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Abstract: The main purpose of this work is to study metal-molecule interactions that can lead

to the production of molecular hydrogen. Two systems were chosen for this analysis: yttrium

atom and clusters interacting with the simple electron donor ammonia (NH3) and copper atoms

and ions with imidazole. For yttrium with ammonia as well as for copper with imidazole there is

a charge-transfer process from the metal to the molecule that promotes the dissociation of the

hydrogen atoms.

Introduction
Human population growth has severe consequences for the
environment. One negative factor is pollution caused by the
emission of several gases related to the widespread use of
carbon-containing fuels. The emission of greenhouse gases
into the atmosphere is increasing due to a constantly growing
world energy demand and the amount of fossil fuels being
burned in order to meet that demand. The development of
zero emission energy production systems is one of the major
goals of many research efforts. The most attractive option
with regards to sustainability is the use of molecular
hydrogen as a fuel.1

It is well-known that in order to be sustainable, the
hydrogen production process must be water based, with no
consumption of raw materials and with zero emissions of
greenhouse gases. Electrolysis at low temperature is one of
the options, but, for the time being, that is more expensive
than the production of hydrogen from natural gas. Making
hydrogen using steam has two disadvantages, namely, that
the process consumes natural gas, another carbon-based
nonrenewable source, and produces carbon dioxide. Recently,
the manufacture of hydrogen by electrolysis at high tem-
perature2 has been reported. It is a promising idea that could
be used in the Icelandic geothermal context; however, the

appropriate heat exchangers necessary for this process are
still under development.

Nevertheless, the production of hydrogen from water is
not the only available option. There are many chemical
interactions that have hydrogen as one of the main products
of the reaction. Heterogeneous catalysis is one of several
procedures that can be used for this end. For the further
development of heterogeneous catalysis, the analysis of the
nature of the interaction between small molecules or radicals
and transition metals is very important. For this reason, the
reactivity of transition metals with numerous molecules and
radicals has been the subject of several studies.3-17 Many of
these studies focused on the reaction of transition-metal
atoms and clusters, and it was considered that the under-
standing of their reactivity with small molecules could shed
light upon several mechanisms of surface chemistry and
provide details of complicated processes associated with
heterogeneous catalysis. By considering only the processes
that produce hydrogen, we could arrive at the knowledge
necessary for the development of a water independent
hydrogen fuel technology.

Concerning the interactions of transition-metal atoms and
clusters with molecules that produce hydrogen, there have
been several studies reported recently. For example, some
groups have studied the dehydrogenation reactions of organic
molecules with Nb clusters and cluster cations.18-21 In
particular, ethene chemistry is well characterized for neutral
transition-metal atoms reactions in the gas phase. These
reactions with niobium atoms and clusters indicate de-
hydrogenation of ethene for all clusters, the extent of the
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reactivity depending on cluster size.21 The reactions of Nb
clusters with ethane lead to partially or fully dehydrogenated
products, involving mechanistic steps that are generally
barrierless. On the other hand, the dehydrogenation reaction
by a bare Nb atom and a cation22 proceeds by the formation
of a molecular hydrogen complex that releases hydrogen
without an energy barrier.

Other studies consider different aspects, but they are also
related to the formation of molecular hydrogen. For example,
DNA bases and their interaction with metal atoms have been
studied in order to analyze structural information that could
be relevant to the knowledge of metal effects on biological
processes.23 Despite the fact that the subject of these studies
is not the production of hydrogen, the results show that for
guanine-Cu and uracil-Cu anionic, it is possible to produce
the detachment of one electron from the anion and also the
removal of one hydrogen atom, with the consequent forma-
tion of molecular hydrogen. This could happen because the
vertical ionization energy of the anion is close to the
dissociation energy of one hydrogen atom. Elsewhere,
oxidative additions at the metal centers have been studied
due to their importance in organometallic reactions in
homogeneous catalysis.24 The first observation of the yttrium
imide (YNH) molecule in gas phase was made with laser
vaporization of yttrium metal in a molecular beam, using an
He/NH3 mixture as a carrier gas.25 In that study, the
interaction of yttrium atoms with ammonia was examined,
and it was reported that the reaction proceeds by the
formation of a M-NH3 molecular complex followed by an
oxidative addition. The formation of an yttrium imide
molecule (YNH) in the gas phase could also produce
molecular hydrogen.

