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Reactions of the “naked” and MgO(100) supported Zr2Pd2 cluster with nitrogen and four hydrogen molecules were
studied at the density functional level using the periodic slab approach (VASP). It was shown that adsorption of the
Zr2Pd2 cluster on the MgO(100) surface does not change its gas-phase geometry and electronic structure significantly.
In spite of this the N2 coordination to the MgO(100)-supported Zr2Pd2 cluster, I/MgO, is found to be almost 30 kcal/mol
less favorable than for the “naked” one. The addition of the first H2 molecule to the resulting II/MgO, that is, II/MgOþ
H2 f IV/MgO reaction, proceeds with a relatively small, 9.0 kcal/mol, barrier and is exothermic by 8.3 kcal/mol. The
same reaction for the “naked” Zr2Pd2 cluster requires a slightly larger barrier (10.1 kcal/mol) and is highly exothermic
(by 23.3 kcal/mol). The interaction of the H2 molecule with the intermediate IV/MgO (i.e., the second H2 molecule
addition to II/MgO) requires larger energy barrier, 23.3 kcal/mol vs 8.8 kcal/mol for the “naked” cluster, and is
exothermic by 20.5 kcal/mol (vs 18.2 kcal/mol reported for the “naked” Zr2Pd2 cluster). The addition of the H2 molecule
to VI/MgO and VI (i.e., the third H2 molecule addition to II/MgO and II, respectively) requires similar barriers, 12.0
versus 16.8 kcal/mol, respectively, but is highly exothermic for the supported cluster compared to the “naked” one, 13.6
versus 0.1 kcal/mol. The addition of the fourth H2 molecule occurs with almost twice larger barrier for the “naked”
cluster compared to the adsorbed species, 30.7 versus 15.9 kcal/mol. Furthermore, this reaction step is endothermic
(by 11.4 kcal/mol) for the gas-phase cluster but exothermic by 7.8 kcal/mol for the adsorbed cluster. Dissociation of the
formed hydrazine molecule from the on-surface complex X/MgO and the “naked” complex X requires 19.1 and 26.3
kcal/mol, respectively. Thus, the Zr2Pd2 adsorption on the MgO(100) surface facilitates its reaction with N2 and four H2
molecules, as well as formation of hydrazine from the hydrogen and nitrogen molecules. The reported differences in
the reactivity of the “naked” and MgO adsorbed Zr2Pd2 clusters were explained by analyzing the nature of the H2
addition steps in these systems.

I. Introduction

Reduced nitrogen is an essential component of nucleic
acids andproteins. Themajor part of all the nitrogen required
in human nutrition is still obtained by biological nitrogen
fixation.Nature has found away to convert the inert nitrogen
molecule to a useable form like ammonia under mild condi-
tions using a small but diverse group of diazotrophic micro-
organisms that contain the enzyme nitrogenase.1 The
industrial analog of the nitrogenase, in terms of NtN triple
bond utilization, is the old Haber-Bosch2 process. This

heterogeneous process utilizes the Fe-particles with added
potassium hydroxide on a support of alumina and silica as a
catalyst to produce ammonia from the nitrogen and hydro-
gen molecules. As pointed out by Ertl,3 fixation of N2 by H2

in this heterogeneous catalytic process occurs via the forma-
tion of atomic nitrogen and hydrogen on the surface (via the
on-surface atomization of theN2 andH2molecules) followed
by the addition of H-atoms to the coordinated nitrogen to
form ammonia. The atomization of N2 on the surface was
shown to be a slow step of the entire catalytic cycle. Empiri-
cally it had been found that the presence of potassium ions in
the catalyst improves the efficiency of the process and is
believed to promote the NtN triple bond activation of the
coordinated nitrogen molecule.
While the heterogeneous Haber-Bosch catalyst is robust,

it operates at high temperature and pressure, and is less
energy- and atom-efficient. Therefore, during the past several
decades, chemists have been actively looking for soluble
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homogeneous version of the Haber-Bosch process that will
(a) bemore energy- and atom-efficient, (b) occur at themilder
experimental conditions, and (c) be amenable to study and
optimization.To this end, the extensive studies have led to the
discovery of many fascinating new classes of homogeneous
nitrogen fixation processes and elementary reactions.
Currently muchmore accurate knowledge has been accumu-
lated on the elementary steps and fundamental principles of
NtN triple bond activation and transformation. Many of
these reactions have been extensively reviewed.4-13

It is well established that the first step of all the reported
reactions is the dinitrogen coordination to a transition metal
center of catalyst. It is shown that, in general, theN2molecule
may coordinate to transition metal center(s) via several
different ways (see Scheme 1), and be converted to ammonia
(or its lower derivatives) via either protonation-reduction
(known as Chatt mechanism)14 or direct hydrogenation

mechanisms (by direct addition of H2 to the coordinated
N2). In the majority of the reported monotransition metal
complexes of N2 the latter is coordinated to the metal center
in end-on (η1)manner,whichusually facilitates the formation
of ammonia via the Chatt mechanism. However, the side-on
(η2-manner) or side-on-end-on (η2:η1-manner) coordination
of N2 to transition metal center(s) with strong M-N2

interaction(s), which facilitates its direct hydrogenation (see
Scheme 1), can be achieved in multitransition metal systems
(complexes and small clusters). The exception is the complex
[(η5-C9H5-1-

IPr-3-Me)2Zr-NaX]2(N2) (where X = Cl, Br
and I) reported by Chirik and co-workers,15 where N2 ligand
is sandwiched between the Zr-centers, in the end-on fashion,
and between Na ions, in the side-on fashion. Here the Na
ions, most likely, play the same role as the potassium ions in
Haber-Bosch catalyst.
Recently, we have shown16 that the Zr2Pd2 and Zr2Pt2

clusters might be even more reactive than the reported
dimeric Zr and Ta complexes.6,11,13

