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Abstract
One of the most serious candidates for safe storage of high hydrogen densities is ammonia borane,

AB. Likewise, one of the most versatile catalysts known is gold in the form of atomic clusters. Tak-

ing these elements into account, in this work a density functional theory -based study about initial

activation, detachment, and diffusion of ammonia borane hydrogen on gold tetramer, as a catalyst

model, is developed. It was found that the total process is exergonic and that the hydrogen diffu-

sion occurs with very low energy barriers. The process has a hydrogen detachment energy barrier

lower than the one of the uncatalyzed AB, and that is easily overcome by the energy expelled in

the previous stage of formation of the initial activated species. Additionally, all the process is

assisted by the fluxionality of the gold cluster, and occurs via a unique catalytically activated initial

species, which contains a three-center simultaneous interaction at the catalytically activated zone.
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1 | INTRODUCTION

Research about new ways for practical, safe, and economically convenient storage and release of large quantities of hydrogen in small volumes is

today a very important issue.[1,2] Hydrogen has an energy content by mass almost three times superior to petroleum,[3] is the most abundant sub-

stance in the universe, is source-independent, and its combustion product, water, is environmentally friendly. Additionally, the availability of acti-

vated hydrogen is highly relevant for a large number of reactions in the chemical industry, where reduction or hydrogenation are necessary

steps.[4,5] Among lightweight hydrogen storage materials, ammonia borane, AB (H3BNH3), is a substance that contains large amounts of hydrogen (a

total of 19.6 wt.%),[3] which is relatively easy to extract, either by direct or by assisted thermolysis,[6,7] by catalyzed room temperature

solvolysis,[3,8–11] or by other methods.[12–15] Additionally, AB can be easily and safely transported,[16] because, on the one hand, is a relatively stable

solid at room conditions,[3,6,16] and is a substance soluble in many solvents, such as water, methanol, and tetraglyme.[3,8–12]

It has been found that the use of transition metals as catalysts in the AB dehydrogenation has the advantage of avoiding the expenditure of

large amounts of energy, necessary for the hydrogen release.[7,16–18] Even, in some cases, the catalysis has emerged as a solution to diminish the

unwanted by-products of hydrogen release.[10,12,18] Transition metals of different nature, both noble and non-noble, as well as binary or tertiary

combinations among them, have shown catalytic activity toward the extraction of hydrogen from AB.[3,8–12,17,18] In the case of nanoparticles, the

studies show that although some transition metals are better than others, the decrease in size (within certain limits and conditions [19]) of the nano-

particles of the used metal and the increase in their structural disorder, are factors that greatly enhance their catalytic capabilities, regardless of the

metal nature.[3,10] Even the modulation of these factors has allowed the transformation of catalytically inactive metals into active ones.[3,10] This is

an indication of compliance, in this case, of a known usual fact in the field of catalysis: the catalytic activity increases with the number of structural

corners and edges on the catalyst surface, where the active sites consist in low coordinated atoms, or subjected to interaction with its neighbors

resulting in less energy-favored geometries.[4,20]

The initial step in metal-catalyzed dehydrogenation of AB, is the weakening of the boron–hydrogen bond, through the formation of a

metal–hydrogen and metal–boron binding interactions,[12,21,22] which has been also described as an agnostic interaction.[23] After that, accord-

ing to the conditions and the dehydrogenation method used, the mechanisms can vary. This not only applies to the dehydrogenation assisted
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by metal complexes in organic solvents,[12,22,23] but also to metal-catalyzed hydrolysis,[21] where it was traditionally believed in another initial

mechanism.[3,8,20]