Within this framework, the main purpose of this work is
to study metal-molecule interactions that can lead to the
production of molecular hydrogen. Two systems were chosen
for this analysis: yttrium atom and clusters interacting with
the simple electron donor ammonia (NH3) and copper atoms
and ions with imidazole. The noncovalent interaction with
metal ions present in the latter system is a simple model for
a wide variety of nitrogen-containing heterocycles. Both
systems contain a transition-metal atom with one unpaired
electron. The idea is to find the relationship between the
electronic structure and the reactivity of these systems, in
search of the production of hydrogen molecules. With this
objective, optimized geometries, net atomic charges, and
molecular orbitals are reported for Y-NH3, Y2-NH3, and
Cu-(imidazole)N (N ) 1-3, neutral and anionic), and several
reaction mechanisms are also analyzed.

Aromaticities computed via the HOMA indexes for the
imidazole molecules are reported, in order to analyze the
aromatic character of these systems. HOMA index can be
used to estimate an aromatic character ofπ-electron systems
(molecules, ions, or their fragments).

Computational Details
Density functional theory,26-28 as implemented in the suite
of programsGaussian 03,29 has been used to carry out all
calculations. The hybrid three parameters B3LYP30-32 func-
tional and the LANL2DZ33-45 basis set were used to perform

complete optimizations of molecular geometries without
symmetry constraints. Harmonic frequencies analyses36,37

allowed us to verify optimized minima.
Previous studies show that DFT reproduces equilibrium

geometries and relative stabilities with hybrid functionals,
which partially include the Hartree-Fock exchange energy.
The results are in good agreement with those obtained using
the Møller-Plesset perturbational theory at second order and
basis sets of medium quality, such as 6-31G(d,p), and cc-
pVDZ.38-40 For this reason, in this work, we are confident
of the results obtained with B3LYP.

The number of isomers used in the initial stage of the study
provided several initial geometries, which, in turn, allowed
us to widely explore the potential energy surface, in search
of the global minimum. Notwithstanding the difficulties
associated with the localization of the ground states, we
cannot exclude the possibility that the global minimum could
be missed. Nonetheless, the number of initial geometries
examined was large enough to reliably identify the global
minima in each system.

To compute vertical electron detachment energies (VEDE)
of anionic species and vertical ionization potentials of the
neutrals, further single-point calculations were required.
Formation energies for neutral and anionic species were
calculated using zero-point corrected energies.

Although there is no universally accepted method of
assigning electrostatic charges to atoms, and no experimental
technique is actually available to measure them directly, in
a former study, de Oliveira et al.41 reported the testing of
the quality of charges obtained via the Mulliken and Bader
population analysis methods. Those authors found a good
agreement between the methods, taking into account the
qualitative description of the atomic charges. Thus, in this
paper, Mulliken atomic charges are used to discuss the
qualitative behavior of the charge-transfer process.

The HOMA (harmonic oscillator model of aromaticity)
method42 was used as reported by Krygowski.43-46 The bond
lengths of the optimized structures were employed for the
study of aromaticity with this model.

Visualization of the results was carried out using the
Molekel47-49 and the Ball&Stick50 packages.