However, the use of these “naked” transitionmetal clusters
in real experiments could be problematic, and, therefore, one
should search for ways to stabilize them. One such way is to
embed these clusters on the metal oxide surfaces. Gates and
co-workers have demonstrated the experimental viability of
such an approach.17 However, the interaction of the embed-
ded cluster with surface atoms may significantly alter the
geometry, electronic structure, and reactivity of the free (free
from the support) clusters. Therefore, to elucidate the effect
of the surface-cluster interactions on the catalytic activity of
the “naked” Zr2Pd2 cluster for the dinitrogen hydrogenation,
below we embed it on the MgO(100) surface, the resulting
system called as Zr2Pd2/MgO(100), and study the dinitrogen
hydrogenation catalyzed by the free and embedded Zr2Pd2
cluster. Here we chose theMgO(100) surface because it is one
of themost well-studiedmetal oxide surfaces andwidely used
as a support for metal clusters and nanoparticles.18-30

Scheme 1. Possible Coordination Modes of the Nitrogen Molecule in the Mono- and Dinuclear Complexes
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II. Calculation Procedures

To describe the ionic MgO(100) surface, we used the
periodic approach, as implemented in the Vienna ab initio
simulation package (VASP, version 4.6).31-34 In this app-
roach, the MgO(100) surface is modeled by periodically
repeated four layer slab, with p(4 � 4) supercell containing
32Mgand32Oatoms.The supercell hasdimensions a= b=
8.42 Å and c = 21.32 Å, which includes a vacuum region of
thickness of about 15 Å to guarantee no interactions between
the slabs. The periodic supercell DFT calculations are per-
formed using a plane wave basis set35 in conjunction with
ultrasoft pseudopotentials36 and the gradient-corrected
PW91 exchange-correlation functional as implemented in
the VASP code. This approach will be further referred to as
“PW91/US-PP.” A 400 eV kinetic energy cutoff allowing
convergence to 1 � 10-4 eV in total energy is used. The
Brillouin zone is sampled with the Monkhorst-Pack grid,37

and (4 � 4 � 1) Monkhorst-Pack k-point mesh is used. In
these calculations, only the two top surface layers were
allowed to relax upon geometry optimizations.
The Zr2Pd2 cluster binding energies to the MgO(100) sur-

face were calculated according to the following equation:

ΔEbind ¼ Eðslabþ clusterÞ-ðEðslabÞþEðclusterÞÞ ð1Þ
where E(slab þ cluster), E(slab), and E(cluster) are the total
energies of the cluster on the MgO(100) surface, Zr2Pd2/
MgO, the cleanMgO(100) surface, and the gas-phase cluster
Zr2Pd2, respectively.
The nudged elastic band (NEB) method38-40 is applied to

locate transition states, and minimum energy pathways are
constructed accordingly. The NEB is an efficient method for
finding the minimum energy path between the given initial
and final states of a transition state.
To compare the dinitrogen hydrogenation process by

Zr2Pd2 on the MgO(100) surface and in the gas-phase, we
also calculate the gas-phase reaction employing the same
approach which was applied for the MgO(100) surface
studies (the supercell dimensions were taken to be a = b =
c = 30.0 Å). Below, we compare the energies, ΔE (in kcal/
mol), of the dinitrogen hydrogenation reaction by the
“naked” andMgO(100) supportedZr2Pd2. Cartesian coordi-
nates and energies of all investigated species are given in
Supporting Information.

To validate our VASP studies, we also studied the gas-
phase N2 hydrogenation reaction using the GAUSSIAN-
2003 quantum chemical package.41 The geometries, vibra-
tional frequencies, and energetics of all intermediates and
transition states were calculated using the gradient-corrected
PW91 exchange-correlation functional.42-45 In these calcula-
tions, we used the Stuttgart group’s pseudopotentials46 and
associated SDD basis sets for transition metal atoms and
the standard 6-311 þ G(d,p) split-valence basis set for H
and N atoms, similar to the previous study.16 The nature of
all calculated intermediates and transition states, as well
as reactants and products, was confirmed by performing
normal-mode analysis. This approachwill be further referred
to as “PW91/SDD.” Important geometry parameters of all
the species studied using this approach, along with their
Cartesian coordinates and energies, are given in the Support-
ing Information.

III. Results and Discussion

III.1. Reactant. (i). “Naked” Zr2Pd2 Cluster. Let us first
discuss electronic and geometrical structures of the reactant in
the gas-phase N2 hydrogenation, Zr2Pd2, I. Structure of the
Zr2Pd2 cluster obtained at the PW91/US-PP level of theory is
provided in Figure 1.
As seen from the figure, the “naked” Zr2Pd2 cluster

favors the “butterfly” structure with the singlet ground
state, while its lowest spin-polarized state lies merely 1.8
kcal/mol higher at the PW91/US-PP level. The calculated
Zr-Zr, Zr-Pd and Pd-Pd bond distance in the singlet
Zr2Pd2 are 2.51, 2.60, and 4.38 Å, respectively. In the spin-
polarized state, the Zr-Zr bond distance is elongated by
0.06 Å, Zr-Pd distances are changed only slightly, and
the Pd-Pd distance remains the same. In the singlet state
the dihedral angle (Pd1-Zr1-Zr2-Pd2) is smaller than in
the triplet state, 148.0� versus 151.9�. Thus, the Zr-Zr
bond converts from the double bond to the single bond
upon changing the Zr2Pd2 electronic state from the singlet