On the other hand, in the field of catalytic hydrogenation reactions, one important step is the generation of activated hydrogen. This is tradi-

tionally achieved through the catalytic dissociation of molecular hydrogen using different type of catalysts.[4,24,25] It has been found that especially

efficient has been the use of small catalytic particles, such as nanoparticles, small metallic clusters, and even individual atoms, supported on different

type of surfaces.[4,25–28] In the case of metallic clusters supported on surfaces, one relevant sequence of catalytic processes starts with the hydrogen

dissociation, followed by the diffusion of hydrogen atoms through the metallic clusters, and finally, the induced spillover of the hydrogen atom over

the surface, wherein the hydrogen–surface interaction is weak enough to allow easy access of reactive hydrogen.[24,25,28,29] In this regard, gold has

been used both, as noble metal cluster catalyst,[25,29] or as support surface.[28] In fact, since the discovery of catalytic properties of gold in the form

of nanoparticles and small clusters,[30] this noble metal has been one of the most studied as a catalyst. One very interesting property of gold clusters

is the structural fluxionality, namely, the interconversion among cluster structures, which, remarkably, can also influence catalytic processes.[31–34]

Gold fluxionality is due to the habitual existence of large amount of structures very close in energy to the global minimum. This process occurs so

easily that has been possible to observe it directly and in real time over surfaces.[28]

In view of all the elements exposed above it could be interesting to work out the following questions: How feasible is the removal of a hydrogen

atom from AB by using a gold cluster, and how easy is the further diffusion of this atom on the cluster? What is the nature of the bonding during

the initial AB catalytic activation (the formation of “adsorption” complexes)? Is the catalytic process assisted by the fluxionality of the catalyst? In

this work, we offer a computational study to contribute in the answer of these questions by using neutral gold tetramer as a representative cluster.

Au4 has the advantage of being a much-studied system from theoretical and experimental point of views.[35–38] For example, it has been used as a

viable and representative model of supported small clusters for dehydrogenation reactions.[25,29] Additionally, Au4 is small enough to be studied at

high theory levels, but is of sufficient size to present the fluxionality phenomenon.

2 | COMPUTATIONAL METHODS

A crucial first stage is to find the most energetically favorable initial adduct resultant of the interaction between ammonia borane and the catalyst,

that is, finding the initial activated species. The subsequent catalytic transformations would start from this species. To achieve this, it is convenient

to have a methodology for a sufficiently exhaustive scan of the configurations space for the possible interactions between AB and Au4, especially in

low-energy areas. We have found that stochastic-based search of suitable candidate structures for the mutual AB and Au4 spatial disposition, and

their subsequent gradient-based optimizations, has proven to be a very successful combination of methodologies. Among stochastic-based methods,

ASCEC[39,40] has demonstrated to be very effective, both for atomic and molecular clusters of diverse nature.[33,39–44] ASCEC is a simulated anneal-

ing algorithm in which the Metropolis criterion has been modified in such a way that it is possible to ensure exhaustive scans, moving down from

high energy areas to areas of the lowest possible energies for the studied adducts. In the present work, for the ASCEC calculations, the AB and Au4

respective centers of mass were located at the center of cubic cages of 4 to 6 Å of edge, from which the respective random walks started. For the

evaluation of the singlet-point energies for each AB and Au4 stochastic geometrical disposition, we used the HF/LANL2DZ model chemistry by

means of GAUSSIAN 09,[45] which is called during ASCEC routines. For the subsequent gradient-based geometry optimizations of the candidate

structures (produced by ASCEC), the ZORA (Zeroth-Order Regular Approximation) scalar relativistic PW91/TZ2P level of theory was employed,

using the ADF2013.02 program.[46] The ZORA scalar relativistic methodology incorporates relativistic effects in the Hamiltonian and is practically

gauge invariant and especially suitable for valence orbitals.[47] The PW91 functional is a generalized gradient approximation (GGA), in which the

functional depends on local density and its gradient. This combines exchange and correlation functionals, developed by Perdew and Wang.[48,49] The