Results and Discussion
Y and Y2 with Ammonia. Our study is primarily stimulated
by experimental results, obtained some time ago,51 concern-
ing the reactivity of the yttrium atom toward ammonia, at
room temperature, in a fast-flow reactor. The yttrium nitride
species from these experiments were detected in ionization
but created as neutral. The results gave as very prominent
species Y2N, Y3N2, Y4N3, Y5N4, Y6N5, Y7N6, and Y8N7.
Nevertheless, the authors of a previous study reported52 that
the first step of the reaction is the formation of yttrium imide
(YNH) through the oxidative addition of the N-H bond of
ammonia and the elimination of molecular hydrogen. With
this in mind, in this study, we analyze the interaction of
ammonia with yttrium atom and dimer. In Table 1, we report
the systems considered in this paper. The selection of these
molecules is related to the available experimental informa-
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tion, since we used the ionization potentials to validate the
results. In Table 1, vertical and adiabatic ionization potentials
for the most stable structures are reported. Available
experimental results are also shown. Experimentally, ioniza-
tion potentials are always vertical. It may happen that they
correspond to adiabatic when there is a major change in
structures, but this is not the case for these systems. As may
be observed, theoretical values are in good agreement with
experimental results, except for Y2N (2B2 electronic state).
The reason for this disagreement between experimental and
calculated ionization potentials can be that the excitation arise
from high lying vibrational states or low lying electronic
states. The observed ionization potential value is smaller than
the calculated one. This is possible because the Y2N may
be excited by the plasma originating from the laser vaporiza-
tion source.51 The calculated vertical IP value for an excited
state (17.1 kcal/mol less stable,2B1 electronic state) matches
quite well with the experimental value (see Table 1).
However, for further discussion we will use2B2 electronic
state, given that it is more stable. Comparing experimental
values with theoretical values in Table 1, it is readily apparent
that, in most cases, the calculated ionization potential is
overestimated. The only theoretical value that is underesti-
mated with respect to the experiment is that for Y2NH. For
this system, other structures were considered for the opti-
mization. In Figure 1, Y2NH optimized structures are
reported. In Table 1, the corresponding IP theoretical values
are also reported. As may be observed, the promotion of an
hydrogen atom toward the metal atom leads us to a more
stable structure (by 4.1 kcal/mol). The ground state is a specie
that contains one hydrogen atom interacting with two metal
atoms. The hydrogen atomic charge is positive in the Y2NH
(imide), while it is negative for the other structures. The
energy difference between these species is very small, and
we may consider that we are at the limits of the calculation.
Comparing the experimental IP with the theoretical values
reported in Table 1 for these isomers, it is apparent that
agreement is more or less the same for the three structures.
With these results, it is not possible to say that one structure
is more stable than the others. Further studies, now in
progress, consider the energy barriers and possible transition
states necessary to determine whether the hydrogen atom is

bound to the metal or not. At this point, and for this study,
the discussion will continue with Y2NH (imide), since we
would like to compare the results with those obtained for
YNH and Y3N2H.

Optimized structures of the systems considered in this
work are reported in Figures 1 and 2. All species are neutral.
The first reaction of ammonia with the yttrium atom has been
described as an oxidative addition to produce yttrium imide
(YNH).17,25The reported Y-N bond distance is 1.877 Å and
1.926 Å, for experimental and theoretical values, respec-
tively.17 As can be seen in Figure 1, the optimized bond
length (1.89 Å) is in very good agreement with the
experimental value. In addition, the error in the calculated
ionization energy is minor, and it is possible to say that the
difference is small enough for a reliable assignment of YNH
stable structure.

In Figures 1 and 2, Y2N and Y2NH are observed to have
a bent structure, with a bond angle close to 130 degrees.

Table 1. Vertical and Adiabatic Ionization Potentials (in
eV) of the Systems Considered in This Work for the
Interaction of Yttrium with Ammoniaa

2S+1
calcd vertical

IP (eV)
calcd adiabatic

IP (eV)
exptl

IP (eV)

Y2 5 5.07 5.04 4.98
YNH 2 5.95 5.94 5.84
YN 1 6.38 6.37 ∼6.4
A Y2NH 1 5.41 5.20 5.5
B Y2NH 1 5.64 5.21 5.5
C Y2NH 3 5.16 5.11 5.5
Y2N 2B2 2 5.30 5.20 4.4
Y2N 2B1 2 4.58 4.46 4.4
Y3N2H 3 4.74
Y3N2 2 4.54 4.50 4.27

a Experimental available information is also shown (Simard, private
communication).