Figure 1. Important geometry parameters of the singlet and spin-polar-
ized (in parentheses) states of the gas-phase Zr2Pd2 clusters calculated at
the PW91/US-PP level (distances in Å, angles in degree).
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to the spin-polarized state. The PW91/SDD level studies
show similar geometry changes upon going from singlet
state to triplet state (see Supporting Information, Figure
S1); however, in the case of the PW91/SDDapproach, the
singlet structure is more flattened in comparison with the
triplet (spin-polarized) structure. Also, it is interesting to
note, that both approaches gave very similar Zr-Zr and
Zr-Pd bond distances and quite similar relative energies
of singlet and spin-polarized states of Zr2Pd2.
Molecular orbital analysis performed at the PW91/

SDD level of theory for the singlet state of Zr2Pd2
(Figure 2) shows that its four highest occupied molecular
orbitals, HOMO, HOMO-1, HOMO-2, and HOMO-3,
have significant contributions from both Zr and Pd
atoms. The HOMO could be considered as a bonding
combination of dz2-like atomic orbitals (AOs) of Zr
atoms, which have a very small overlap with dz2-like
AOs of Pd atoms. Formally, thisMO has Zr-Zr bonding
and Zr-Pd antibonding characters. HOMO-1 could be
considered as a completely delocalized bonding combina-
tion of dz2-like AOs of all four atoms of the cluster, with a
very strong overlap between AOs of Zr atoms and
significant overlap along Zr-Pd distances. It also has
contributions from s- and dyz-AOs of Zr atoms and s-AOs
of Pd atoms. A large part of the electron density is located
in the inter-zirconium region. HOMO-2 is responsible for
bonding between Zr atoms and antibonding inter
actions between Pd atoms of the cluster. It has strong
contributions from Zr dxy-AOs and Pd AOs. HOMO-3
could be considered as a combination of s-, dz2-like,
and dxz-orbitals, with predominating contribution from
dz2-like AOs. This orbital is a delocalized MO; however,
most of its electron density is shifted toward Pd atoms. As
can be seen from Figure 2, all presented lowest unoccu-
pied molecular orbitals (LUMOs) of the free cluster
have quite significant contributions from both Zr and
Pd atoms.

(ii). MgO(100) Surface. Now, let us consider the sec-
ond component of the reaction, the intact MgO(100)
surface. Magnesium oxide has a rock salt structure like
oxides of other alkaline earth metals,47 and its nonpolar
(100) face is by far the most stable surface.48 The MgO-
(100) surface is experimentally well-characterized and is

widely used in the chemical industry as a catalyst
support.48-50 Its theoretical description is simplified by
the absence of surface reconstructions.51 Figure 3 shows
(a) the model of the MgO(100) surface used in this paper
(with two top surface layers relaxed), and (b) the calcu-
lated density of states (DOS). The presented DOS is in
reasonably good agreement with the results of other
theoretical studies:52 it exhibits a band between -18 and
-16 eVbecause of the 2s orbitals of oxygens and a valence
band located between about -5.5 and -1 eV, corres-
ponding to the p-states of oxygen atoms. Also, there is a
band between about 2 and 9 eV, which is ascribed to the
3s-states of magnesium atoms. It is interesting to notice
that the relaxation of the two surface layers of the model
used in our study lowered the energy of the model just by
about 0.08 eV (1.75 kcal/mol).

(iii). MgO(100) Supported Zr2Pd2 Cluster, Zr2Pd2/
MgO(100), I/MgO. The PW91/US-PP calculations show
that in both singlet and spin-polarized species the
I/MgO Zr2Pd2 favors the butterfly-like structure with
Zr atoms coordinated to the surface oxygens (Figure 4a);
one should note that the atoms of the lowest two layers of
the MgO support, positions of which were not optimized
during the calculations, are not shown in this (and
following) figures for simplicity of presentation); the
spin-polarized structure of I/MgO was found to be only
0.5 kcal/mol more stable than the singlet state. In
I/MgO, Zr-Pd bond distances were found to be the same
(2.60 (2.61) Å) for both singlet and spin-polarized species
and almost unchanged compared to the gas-phase clus-
ters (cf. Figure 1). Zr-Zr bond distances are significantly
elongated in comparison with the free cluster, 2.84 versus
2.51 Å for the singlet state structure, and 2.83 versus 2.57
Å for the spin-polarized structure. Pd-Pd distances,

Figure 2. Calculated four HOMOs and three LUMOs of the gas-phase singlet state of the Zr2Pd2 cluster.

(47) Wyckoff, R. W. G. Crystal Structures, 2nd ed.; Wiley: New York,
1964.

(48) Gibson, A.; Haydock, R.; LaFemina, J. P. J. Vac. Sci. Technol. A
1992, 10, 2361–2366.

(49) Henry, C. R. Surf. Sci. 1998, 31, 235–325.
(50) Robach, O.; Renaud, G.; Barbier, A. Surf. Sci. 1998, 401, 227–235.
(51) See and references therein: (a) Menetrey, M.; Markovits, A.; Minot,

C.; Del Vitto, A.; Pacchioni, G. Surf. Sci. 2004, 549, 294–304. (b) Chiesa, M.;
Paganini, M. C.; Giamello, E.; Di Valentin, C.; Pacchioni, G.Angew. Chem., Int.
Ed. 2003, 42, 1759–1761. (c) Dominguez-Ariza, D.; Sousa, C.; Illas, F.; Ricci, D.;
Pacchioni, G. Phys. Rev. B 2003, 68, 054101. (d) Kuzovkov, V. N.; Popov, A. I.;
Kotomin, E. A.; Monge, M. A.; Gonzalez, R.; Chen, Y.Phys. Rev. B 2001, 64, 1–
5. (e) Licona, R.; Rivas-Silva, J. F. Int. J. Quantum Chem. 2005, 104, 919–928.
(f) C�ardenas, C.; De Proft, F.; Chamorro, E.; Fuentealba, P.; Geerlings, P. J. Chem.
Phys. 2008, 128, 034708. (g) Chiesa, M.; Giamello, E.; Finazzi, E.; Di Valentin,
C.; Pacchioni, G. J. Am. Chem. Soc. 2007, 129, 10575–10581. (h) Chizallet, C.;
Costentin, G.; Che, M.; Delbecq, F.; Suatet, P. J. Am. Chem. Soc. 2007, 129,
6442–6452.