TZ2P basis set are, as all the basis used in ADF, slater-type orbitals (STOs). They include Triple-zeta with two polarization functions as implemented

in ZORA/TZ2P basis set files of ADF program.[46] For our systems, we use the all electrons basis set. The stochastic-based search of candidate initial

configurations (ASCEC) is only a first selection filter and, therefore, it is not necessary nor efficient to use a more sophisticated level of theory for

singlet-point energy evaluations. The LANL2DZ basis set employed in ASCEC includes pseudopotentials to take into account the relativistic effects

in gold atoms. These effects are much better considered by the ZORA scalar relativistic method, used in the gradient-based optimization stage. Our

previous studies about the C2H2AAu7 system[33] yielded excellent results with this combination of computational levels of theory, which were in

agreement with several experimental evidences about the systems Au7 and C2H2.
[33]

The respective isolated AB and Au4 lowest energy structures at PW91/TZ2P level of theory were used as initial geometries in our calculations.

For the AB molecule, the staggered conformation is the lowest energy isomer. The ZORA-PW91/TZ2P BH, BN, and NH bond lengths are 1.214,

1.651, and 1.021 Å, respectively, which agrees very well with the experimental ones for the AB in the gas phase: 1.216, 1.646, and 1.024 Å,

respectively.[6]

Contrary to the case of the isolated AB molecule, in which only one geometrical shape is possible, and in which the conformational isomerism

does not introduce differences for the interaction with the catalyst, in the case of Au4 it is necessary to pay special attention to properly locate its

lowest energy configurations. In fact, for Au4 there are two different geometrical motifs, very close in energy to each other (see Figure 1A).[35] The
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global minimum corresponds to a D2h rhomboid-like geometry, and the second most stable geometry to a C2v Y-like geometry, at only 0.041 eV

above; both structures at singlet spin state. The theoretical description that the lowest energy isomer is the D2h rhomboid one (Figure 1A) coincides

with experimental and theoretical findings for neutral gold tetramer.[37,38] Likewise, the theoretical descriptions also found that this structure is fol-

lowed by some hundredths of eV by the C2v Y-like structure (see e.g., Ref. 37). Additionally, multiconfiguration self-consistent-field (MCSCF), fol-

lowed by multireference configuration interaction (CI) calculations predict that the peripheral AuAAu bond lengths for the rhomboidal geometry is

of 2.69 Å,[36] which is the same value found by us at ZORA scalar relativistic PW91/TZ2P level of theory (2.688 Å).

The final structures, resulting from the combination ASCEC/optimizations, were reoptimized at PW91/Def2TZVP level of theory, which was

also used to obtain the energy profiles for hydrogen release and diffusion on Au4, and studies about the nature of the initial ABAAu4 equilibrium

species (all of them using GAUSSIAN 09 suit of programs [45]).

Def2TZVP is a basis set which incorporates scalar relativistic effects through effective core potentials (60 inner electrons for the Au case). For

the remaining electrons it uses valence triple-zeta polarization gaussian functions.[50,51]

For the systems of our interest, the PW91/Def2TZVP model chemistry turns out to be pretty much equivalent to the PW91/TZ2P one. For

example, the changes in the ABAAu4 bond lengths in going from the structure optimized with PW91/TZ2P to the one optimized with PW91/

Def2TZVP, were, in average, of only 0.14% (see Appendix 1 in the Supporting Information). Conversely, for the AB isolated structure the geometri-

cal parameters using the PW91/Def2TZVP model chemistry are very close to the experimental ones (named above; 1.216, 1.646, and 1.024 Å for

BH, BN, and NH bond lengths, respectively[6]). They are 1.215, 1.648, and 1.023 Å, for BH, BN, and NH bond lengths, respectively. Again, those val-

ues are so close to the ZORA-PW91/TZ2P ones, listed above.

All the above facts give us confidence in the correctness of the sequence of methodological approaches used in our systems.

Appendix 2 summarizes the comparison of our calculations for the species, AB, Au4, and ABAAu4 with the data of the literature, when it is

possible.

The construction of the energy profile for the hydrogen release and diffusion on Au4 were carried out by means of one of the following strat-

egies for each of its elementary steps: (a) Searches for the possible transition state, TS, followed by calculations of intrinsic reaction coordinate, IRC.