Figure 1. Relative stability between optimized Y2NH isomers.

Figure 2. Optimized geometries for the most stable isomers
of the YmNx and YmNxH species. Bond lengths, in Å, and
atomic charges, in au, are also shown.
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Y-N bond length is shorter for Y2N than for Y2NH (imide).
Molecular orbital pictures reported in Figures 3 and 4 (for
Y2NH and Y2N, respectively) are quite similar. The exception
is orbital 11. For Y2NH, this orbital has an antibonding
interaction between N and the metal atoms, and this explains
the differences in the bond distances with respect to Y2N.
The bent structure is promoted by the bonding interaction
of the yttrium d orbitals in both systems. HOMO are
nonbonding orbitals located on the metal atoms, while the
LUMO is a metal-metal antibonding orbital. As Figure 2
shows, this bent shape is observed in all of the systems.
Moreover, with and without the hydrogen atom, the structures
for Y3N2 and Y3N2H are very similar.

For all species, the analysis of the net atomic charges from
the Mulliken population analyses indicates that metal atomic
charges are positive, while nitrogen atomic charges are
negative, as might be expected. There is a charge-transfer
process from the Y atoms to either the NH moiety or the N
atom. At the beginning of the reaction, it may be considered
that there is a donation of the electron pairs from the
ammonia molecule to the metal atoms. For this donation,
the vacant orbitals of the yttrium atoms play a fundamental
role. After this dative bond is formed, there is a back-
donation to the p orbitals of N. The charge-transfer process
from the Y atoms to the NH moiety promotes the dissociation
of the ammonia molecule. It appears that the reaction

mechanism involves a charge-transfer process from the Y
to the ammonia.

In order to analyze the reaction for the production of
molecular hydrogen, Table 2 reports the binding energies
for different reaction paths. For these analyses, only the
molecules with experimental determination of the ionization
potential were considered. The exception is Y3N2H, since
the experimental value has not yet been determined, and we
use the optimized structure as the product of one of the
reactions.

The YNH molecule may perhaps interact with different
reactants that could be present in the experiment. The first
consideration for the reaction of yttrium imide is the

Figure 3. Molecular orbital pictures of Y2NH. Figure 4. Molecular orbital pictures of Y2N.

Table 2. Formation Energies (in kcal/mol) for the
Reactions Schemes under Study, for the Interaction of
Yttrium with Ammonia

reaction ∆E (kcal/mol)

A 2 YNH f 2 YN + H2 107.4
B Y + YNH f Y2NH -65.0
C Y + YNH f Y2N + H -10.7
D Y2NH + YNH f Y3N2 + H2 -69.8
E Y2N + YNH f Y3N2H -90.8
F Y2N + YNH f Y3N2 + H -19.7
G Y + Y f Y2 -25.5
H Y + NH3 f YNH + H2 -30.6
I Y2 + NH3 f Y2NH + H2 -70.2
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interaction between two equal molecules (scheme A in Table
2). The reaction produces YN and H2. As may be observed,
this reaction is not energetically feasible, given that the
products of the reaction are less stable than the reactants by
more than 100 kcal/mol. Yttrium imide could also interact
with yttrium atoms, yielding Y2NH or Y2N and atomic
hydrogen (schemes B and C, Table 2). In both cases, the
products are more stable than the reactants. Comparing these
two reactions, it is energetically more favorable to produce
Y2NH than Y2N plus H.