(52) Xu, Y.-N.; Ching, W. Y. Phys. Rev. B 1991, 43, 4461–4472.

http://pubs.acs.org/action/showImage?doi=10.1021/ic902531p&iName=master.img-002.jpg&w=312&h=139


Article Inorganic Chemistry, Vol. 49, No. 5, 2010 2561

however, are shortened by 0.17 Å in the singlet state
structure and by 0.15 Å in the spin-polarized structure.
The dihedral angle (Pd1-Zr1-Zr2-Pd2) in the singlet
state of the supported species increases noticeably com-
pared to the free Zr2Pd2 cluster, 157.5� versus 148.0�, but
remains almost unchanged for the spin-polarized case,
150.9� versus 151.9�. Thus, the coordination of the
Zr2Pd2 clusters at the MgO(100) surface leads to notice-
able elongation (and weakening) of the Zr-Zr bond and
flattens the cluster, too. It is worthwhile to notice large
upward shifts of the support atoms because of their
interactions with the cluster: oxygens of the first support
layer interacting with the zirconium centers of Zr2Pd2
move upward by 0.41-0.42 Å, andMg’s interacting with
the palladium atoms of Zr2Pd2 shift upward by 0.10-
0.14 Å. Because of the small energy difference and almost
the same geometries of the singlet and spin-polarized
species, as well as expected larger stabilization of the
singlet state versus the spin-polarized state by interaction
with the N2 molecule, below we will consider only singlet
state species.
Comparison of the calculated DOS of I/MgO

(Figure 4b) with that of the MgO(100) surface
(Figure 3b) and free singlet Zr2Pd2 species (Figure 4c)
shows that the electronic states of the gas-phase Zr2Pd2

cluster overlap with the p-states of the MgO(100) surface
oxygens; small peaks between 0 and 2.5 eV in the DOS of
the supported species could be ascribed to significant
surface atoms relaxations.
The binding energies of the Zr2Pd2 cluster to theMgO-

(100) surface are calculated to be quite high, 3.28 eV for
the singlet species and 3.30 eV for the spin-polarized
species I/MgO, using the PW91/US-PP approach. These
binding energies are higher compared to those reported
for other supported transition metal clusters: 1.95 eV for
Pd3 cluster,

53 and 2.14-2.70 eV for Ni2-Ni4 clusters.
54

This could be ascribed to quite strong Zr-O interactions
compared to Pd-O or Ni-O bonds. To the best of our
knowledge, no theoretical or experimental studies of
MgO supported ZrxPdy, ZrxPty, or Zrx clusters have been
reported to date. Therefore, comparisons of binding
energies should be performed with caution.
Thus, from the above-presented results it can be clearly

seen that the MgO supported Zr2Pd2 cluster essentially
retains its gas-phase “butterfly” geometry and electronic
structure, while it binds quite strongly to the surface. This
finding of the Zr2Pd2-MgO(100) interactionsmay have a
strong impact on the reactivity of the Zr2Pd2 cluster,
which is considered in detail below.

III.2. Mechanism of Dinitrogen Hydrogenation by
Zr2Pd2 and Zr2Pd2/Mg(100) Clusters. (i). Mechanism of
the Gas-Phase Dinitrogen Hydrogenation by Zr2Pd2. All
calculated intermediates and transition states of the title
reaction are presented in Figure 5, and their relative
energies are given in Figure 6.
The first step of the reaction is the coordination ofN2 to

Zr2Pd2, I, which produces the intermediate Zr2Pd2(μ-1,2-
N2), II: this reaction step is found to be exothermic by 55.1
kcal/mol. In II, the calculated N-N bond distance is
elongated by 0.20 Å compared to the free N2 molecule
(the calculated N-N bond distance is 1.11 Å). Thus, the
N-N bond in II is significantly activated. The coordina-
tion of N2 to I elongates the Zr-Zr bond distance from
2.51 Å, in I, to 2.84 Å in II. In the next step, the H2

molecule reacts with the complex II, which leads to the
H-H bond activation that occurs simultaneously on one
of the Zr/N pairs, Zr1 and N1 centers, at the transition
state TS1, and leads to the complex IV. In TS1, the
formed N1-H1 bond distance is 1.25 Å and the broken
H1-H2 bond distance is 1.03 Å. The reaction II þ H2 f
IV is found to occur with a relatively small barrier atTS1,
10.1 kcal/mol, and is exothermic by 23.3 kcal/mol. In the
resulting complex IV, the N-N and Zr-Zr bond dis-
tances are elongated by 0.06 Å and 0.17 Å, respectively,
compared to II. The coordination and activation of the
second, third, and fourth H2 molecules are characterized
by continuous elongation of the N-N bond distance (to
1.43, 1.44, and 1.47 Å, respectively, see Figure 5) and
lead to the formation of the intermediatesVI,VIII, andX,
respectively. In X, the calculated N-N bond distance is
1.47 Å, just 0.04 Å longer than in the free N2H4 molecule
(1.43 Å). The addition of the second, third, and fourth
H2 molecules occurs with 8.8, 16.8, and 30.7 kcal/mol
barriers at TS2, TS3, and TS4, respectively (Figure 6).

Figure 3. (a) Model of the MgO(100) surface used in the present study,
and (b) calculated surface DOS.

(53) Giordano, L.; Pacchioni, G. Surf. Sci. 2005, 575, 197–209.
(54) Dong, Y. F.;Wang, S. J.;Mi, Y.Y.; Feng, Y. P.; Huan, A. C.H.Surf.

