2. The two
nitrogens in the ground state are adsorbed on the bridging sites
of two different Ta atoms. The ground state structure for Ta4 is a
tetrahedron in the triplet state, but the ground state with two
adsorbed N atom is a singlet state. The ground state structure is
energetically favorable over its fragments by 4.92 eV. This binding



energy of N2 is largely compared to that on Mo4 and Nb4 (1.41 and
2.54 eV) [3]. The spin multiplicity 3 of pure Ta4 tetrahedron
remains unchanged when two nitrogen atoms get adsorbed. The
trend observed in the case of dimers and trimers that farther the
two N atoms more the stable structure is evident here also as
the last two structures with slightly elongated N–N bonds are less
stable. However, even these structures are fairly stable over their
fragments. The average Ta–Ta bond length in the ground state
structure of Ta4N2 is 2.65 Å as compared to 2.56 Å for pure Ta4.
4. Conclusions

We have shown that N2 is dissociatively absorbed on small Tan

clusters (nr4). The absorbed structures are energetically more
stable than similar absorbed structures on Mo and Nb clusters.
This points to the suitability of Ta clusters as catalysts for
reactions which require dissociation of N2 as in the synthesis of
ammonia.
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[4] P.E. Blöchl, Phys. Rev. B 50 (1994) 17953.
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