The TSs were found by relaxed scan tests (geometric optimizations at PW91/Def2TZVP level, after the sequential variation of some coordinate of

the system), and posterior optimizations of the candidates structures at PW91/Def2TZVP level using Berny algorithm.[52] Calculations of IRCs were

carrying out by the Hessian based predictor-corrector integrator algorithm,[53] starting from the found TS. (b) Providing the reactant and a possible

product (taking from optimization of some candidate structure), search for the TS using the Synchronous Transit-Guided Quasi-Newton Method.[54],

and then reoptimization of the TS structure at PW91/Def2TZVP level using Berny algorithm.[52]

Calculations were done at singlet spin states; we compared the relative energies of the resultant structures with respect to similar or different

structures at higher spin multiplicities, finding that the singlet structures are always those with the lowest energies. Conversely, the characterization

of all the structures as local or global minima (no negative eigenvalues of the Hessian matrix) or as transition states (one negative eigenvalues of the

FIGURE 1 A, The two lowest energy structures of Au4: the D2h rhomboid-like geometry (left) is the global minimum, which is at 0.041 eV
below the C2v Y-like geometry (right). B, The lowest energy structures for the initial interaction of AB and Au4. They correspond to optical
isomers having, obviously, the same energy. The four structures of this figure correspond to singlet spin states at ZORA scalar relativistic
PW91/TZ2P level of theory (For details see Computational methods)
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Hessian matrix), were done with frequency calculations at the same level of theory of optimizations at each stage of calculations. Gibbs free energies

at 298.15 K were estimated by standard statistical thermodynamics for ideal gases as is implemented in frequency calculations routines of GAUS-

SIAN 09.[45] Cartesian coordinates for all resultant structures are set forth in the Appendix 3 of the Supporting Information.

The nature of bonding for the initial activated species was examined by a combination of Natural Bond Orbital, NBO,[55,56] Quantum Theory

of Atoms in Molecules, QTAIM,[57] and Adaptive Natural Density Partitioning, AdNDP,[58] methodologies. Wiberg bond indices, natural charges

and second-order perturbation theory analysis of Fock matrix were calculated along the lines of the NBO 6.0 program.[56] Wiberg bond indi-

ces[59] correspond to the off-diagonal density matrix elements squares sum between the atom pairs of the system, being, in this case, the

requested orthonormal basis the natural atomic orbitals.[56] They are used as approximations to share-like or covalent bond orders. In rough

terms, Wiberg bond indices close to 1, 2, etc., indicate single, double, etc., pure covalent bonds, respectively. Second-order perturbation theory

analysis of Fock matrix quantitatively estimates donor (bond)-acceptor (anti-bond) interactions in the NBO basis.[55] Molecular graphs for the acti-

vated ABAAu4 species, within the QTAIM, framework,[57] were obtained by means of AIMALL code.[60] In very rough terms, molecular graphs

consist in molecular structures showing “bond paths,” that is, the lines of highest electron density joining the atomic centers. The presence of

“bond paths” indicates some degree of interaction. Less known to the above is the Adaptive Natural Density Partitioning, AdNDP, method,[58]

which consists in the partitioning of the electronic density into elements of n center-two electrons, including core electrons and lone pairs. In

this method, calculations are carrying out taking into account the lowest possible number of atomic centers per electron pair. AdNDP calculations

were carrying out using the Multiwfn program.[61]

3 | RESULTS AND DISCUSSIONS

3.1 | AB activation, hydrogen release and diffusion, and gold cluster-fluxionality

Taking into account the two lowest energy structural isomers for the Au4 cluster (Figure 1A) and the AB molecule in its lowest energy conformation