Sci. 2006, 600, 2154–2162.
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The exothermicity of these stepwise reactions, that is, the
energy of the reactions IVþH2fVI andVIþH2fVIII,
respectively, decreases to-18.2 and-0.1 kcal/mol for the
second and third H2 addition, versus -23.3 kcal/mol for
the first H2 addition. Addition of the fourth H2 molecule,
VIII þH2 f X, is found to be endothermic by 11.4 kcal/
mol (Figure 6). The dissociation of the resulting N2H4

from the product X is endothermic by 26.3 kcal/mol.
Thus, the overall reaction Zr2Pd2 þ N2 þ 4H2 f
(μ-1-H)2ZrPd2Zr(μ-1-H)2 þ N2H4, is found to be exo-
thermic by 59.0 kcal/mol, and occurs with a 30.7 kcal/mol
rate-determining barrier at TS4 corresponding to the
activation of the fourth H2molecule. Since TS4 is located
by 66.0 kcal/mol below the reactants and only about
11 kcal/mol higher than the II þ H2 dissociation limit,
one may expect that the addition of four hydrogen
molecules to N2 and Zr2Pd2 will occur very fast in the
gas-phase. Regeneration of the Zr2Pd2 from the inter-
mediateXI via stepwiseH2 dissociation is calculated to be
endothermic by 52.4 kcal/mol: the dissociation of the first
H2 molecule from XI to give the Zr2Pd2H2 species,XII, is
endothermic by 28.4 kcal/mol, while the dissociation of
the second H2 molecule from XII to regenerate the reac-
tant I is endothermic by 24.0 kcal/mol. Thus, the overall
gas-phase reaction Zr2Pd2 þ N2 þ 4H2 f Zr2Pd2 þ
N2H4 þ 2H2 is calculated to be exothermic by 4.1 kcal/
mol. Interestingly, the PW91/SDD calculated energies of

the overall reaction of Zr2Pd2 þ N2 þ 4H2 f Zr2Pd2 þ
N2H4 þ 2H2 and the geometry parameters of the species
involved in this reaction are in reasonable agreement with
those obtained at the PW91/US-PP level of theory (see
Supporting Information, Figures S1 and S2).

(ii). Mechanism of Dinitrogen Hydrogenation on
Zr2Pd2/MgO(100), I/MgO. In the study of the mechan-
ismof dinitrogen hydrogenation onZr2Pd2/MgO(100)we
follow the same pathway as that obtained for the gas-
phase reaction. Thus, the first step of this reaction is the
N2 coordination to the MgO supported Zr2Pd2 cluster,
I/MgO, which leads to the intermediate Zr2Pd2(μ-1,2-N2)/
MgO, II/MgO, given in Figure 7a. Reaction I/MgO þ
N2 f II/MgO is found to be exothermic by 25.6 kcal/mol,
that is, the N2 coordination to the adsorbed Zr2Pd2
cluster is by about 30 kcal/mol less favorable than to
the “naked” Zr2Pd2, II. This finding correlates with the
calculated N-N bond distance in II/MgO and II: in the
former it is by 0.10 Å shorter than in the latter. In II/MgO,
the asymmetric character of the Zr-N bonds is observed
as well: the Zr1-N1 bond distance is 0.05 Å longer than
Zr2-N2. This indicates the side-on-end-on (η2;η1-manner)
coordination of N2 to Zr1 and Zr2 centers of II/MgO.
The similar featurewas reported above for theN2 coordina-
tion to the free Zr2Pd2. As seen in Figure 7a, in the resul-
ting intermediate II/MgO, the Zr-Zr bond distance is
significantly shorter (2.62 Å vs 2.84 Å), the Zr1-Pd1,2 and

Figure 4. (a) Important geometry parameters of the singlet and spin-polarized (in parentheses) states of the MgO(100) supported Zr2Pd2 clusters, and
calculatedDOS of the supported (b) and “naked” Zr2Pd2 cluster at its singlet state (c) (distances in Å, angles in deg.). One should note that the atoms of the
lowest two layers of the MgO support are not shown for simplicity of presentation.
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Zr2-Pd1,2 bond distances are longer (by 0.13 and 0.06 Å,
respectively), the Zr-surface distances are longer (by
0.13-0.21 Å), and the Pd-surface distances are shorter
(by 0.19 Å) than in the pre-reaction complex I/MgO. Also,
it is worthwhile to notice the further flattening of
the supported Zr2Pd2 cluster and the almost unchanged
upward shifts of the ions of the first layer of the MgO
support interacting with the cluster atoms (cf. Figures 4
and 7a).
The next step of the reaction is the coordination of

the H2 molecule to II/MgO and the activation of the
H-H bond via a metathesis transition state TS1/MgO
(Figure 7b). As seen from the figure, in TS1/MgO the
broken H-H bond is 1.29 Å, while the formed N1-H1,
Zr1-H2, and Zr1-H1 bonds are 1.30 Å, 1.97 Å, and 1.99
Å, respectively. Thus, TS1/MgO is a late transition state.
Its geometry parameters are in reasonable agreementwith
those reported above for TS1 of the gas-phase reaction
Zr2Pd2(μ-1,2-N2) þ H2 (see Figure 5). Interestingly, the

N1-N2 bond distance is elongated by just 0.04 Å upon
going from II/MgO to TS1/MgO, and Zr2-N2 and
Zr1-Zr2 bonds are shortened by 0.07 Å and elongated
by 0.18 Å, respectively. The H1-H2 activation barrier is
calculated to be 9.0 kcal/mol versus 10.1 kcal/mol
obtained for the gas-phase reaction (see Figure 6).
The product of the H-H bond activation is the MgO

supported diazenido-μ-hydride complex (μ-1-H)-ZrPd-
(μ-1,2-N2H)PdZr, IV/MgO (Figure 7c). Comparison of
the important geometry parameters of IV/MgO and
II/MgO shows that upon hydrogenation of the coordi-
natedN2 theN