After the formation of YNH, Y2NH, and Y2N, these three
molecules could join up in such a way that they produce a
cluster with three yttrium atoms, nitrogen, and with or
without hydrogen, as may be observed in Table 2 (schemes
D-F). Y2NH and YNH react to form Y3N2 plus molecular
hydrogen (path D). The stabilization energy is close to 70
kcal/mol, so the formation of molecular hydrogen seems to
be energetically feasible. On the other hand, YNH interacts
with Y2N, and there are two possible paths for the reaction:
the formation of Y3N2H (scheme E) or the production of
Y3N2 and H (scheme F). The experimental ionization
potential for Y3N2H has not been reported as yet, so we do
not know if it is possible to obtain this product in the
experiment. Comparing both reactions, we may say that it
is energetically more stable to produce Y3N2H than Y3N2

and H.

It is not only the Y atom that is capable of reacting with
ammonia to form H2, given that Y2 is also a potential
reactant. We may suppose, however, that Y and ammonia
are at the beginning of the reaction. The first interaction
produces YNH and H2 and also Y2. Looking at the values
in Table 2, it may be observed that the binding energies are
similar for both reactions (-30.6 and-25.5 kcal/mol, for
the formation of YNH and Y2, respectively). After this first
interaction, ammonia, Y, Y2, and YNH could be present in
the reactor. The dimer can interact with ammonia to form
Y2NH and H2; yttrium could react with YNH to form Y2NH
(schemes I and B, respectively), and, once again, the binding
energies for these two processes are comparable. In Figure
5, the scheme of the reaction between Y2 and ammonia is
reported. As may be observed, there is a first approximation
of the ammonia molecule to one of the metal atoms, followed
by the formation of Y2NH and H2. The energy differences
indicate that both interactions are feasible, since the products
are more stable than the reactants. The most probable reaction
is the formation of Y2NH and H2, because H2 is a relatively
stable molecule. Comparing this reaction with the formation
of Y2NH, starting from Y and YNH (path B), it is possible
to say that the stability is fairly similar. If Y, Y2, and YNH
are together in the experiment with ammonia, it is probable
that Y2NH will be formed, with the consequent production
of H2.

From all these reactions, it is possible to conclude that
YNH could react with Y2NH to produce H2 and that the
yttrium dimer is a possible reactant also, producing molecular
hydrogen and Y2NH. These results consider that ammonia
is the limiting reactant. If ammonia is in excess, we should
consider other interactions with ammonia as we did in a
previous study.52 In that prior report, experimentally and

theoretically, we concluded that yttrium imide reacts with
ammonia to form a species with the general formula
YNH(NH3)n. DFT calculations revealed evidence supporting
the dissociative absorption of NH3 by YNH to form Y(NH2)2.
This diamide specie can absorb additional NH3 molecules
to form Y(NH2)2NH3, Y(NH2)2(NH3)2, and Y(NH2)2(NH3)3.
The diamide species are more stable than the imide com-
plexes (YNH(NH3)n) by approximately 30 kcal/mol. These
stabilization energies are similar to the energy differences
reported in Table 2 for the interactions between Y atoms to
form Y2; however, the formation of the diamide species is
energetically less favorable than the formation of Y2NH
(from Y2 plus NH3), Y3N2 (from Y2NH plus YNH), and
Y3N2H (from Y2N and YNH) (see Table 2). In accordance
with that stated up to this point, oxidative addition is the
first step of the reaction of the yttrium atom with ammonia
to form the imide species. Yttrium atoms could also interact
and yttrium dimers will be formed, since the binding energies
are similar (-30.6 and-25.5 kcal/mol). If ammonia is the
limiting reactant, it is most probable that YNH will react
with Y, Y2NH, and Y2N, as may be observed in Table 2. If
Y2 is already formed, then the addition of one ammonia
molecule to Y2 to form Y2NH + H2 will occur. If the dimer
is not formed because ammonia is in excess and the most
probable reaction is the formation of YNH, then we may
consider that the sequential addition of three further NH3

molecules to YNH, in order to produce the diamide species,
is a possible reaction. Nonetheless, the formation of the
diamide species is energetically less favorable, so it is
possible to say that, in the presence of YNH, Y, Y2, and
ammonia, the most energetically favorable reactions include
the formation of Y2NH and H2.