(staggered), the ASCEC stochastic-based search process for the mutual most favorable geometric dispositions of Au4 and AB, gave 240 candidate

structures. The subsequent ZORA scalar relativistic PW91/TZ2P gradient-based geometrical optimizations gave only two structures with positive

lowest vibrational frequencies, that is, only two minima in the singlet ABAAu4 ZORA-PW91/TZ2P potential energy surface. These structures turned

out to be optical isomers to each other (Figure 1B). The fact of having found optical isomers is a sign that our process of PES scanning was very

exhaustive. The result that only one type of activated complex (any of the two isomers) is obtained for the interaction between AB and Au4, was

corroborated with some independent scan tests for the mutual approach between Au4, and AB, at the same and at other different level of theory

(See Appendix 4 in the Supporting Information). In these tests, it is observed that the same equilibrium geometry, with respect to the ZORA-PW91/

TZ2P one, are always reached for the interaction between AB and Au4. Additionally, these tests allowed verifying that the AB and Au4 mutual

approach occurs without the existence of any energy barrier. This lack of energy barrier has been described before for the energy profiles of other

AB/(metal catalyst) systems.[17,23] Probably it is because the first contact between AB and Au4 occurs between a hydridic-like H atom (connected to

boron) and a very reactive electrophilic gold atom at a gold cluster vertex (e.g., the Au atoms of the above and below of the rhomboid D2h cluster in

Figure 1A, in which the LUMO orbitals are predominantly located [35]).

In summary, the initial adducts of Figure 1B are the most likely structures for the interaction of Au4 and AB, and are the suitable starting points

for the subsequent dehydrogenation transformations.

What immediately can be observed in Figure 1B is that the initial interaction occurs by the side of the AB boron atom, and that the gold cluster

geometry changed with respect to the initial one due to the activation process. With respect to the first observation, it is relevant to say that our cal-

culations showed that the molecule of AB flips over when it is initially oriented with the nitrogen atom directed toward the gold cluster. About the

second observation (by comparing the structures of Figure 1A,B), it can be appreciated that in the catalytically activated complex, the Au4 isomer

adopts a deformed geometrical configuration, whose shape is close to that of the C2v Y-like Au4 isolated structure, regardless of whether the optimi-

zation starts from the C2v or from the D2h structure for the isolated Au4 species. This is the first sign of the effects of the fluxionality of gold clusters

referred to in the introduction of this article.

The results of the kinetic feasibility evaluation for the detachment and diffusion of hydrogen on gold tetramer are expressed in Figure 2. The

showed energy profile contains the most probable path for AB initial activation, one hydrogen detach, and hydrogen diffusion on the catalysts. The

indicated quantities correspond to the absolute value of the difference between the energy of two successive species in the profile. That the energy

is released or absorbed in each elementary step can be deduced by going from left to right in the profile. The values without parentheses correspond

to the ZPE-corrected electronic energy gaps, and the values in parentheses to Gibbs free energy gaps at 298.15 K, in the framework of Boltzmann

statistics. The ZPE-corrected electronic energy values refer to a molecular system that does not rotate, that does not translate, that is only in its

ground vibrational state, and that is not subject to collective entropic effects. This situation can be a first approximation to a cluster supported on

(fixed to) some solid surface, which is the case of heterogeneous catalysis, but would not be good model for a homogeneous catalysis, either in a sol-

vent or in the gaseous state. On the contrary, when calculating changes of Gibbs free energies, we account for the omitted degrees of freedom and
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we could consider the results as a first approximation to homogeneous catalysis. Of course, this has the limitations of omitting solvent effects and

of being framed in Boltzmann statistic for the ideal system.