1-N2 bond distance is elongated by 0.09 Å
and the Zr2-N2 and Zr1-N1 bonds are shortened by 0.09
and 0.10 Å, respectively. The Zr1-Zr2 bond distance is
elongated by 0.18 Å, while the Zr1-Pd1,2 and Zr2-Pd1,2

bonds are changed only slightly. Also, it is worthwhile to
note that among Zr(Pd)-surface distances only the Zr2-
surface distance is shortened noticeably, by 0.08 Å,
and the upward shifts of the ions of the first support

Figure 5. Calculated important geometry parameters (distances in Å, angles in degree) of the reactants, intermediates, and transition states of the gas-
phase reaction Zr2Pd2 þ N2 þ 4H2 f (μ-1-H)2ZrPd2Zr(μ-1-H)2 þ N2H4 studied at the PW91/US-PP level of theory.
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layer interacting with the cluster remain almost the same.
Interestingly, the exothermicity of the reaction II/MgOþ
H2 f IV/MgO is calculated to be only 8.3 kcal/mol,
which is 15.0 kcal/mol smaller than for the analogous gas-
phase reaction. This effect could be explained by addi-
tional interactions of Zr-centers (with the surface oxy-
gens) on the MgO surface compared to the “naked”
cluster Zr2Pd2.
A closer inspection of the transition state TS1/MgO

(Figure 7b) and the complex IV/MgO (Figure 7c)
indicates that the H-H bond activation occurs on one
of the available Zr/N pairs, like in the gas-phase reaction
reported above. Therefore, one may expect that the sup-
ported product complex (μ-1-H)ZrPd(μ-1,2-N2H)PdZr,
IV/MgO, can also uptake and activate another (second)
H2 molecule on its available Zr2/N2 site and form the
(μ-1-H)ZrPd(μ-1,2-N2H2)PdZr(μ-1-H), VI/MgO, product
(Figure 8a). The resulting product complex shows the
following features: upon the addition of the H2 molecule
the N-N and Zr1-N1 bond distances are elongated by
0.14 Å and 0.04 Å, respectively, but the Zr2-N2 bond
distance is shortened by 0.13 Å. The calculated N-N bond
distance in the complex VI/MgO, 1.44 Å, indicates the
N-N single-bond character. The Zr2Pd2 core of the VI/
MgO is distorted quite significantly, although still preser-
ving its butterfly shape: compared to the IV/MgO, the
Zr-Zr bond distance is elongated by 0.23 Å, the Pd-Pd
distance is shortened by 0.36 Å, and the dihedral angle
(Pd1-Zr1-Zr2-Pd2) is changed drastically, from 172.5� in
the species IV to -155.4�. Interestingly, the Pd-surface
distances are changed only very little upon going from
IV/MgO to VI/MgO, but the Zr-surface distances are
changed considerably: the Zr1-surface bond distance is
shortened by 0.13 Å, and the Zr2-surface distance is elon-
gated to 3.50 Å, which implies no bonding at all between the
Zr2 center and the support. Also, it is worthwhile to notice

that the H-surface distances are quite long, more than
3.00 Å, implying weak (if any) hydrogen bonding with the
support. The exothermicity of the reaction IV/MgO þ
H2 f VI/MgO is larger than for the first H2 addition
reaction II/MgO þ H2 f IV/MgO, 20.5 kcal/mol versus
8.3 kcal/mol. This value is close to that found for the gas-
phase reaction, 18.2 kcal/mol.
The structure of the transition state TS2/MgO (for the

second H2 addition) is given in Figure 7d. As seen from
the figure, in TS2/MgO the broken H3-H4 bond is
relatively short, 0.97 Å, while the formed N2-H3 and
Zr2-H4 bonds are 1.30 Å, and 2.01 Å, respectively, which
is in reasonable agreement with the structural data found
for the gas-phase TS2 (see Figure 5). Thus, TS2/MgO is
an early transition state. The activated N-N bond dis-
tance is found to be 1.33 Å, which is just 0.03 Å longer
than in IV/MgO. The Zr2-N2 and Zr1-Zr2 bonds in
TS2/MgO are longer by 0.18 Å and 0.03 Å, respectively,
than their corresponding values in IV/MgO. The H3-H4

activation barrier is calculated to be unexpectedly high,
23.3 kcal/mol, versus the 8.8 kcal/mol barrier obtained
for the gas-phase reaction (see Figure 6).
Now the question could be raised, if the structure VI/

MgO is able to add the next two H2 molecules at mild
conditions (with reasonable kinetic and thermodyna-
mic parameters). For this purpose, we have calculated
geometry and energy of the MgO supported (μ-1-H2)-
ZrPd(μ-1,2-N2H3)PdZr(μ-1-H) and (μ-1-H)2ZrPd(μ-1,2-
N2H4)PdZr(μ-1-H)2 species, VIII/MgO and X/MgO
(Figures 8c and 9a, respectively), which are products
of the third and fourth H2 addition, respectively. In
VIII/MgO the N1-N2 bond distance is almost the same
as in the pre-reaction structure VI/MgO, while the
Zr1-N1 and Zr2-N2 bond distances are elongated by
0.09 and 0.32 Å, respectively. The Zr1-surface distance is
shortened by 0.07 Å compared to VI/MgO, whereas the