Currently, the optimum reactions for the production of H2

are with Y2NH and YNH (path D in Table 2) and Y2 with
ammonia (path I). YNH could also react with ammonia
molecules to form the diamide species. To avoid competition
with the diamide formation, it is preferable to have ammonia
as the limiting reactant. If this is the case, it is possible to
control the experiment in order to have only the following

Figure 5. Reaction between NH3 and Y2. Two possible paths,
one with NH3 simply adsorbed to Y2, and the other with H2

production. Bond lengths are in Å, and atomic charges in au
are also shown.
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reactions that are energetically viable:

If the production of Y2 is controlled, then it is possible to
obtain molecular hydrogen through the following reaction:

The nature of the relationship between the size of the metal
cluster and the reactivity of these clusters with ammonia is
still an open question, and further calculations are in progress
in an attempt to find an answer.

Cu-(imidazole)N (N ) 1-3). Imidazole has a five-
membered planar ring structure. Two p electrons are located
on N1; N3 and the three carbon atoms provide one p electron
each to form a sextet aromaticπ system. Additionally, N3
has a lone pair of electrons in the plane of the molecule.
Consequently, imidazole has multiple binding sites and could
interact with atoms or molecules as an aromaticπ ligand or
as a simpleσ ligand.53 In this study, the interaction of
imidazole molecules with copper atoms is analyzed (neutral
and anionic). The study of the anionic species is important
because we would like to know if it is possible to obtain
molecular hydrogen from these compounds. Given that there
is an electronic repulsion between the copper atom and the
imidazole molecule in the Cu-imidazole (neutral) system,
we may consider that this electronic repulsion will be bigger
in the anionic species. Other studies on anions, such as Cu-
guanine and Cu-uracil,23 conjectured that it could be
possible to produce the dissociation of one hydrogen atom

from these species. According to this thesis, it is necessary
that we study the neutral and anionic Cu-(imidazole)N
compounds, in order to ascertain whether the dissociation
of hydrogen is energetically favorable.

Table 3 reports the optimized structure of Cu-imidazole
(neutral and anionic). Bond lengths and atomic charges are
also shown. In a previous work, Wang et al.54 reported an
experimental and theoretical study of Al and Cu-imidazole,
neutral and cationic. They produced Al and Cu-imidazole
in laser-vaporization supersonic molecular beams, determined
the zero electron kinetic energy (ZEKE) spectrum, and used
the second-order Moller-Plesset (MP2) theory to perform
a theoretical study. Theσ structure was found to be more
stable than theπ structure. The weakness of this bond
between Cu and imidazole is attributed to the antibonding
(HOMO) interaction and the electron repulsion between the
N lone-pairs and the Cu 4s electrons. Comparing the
optimized structures for Cu-imidazole at the MP2 level with
the structure that we obtained with B3LYP and LANL2DZ
(see Table 3), it may be said that they are in good agreement.
The optimized Cu-N bond distance is 1.978 and 2.03 Å,
for MP2 and B3LYP, in that order. The electronic state is
the same (2A′). This comparison is useful for validating our

Table 3. Anionic and Neutral C3H4N2Cu Optimized
Geometriesa

a Bond lengths are in Å, atomic charges in au.

Y + NH3 f YNH + H2

YNH + Y f Y2NH

Y2NH + YNH f Y3N2 + H2

Y2 + NH3 f Y2NH + H2

Table 4. Anionic and Neutral C3H3N2Cu Optimized
Geometriesa

a Bond lengths are in Å, atomic charges in au.