Inspecting Figure 2, first, it is observed that the process of AB initial activation, or “adsorption” stage, releases a ZPE-corrected electronic

energy, EZPE, of 41.1 kcal mol21, and a Gibbs free energy, DG298, of 30.9 kcal mol21, which implies electronic and geometric changes, and great influ-

ence of entropic changes (in going from two species, AB and Au4 to one species, ABAAu4). As can be seen in the figure, these quantities would be

sufficient to drive the subsequent processes of detachment and diffusion of hydrogen. Starting from the ABAAu4 initial adduct, the AB hydrogen

detach has energy barriers of EZPE525.8 kcal mol21, and DG298526.3 kcal mol21, and leads to the transition state TS1. These energy barriers

implicate a considerable reduction with respect to the ones for the ammonia borane isolated molecule. For example, for the ZPE-corrected elec-

tronic energy it means a reduction of 68.6% for BAH cleavage and of 19.7% for NAH cleavage (See Appendix 5 in Supporting Information). The

NAH cleavage is the main one related to the thermal release of hydrogen,[17] and the BAH cleavage to the catalytic process analyzed here. The

transition state TS1 is characterized by the tendency of the hydrogen atom to move toward the interaction with a second gold atom, leading, in two

steps, to a species where the hydrogen acts as a bridge between two gold atoms and in which the boron atom is directly bonded to a gold atom

(intermediate state structure INT2, through INT1). The structure INT2 easily transforms into its structural isomer INT3, through the transition state

TS2, for which it must traverse a small energy barrier of EZPE53.6 kcal mol21 (and of DG29853.4 kcal mol21). Finally, to reach the last species, in

which the hydrogen atom is stabilized, and is far from the boron atom, INT3 must pass through the transition state TS3, which is only EZPE52.5

kcal mol21 (DG29853.3 kcal mol21) more energetic than INT3.

Clearly, the “rate-determining step” corresponds to the initial break of the BH bond, leading to the transition state TS1. This process has a non-

negligible energy barrier, but which is lesser than the one released in the initial AB activation process (AB “absorption”). Therefore, no extra thermal

energy would be required for the hydrogen detachment and migration. In other words, the net barrier of hydrogen detachment is negative, both in

terms of ZPE-corrected electronic energy and in terms Gibbs free energy.

Finally, and in general terms, Figure 2 indicates that the diffusion of a hydrogen atom on gold tetramer occurs with very low energy barriers,

that is, quite easily. Also indicates that, again, the process occurs with a great geometric flexibility of the gold cluster, due to the Au4 fluxionality,

which would facilitate the hydrogen diffusion.

FIGURE 2 Energy profile for the AB initial activation, detachment and diffusion of hydrogen on gold tetramer. The indicated gaps
correspond to ZPE-corrected electronic energies and, in parenthesis, to Gibbs free energies (298.15 K), all in kcal mol21. Calculations at sin-
glet spin state and at PW91/Def2TZVP level of theory (For details see Computational methods)
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3.2 | Nature of bonding during the catalytic activation

Figure 3 shows natural atomic charges, distances and Wiberg bond indexes for interacting atoms in the initial ABAAu4 adduct. At the main area of

our interest, we can appreciate some degree of simultaneous interaction among the three involved atoms, B9, H10, and Au4. First, there are some

weak shared-like character in the interactions between the atoms of the Au4AH10 and Au4AB9 pairs, expressed by the small values of the Wiberg

bond indexes, 0.22 and 0.26, respectively. The Au4AB9 interaction could be reinforced at some extent by ionic-like attraction due to the charge

separation between the opposed natural charges of boron (–0.3) and gold (10.3). The presence of small bonding indexes between the Au4AH10

and Au4AB9 pairs is in line with their internuclear distances. In effect, Hydrogen, Boron, and Gold have atomic radii of about 0.53, 0.87, and 1.74

Å,[62] and single bond covalent radii of about 0.32, 0.85, and 1.24 Å,[63] respectively. These values give 2.27 (1.7410.53) and 2.61 (1.7410.87) Å

for the AuAH and AuAB interatomic distances, respectively; and 1.56 (1.2410.32) and 2.09 (1.2410.85) Å for the AuAH and AuAB covalent

bond lengths, respectively. The Au4AH10 and Au4AB9 distances in Figure 3 are 1.72 and 2.35 Å, respectively, which are within the reported intera-

tomic and covalent values. Therefore, the AuAH and AuAB contacts in the activated ABAAu4 species effectively are bonding interactions.