Figure 6. Schematic representation of the potential energy surface (PES) of the reaction Zr2Pd2þN2þ 4H2f (μ-1-H)2ZrPd2Zr(μ-1-H)2þN2H4 studied
in the gas-phase and on the MgO(100) surface with the PW91/US-PP approach.
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Zr2-surface distance is further elongated by 0.22 Å, and
Pd1,2-surface distances are elongated by 0.12 and 0.04 Å,
respectively. The addition of the third H2 molecule is
calculated to have a 12.0 kcal/mol barrier at the transition
state TS3/MgO, compared with 16.8 kcal/mol reported
for the gas-phase reaction (see Figure 6), and is exother-
mic by 13.6 kcal/mol versus 0.1 kcal/mol found for the
similar gas-phase reaction step. The structure of the
transition state TS3/MgO (for the third H2 addition) is
given in Figure 8b. As seen from the figure, in TS3/MgO
the broken H5-H6 bond is 0.96 Å, while the formed
N2-H5 and Zr2-H6 bonds are 1.35 Å, and 2.13 Å,
respectively, which are similar to the values reported for
the gas-phase transition state TS3 (see Figure 5). The
N1-N2 bond distance is found to be 1.43 Å, only by 0.01
Å shorter than in the pre-reaction complex VI/MgO.
The addition of the H2 molecule to VIII/MgO (i.e., the

fourth H2 molecule addition to I/MgO) to give the (μ-1-
H)2ZrPd(μ-1,2-N2H4)PdZr(μ-1-H)2 species, X/MgO, is
calculated to be exothermic by 7.8 kcal/mol, while the
similar reaction step was reported to be endothermic by
11.4 kcal/mol for the gas-phase reaction (see Figure 6).
The calculated energy barrier for the on-surface reaction
is almost twice smaller than that for the gas-phase reac-
tion, 15.9 versus 30.7 kcal/mol. In the resulting inter-
mediate X/MgO the formed N2H4 moiety is coordinated
to the Zr centerswith longZr-Nbonddistances, 2.53 and

2.54 Å (Figure 9a): in the gas-phase complex (μ-1-
H)2ZrPd(μ-1,2-N2H4)PdZr(μ-1-H)2 these distances are
reported to be a similar feature observed which is in
reasonable agreement with the corresponding bond dis-
tances, 2.43 Å (see Figure 5). The formation of the second
N2-H bond in X/MgO causes the shortening of the Zr2-
surface distance: in X/MgO it is 2.30 Å, versus 3.72 Å in
VIII/MgO. The Zr1-surface distance is elongated by
0.04 Å, and Pd1,2-surface distances are shortened by 0.05
and elongated by 0.02 Å, respectively. The above presented
geometry parameters indicate that the formed hydrazine
molecule should be relatively easily dissociated from the
complex X/MgO than its gas-phase analogue. Indeed, the
calculated energy of the reaction (μ-1-H)2ZrPd(μ-1,2-
N2H4)PdZr(μ-1-H)2/MgO f (μ-1-H)2ZrPd2Zr(μ-1-H)2/
MgO þ N2H4, 19.1 kcal/mol, is smaller than 26.3 kcal/
mol reported for the analogous reaction in the gas-phase
(see Figure 6). At the transition state TS4/MgO, that
connects X/MgO with VIII/MgO (see Figure 9d), the
broken H7-H8 bond is 1.12 Å, while the formed N1-H7

and Zr1-H8 bonds are 1.25 Å and 2.11 Å, respectively, and
the N1-N2 bond distance is found to be 1.46 Å.
Regeneration of the Zr2Pd2 from the intermediate XI/

MgO via stepwise H2 dissociation is calculated to be
endothermic by 50.5 kcal/mol: the dissociation of the first
H2 molecule from XI/MgO to give the Zr2Pd2H2/
MgO species, XII/MgO, is endothermic by 27.4 kcal/mol,

Figure 7. Calculated important geometry parameters (distances in Å, angles in degree) of theMgO-supported: (a)Zr2Pd2(μ-1,2-N2) complex II/MgO, (b)
transition stateTS1/MgO, (c) (μ-1-H)ZrPd(μ-1,2-N2H)PdZr complex IV, and (d) transition stateTS2/MgO. One should note that the atoms of the lowest
two layers of the MgO support are not shown for simplicity of presentation.
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while the dissociation of the second H2 molecule fromXII/
MgO to regenerate the reactant I/MgO is endothermic by
23.1 kcal/mol. Thus, the overall reaction Zr2Pd2/MgO þ
N2þ 4H2fZr2Pd2/MgOþN2H4þ 2H2 is calculated tobe
exothermic by 6.0 kcal/mol.
In summary, the above presented calculations show

that the coordination of N2 to I/MgO is exothermic by

25.6 kcal/mol versus 55.1 kcal/mol reported for the
“naked” Zr2Pd2 cluster, that is, the bonding energy of
N2 to Zr-centers is almost 30 kcal/mol smaller for the
absorbed cluster. This can be explained by interactions
between Zr-centers and MgO surface (i.e., an additional
bonding to Zr-centers). The addition of the first H2

molecule to the resulting II/MgO, that is, the reaction

Figure 8. Calculated important geometry parameters (distances in Å, angles in degree) of theMgO-supported: (a) (μ-1-H)ZrPd(μ-1,2-N2H2)PdZr(μ-1-H)
complex VI/MgO, (b) transition state TS3/MgO, (c) (μ-1-H2)ZrPd(μ-1,2-N2H3)PdZr(μ-1-H) compound VIII/MgO, and (d) transition state TS4/MgO.
One should note that the atoms of the lowest two layers of the MgO support are not shown for simplicity of presentation.