Table 5. Reactions of Cu-(imidazole)N Species with H2

Productiona

reaction
∆E

(kcal/mol)

I 2 C3H4N2Cu f 2 C3H3N2Cu + H2 9.3
II 2(C3H4N2Cu)-1 f 2(C3H3N2Cu)-1 + H2 -12.8
III (C3H4N2)2Cu f (C3H3N2)2Cu + H2 7.0
IV [(C3H4N2)2Cu]-1 f [(C3H3N2)2Cu]-1 + H2 -48.9
V (C3H4N2)3Cu f (C3H4N2)2Cu(C3H2N2) + H2 14.5
VI [(C3H4N2)3Cu]-1 f [(C3H4N2)2Cu(C3H2N2) ]-1 + H2 -32.9

a Reaction energies are in kcal/mol.
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methodology, since the MP2 calculations agree with the
experimental results that they also reported.

After this validation, we can compare the bond distances
shown in Table 3 for the neutral and the anionic species.
The bond length is shorter for the neutral than for the anionic.
The electron repulsion between the N lone-pairs and the Cu
4s electrons is higher in the anion, due to the fact that the
extra electron is located on the metal atom. This corresponds
with the values for the electron affinity, given that, for
copper, it is higher than for the imidazole. The negative metal

atom is moved from the nitrogen atom in the neutral to an
hydrogen atom in the anion.

In order to analyze the effect of the dissociation of one
hydrogen atom, in Table 4, the optimized structures for (Cu-
imidazole)-H compounds (C3H4N2Cu, neutral and anionic)
are reported. As may be observed, when the hydrogen atom
is removed, the Cu-N bond distance shortens in both
systems, neutral and anionic. The electron repulsion is
reduced because the metal atom is less negative (for the
neutral it becomes positive), and the extra electron of the

Table 6. Anionic (A) and Neutral (B) (C3H4N2)2Cu Optimized Geometriesa

a Bond lengths are in Å, atomic charges in au.

Table 7. Anionic (A) and Neutral (B) (C3H3N2)2Cu Optimized Geometriesa

a Bond lengths are in Å, atomic charges in au.
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anion is spread over the imidazole molecule. Therefore, the
negative charge is mainly located on the carbon atoms instead
of on the nitrogen atoms. Concerning the aromaticity, as the
HOMA values indicate in Tables 3 and 4, the imidazole
molecule is more aromatic in the anionic than in the neutral.
The extra electron is responsible for this behavior.

With these structures we can analyze the reaction for the
production of molecular hydrogen, as can be seen in Table
5. Considering the neutral systems, the dehydrogenation
reaction to produce H2 is energetically unfavorable. However,
the formation of H2 from Cu-imidazole anion is favorable
(-12.8 kcal/mol).

The results for the species with one copper atom and two
imidazole molecules are quite similar, as can be seen in

Tables 6 and 7. For the neutrals, the structures with and
without two hydrogen atoms are planar, while, for the anions,
the imidazole molecules are not in the same plane. Cu-N
bond lengths are almost the same for the neutral and the
anion Cu-(imidazole)2-2H systems ((C3H3N2)2Cu), see
Table 7), and these bonds are shorter than the same bonds
of the Cu-(imidazole)2 species. The atomic charge of the
copper atom is negative for complexes with full imidazole
molecules, as can be seen in Table 6, where the negative
metal atom is oriented toward the positive hydrogen atoms.
Conversely, copper atoms are positive on the Cu-(imid-
azole)2-2H complexes. From this, we can infer that the
positive metal atomic charge promotes the bond with the
nitrogen atom (negatively charged). The aromaticity of

Table 8. Anionic (A) and Neutral (B) (C3H4N2)3Cu Optimized Geometries

a Bond lengths are in Å, atomic charges in au.

Table 9. Anionic (A) and Neutral (B) (C3H4N2)2Cu(C3H2N2) Optimized Geometries

a Bond lengths are in Å, atomic charges in au.
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imidazole molecules on these species is more or less the
same. The less aromatic compound is Cu-(imidazole)2-
2H neutral. Departing from these structures, we analyzed
the dehydrogenation reaction in order to obtain H2. The
results are reported in Table 5. It may be observed that the
reaction for the anionic system is energetically favorable
(-48.9 kcal/mol), whereas for the neutral, the products of
the reaction are less stable than the reactants, by 7 kcal/mol.