This degree of intermolecular bonding is accompanied by a weakening of the B9AH10 original bond. The B9AH10 bond length and Wiberg

bond index of the isolated AB molecule are 1.22 Å and 0.98, respectively. By contrast, these values for the activated ABAAu4 species are 1.35 Å

and 0.71, respectively, showing the tendency toward the catalytic dehydrogenation.

It is interesting to examine these interactions from other theoretical point of views. The molecular graph for the initial activated ABAAu4 spe-

cies (see Appendix 6 in the Supporting Information), within the QTAIM framework, shows the presence of a bond path for the Au4AH10 interac-

tion, but not for the Au4AB9 interaction. However, as we have reported in another case,[64] there is a pronounced curvature of the bond paths

toward the Au4AB9 internuclear region, which denote certain degree of AuAB interaction via other atoms (multicenter interactions). In fact,

second-order perturbation theory analysis of Fock matrix within the NBO scheme[65] predicts an interaction between the B9AH10 bonding local-

ized orbital (donor) and the Au4AAu3 antibonding localized orbital (acceptor). This interaction is accompanied by a retro-donation from a lone elec-

tron pair (located in a d orbital) of the Au4 atom toward the B9AH10 antibonding orbital. Even though the NBO Lewis-based pair wise scheme

seems not so suitable for this type of problem where we have the presence of a heavy transition metal and a catalytically activated species, we see

that reaches to disclose the catalytic activation itself and the simultaneous interaction among several centers. A more suitable scheme, which allows

the possibility of the simultaneous interaction among several atoms, is the AdNDP procedure (see Computational Methods).[58] Figure 4 shows the

relevant bonding in a sequence consisting of three stages for the activation reaction. Vertically, in the sequence of central images B, E, and H, it is

depicted the changes in bonding that involve the three atoms of interest. In the image B there is still no significant interaction between AB and Au4.

In that picture it is depicted a relevant 2 center-2 electrons bond between H and B. Parallel, in images A and C, the intramolecular bonding in the

gold tetramer is shown and consists in two bonds, each of 3 center-2 electrons.

In the image E, in where AB and Au4 are closer to each other, it has already formed a 3 center-2 electrons bond among atoms H, B, and Au.

The gold tetramer and its three center bonds have begun to deform (images D and F). Once the activated ABAAu4 species is formed, the three cen-

ter Au, H, B bond is in its final form (image H) and the bonds in the catalyst have changed into two combinations, one consisting in a 3 center-2 elec-

tron bond (image I) and the other in a 2 center-2 electron bond (image G).

FIGURE 3 Distances in Å andWiberg bond indexes (in brackets, below each distance) between interacting atoms in the initial activated species. In
parenthesis, next to each interacting atom, are the natural atomic charges. Calculations at singlet spin state and at PW91/Def2TZVP level of theory
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4 | CONCLUSIONS

The initial activation of ammonia borane by gold tetramers occurs by the side of boron through a hydridic-like hydrogen atom. This results in an ini-

tial ABAAu4 adduct which contains a simultaneous hydrogen–boron–gold three-center interaction at the catalytically activated zone. This initial

process occurs with change of catalyst geometry due to the Au4 fluxionality. The initial activated species consists of two structures, which are

mutual optical isomers. They are the unique, the most likely structures for the interaction between Au4 and AB. They are the suitable starting points

for the subsequent dehydrogenation transformations.

Both the electronic energy profile and the Gibbs free energy profile indicate that the labile hydrogen of the ABAAu4 initial adduct is prone to

being detached and would diffuse on the cluster with ease. The energy needed for this process would be completely taken from the energy released

in the initial AB activation by Au4. In fact, the whole process is spontaneous and has no effective or net energy barriers, but only internal energy bar-

riers. The hydrogen diffusion occurs with a considerable change of catalyst geometry, due to the Au4 fluxionality, which clearly assist the process.
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