Figure 9. Calculated important geometry parameters (distances in Å, angles in degree) of the MgO-supported: (a) (μ-1-H)2ZrPd(μ-1,2-N2H4)PdZr-
(μ-1-H)2 compound X/MgO, and (b) (μ-1-H)2ZrPd2Zr(μ-1-H)2 species XI/MgO. One should note that the atoms of the lowest two layers of the MgO
support are not shown for simplicity of the presentation.
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II/MgO þ H2 f IV/MgO, proceeds with a relatively
small, 9.0 kcal/mol, barrier and is exothermic by
8.3 kcal/mol. The same reaction for the “naked” Zr2Pd2
cluster requires a slightly larger barrier (10.1 kcal/mol)
and is highly exothermic (by 23.3 kcal/mol). Thus, the
adsorption of the Zr2Pd2 cluster on theMgO(100) surface
only slightly increases the H2 addition barrier to the
coordinated N2 but significantly decreases the exother-
micity of the hydrogenation reaction. The addition of the
H2 molecule to the product IV/MgO (i.e., the addition of
the second H2 molecule to II/MgO) requires a larger
energy barrier, 23.3 kcal/mol versus 8.8 kcal/mol for the
“naked” cluster, and is exothermic by 20.5 kcal/mol
versus 18.2 kcal/mol reported for the “naked” Zr2Pd2
cluster. The addition of the H2 molecule to the VI/MgO
and VI (i.e., the addition of the third H2 molecule to II/
MgO and II, respectively) requires similar barriers 12.0
versus 16.8 kcal/mol, respectively, but is highly exother-
mic for adsorbed cluster compared to the “naked” spe-
cies, 13.6 versus 0.1 kcal/mol. The addition of the fourth
H2 molecule occurs with almost a twice larger barrier for
the “naked” than the adsorbed cluster, 30.7 versus 15.9
kcal/mol. Furthermore, this step of the reaction is endo-
thermic (by 11.4 kcal/mol) for the gas-phase cluster, while
it is exothermic by 7.8 kcal/mol for the adsorbed cluster.
Dissociation of the formed hydrazine molecule from the
adsorbed complex X/MgO and the “naked” complex X
requires 19.1 and 26.3 kcal/mol, respectively. Thus, the
presented energetics for the “naked” and MgO supported
Zr2Pd2 clusters clearly show that adsorption of Zr2Pd2 on
MgO(100) surface facilitates its reaction with N2 and four
H2 molecules, as well as formation of hydrazine from the
hydrogen and nitrogen molecules. However, in the
“naked” Zr2Pd2 cluster the rate-determining step is the
fourth H2 addition (which occurs with a 30.7 kcal/mol
barrier at the TS4), while for the adsorbed cluster it is the
second H2 addition (which requires a 23.2 barrier at the
TS2/MgO).
The reported differences in the reactivity of the

“naked” and adsorbed Zr2Pd2 clusters can be explained
by analysis of the nature of H2 addition in these systems.
Indeed, the above presented geometry parameters
(specially the N-N and Zr-N bond distances) of the
reported intermediates and transition states of the re-
actions clearly show that the reactions with the first two
H2 molecules are the H-H bond addition to the coordi-
nated N2 molecule (or N-N bond) and the Zr-N bonds:
at the corresponding transition states (TS1 and TS2 for
the gas-phase process, and TS1/MgO and TS2/MgO for
the on-surface reaction) the H-H and N-N bonds are
broken (or partially broken) simultaneously. For the gas-
phase reaction, the involved Zr-N bonds are elongated
but for the on-surface reaction, those bonds are shortened
because of different ligand environments. Indeed, during
these reactions the N-N bond elongates from 1.21 Å (in
II/MgO) to 1.30 Å (in IV/MgO) and to 1.44 Å (in
VI/MgO) for the on-surface reaction and from 1.31 Å
(in II) to 1.37 Å (in IV) and 1.43 Å (in VI) for the
gas-phase reaction. In contrast, the last two H2 addi-
tions (third and fourth) are mainly H-H activa-
tion between the corresponding Zr- and N-centers
(i.e., H-H addition to the Zr-N bonds): indeed, during
these reactions the N-N bond distance remains the

same, while Zr-N bond elongates significantly. Since
the Zr-N bonds of the pre-reaction complexes (VI and
VIII, for gas-phase reactions, and VI/MgO and VIII/
MgO, for the on-surface reaction) are much stronger in
the “naked” than in adsorbed cluster, one should expect
these steps to be relatively more demanding for the
former than latter.

IV. Conclusions

The following conclusion can be made from the above-
presented data.

(1) Adsorption of the Zr2Pd2 cluster on the MgO-
(100) surface mostly retains its gas-phase geo-
metry. While the DOS analysis suggests strong
mixing of electronic states of the MgO support
andZr2Pd2 cluster, the electronic structure of the
supported cluster is found to be similar to that of
its gas-phase counterpart.

(2) Adsorption of theZr2Pd2 cluster on theMgO(100)
support facilitates its reaction with nitrogen and
four hydrogen molecules to produce hydrazine,
that is, Zr2Pd2/MgO þ N2 þ 4H2 f (μ-1-H)2-
ZrPd2Zr(μ-1-H)2/MgO þ N2H4. The first step of
the reaction, the N2 coordination to the cluster, is
found to be approximately 30 kcal/mol less
exothermic for MgO-supported than gas-phase
cluster. The rate-determining step of the studied
reactions is the fourth H2 addition (which occurs
with a 30.7 kcal/mol barrier at the TS4), for the
“naked” Zr2Pd2 cluster, and the second H2 addi-
tion (which requires a 23.2 barrier at the TS2/
MgO) for the MgO-adsorbed cluster.

(3) The reactions of the resulting N2-complexes of
the “naked” and MgO-supported Zr2Pd2 clus-
ters with the first twoH2molecules are the H-H
bond addition to the coordinated N2 molecule.
In contrast, last two H2 additions (the reaction
with the third and fourth H2 molecules) are
mainly H-H bond activation between the cor-
responding Zr- and N-centers (i.e., the H-H
addition to the Zr-N bonds) of the pre-reaction
complexes.

Thus, on the basis of the results reported here one may
conclude that the embedding of free clusters of transition
metals on theMgO(100) surface is a very promising approach
that opens a way to utilize the high catalytic activity of these
nano-scaled clusters. Here, we predicted that the Zr2Pd2/
MgO(100) cluster can be an efficient catalyst for direct
hydrogenation of the nitrogen molecule.
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