In Tables 8 and 9, the most stable optimized structures of
Cu-(imidazole)3 and Cu-(imidazole)3-2H ((C3H3N2)2Cu-
(C3H2N2), neutral and anionic) are reported. As can be seen,
the results are similar to those for the optimized structures
with one and two imidazole molecules. The most stable
structures of Cu-(imidazole)3 (neutral and anionic) contain
one isomer of the imidazole having two hydrogen atoms
bonded to one carbon atom and nitrogen atoms that have no
hydrogens. The interaction of copper and two imidazole
molecules takes place on two negatively charged nitrogen
atoms and, moreover, forms a “bridge” with two hydrogen
atoms of the opposite imidazole molecule. When two
hydrogen atoms are detached, the structures are planar and
two N-H interactions are formed. The metal atom is
connected to the three molecules, from one carbon atom and
two nitrogen atoms. HOMA values indicate that the imid-
azole molecule that contains two hydrogen atoms bonded to
a carbon atom is less aromatic, as could be anticipated from
the bond distances. When one hydrogen atom is detached,
in the neutral molecule, the HOMA values indicate that the
aromaticity of the imidazole molecules is the same, while
for the anionic it is different. One imidazole molecule situated
in the middle is less aromatic than the others. In Table 5, it
may be observed that the dehydrogenation reaction is
energetically stable for the anion, but not for the neutral, as
was found for the species with one and two imidazole
molecules.

Comparing the formation energies for the three systems
under study, we may say that the most favorable reaction is
the one where the copper atom is more positive (+0.33 in
Cu-(imidazole)2-2H). The formation energy is proportional
to the positive charge of the copper atom on the dehydro-
genated products. It appears that there is a charge-transfer
process from the copper atom to the nitrogen atoms of the
imidazole molecules. When this charge transfer is large, the
interaction energy is similarly large. For the thermodynami-
cally stable production of H2 from Cu-(imidazole)N, the
species must be anionic.

Conclusions
Two systems were considered for the study of metal-
molecule interactions that can lead to the production of
molecular hydrogen: yttrium atom and clusters interacting
with the simple electron donor ammonia (NH3) and copper
atoms and ions with imidazole.

For yttrium with ammonia, oxidative addition is the first
step of the reaction where the imide species is formed;
however, yttrium atoms could also interact, forming yttrium
dimers as a result. If ammonia is the limiting reactant, it is
most probable that YNH will react with Y, Y2NH, and Y2N.
If Y 2 is already formed, the addition of one ammonia

molecule to Y2 to form Y2NH + H2 will occur. If the dimer
is not formed, because ammonia is in excess and the most
probable reaction then is the formation of YNH, we may
consider that the sequential addition of three further NH3

molecules to YNH, in order to produce the diamide species,
is a possible reaction. To avoid competition with the diamide
formation, it is preferable to have ammonia as the limiting
reactant. From this analysis, it is possible to conclude that
the optimum reactions for the production of H2 are those
with Y2NH and YNH and Y2 with ammonia.

For copper with imidazole, the dehydrogenation reaction
is energetically stable for the anion but not for the neutral.
For yttrium with ammonia as well as for copper with
imidazole there is a charge-transfer process from the metal
to the molecule that promotes the dissociation of the
hydrogen atoms. Further studies are required if conclusions
are to be drawn regarding the common characteristics
necessary in the metal-molecule interactions, in order to
produce molecular hydrogen. It is important that we learn
more about the energetic barriers, the interaction of copper
with ammonia, and also the interaction of yttrium with
imidazole, in order to be able to make a complete comparison
between these two systems. Calculations are in progress with
a view to answering these questions and also in understanding
the relationship between the reactivity and the size of the
metal clusters.
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