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The formation of molecular hydrogen as well as the possibility
of using coinage metal hydrides as a prospective complex to
produce hydrogen was presented in this work. Therefore, the
reactions involving the interaction between two coinage metal
hydrides, MH (M=Cu, Ag and Au, homo and heterodimers),

were studied. The free energy profiles corresponding to
aforementioned complexation were analysed by means of ab
initio methods of quantum chemistry. The characteristics of
these intermediates, final complexes and the electron density
properties of the established interactions were discussed.

1. Introduction

Hydrogen storage is a key enabling technology for the develop-
ment of hydrogen and fuel cell-based economy. Hydrogen is an
attractive energy carrier because it is carbon-free and therefore
without CO2 emissions and has an exceptional mass energy
density.[1]

Unfortunately, hydrogen is an extremely volatile gas under
ambient conditions, resulting in a volumetric energy density
that is much too low for practical applications. For on-board
use, hydrogen must be compressed to very high pressures or
stored cryogenically, both of which cost energy and substan-
tially increase vehicle weight. As a direct consequence, efficient
and cost-effective storage of hydrogen remains a challenge.[1] In
this context, chemical hydrogen storage materials have pro-
duced a plethora of investigations with particular attention to
the design of low-cost materials that can reversibly and rapidly
store hydrogen near ambient conditions at a density equal to
or greater than liquid hydrogen.[2] Metal hydride materials

research has been focused on improving both the volumetric
and gravimetric capacities, hydrogen absorption/desorption
kinetics, and reaction thermodynamics of potential material
candidates.[3]

The use of metals and metallic cluster to trap/storage
hydrogen molecules from the theoretical perspective has been
widely studied. Some, but not limited to, examples can be
found for Mg and MgH2,

[4] Mn4O4
+,[5] MnxOx+y,

[6] CanMn(4-n)On,
[7]

NaxBy clusters,
[8] etc. The opposite process characterised by the

molecular hydrogen dissociation on gold clusters was studied
by means of using density functional theory in 2009.[9] In 2016,
a computational study of the H2 activation process at coinage
metals (Cu, Ag and Au) of the corresponding fluorides, MF
(M=Cu, Ag and Au), and its splitting leading to the M� H···H� F
dihydrogen bonded complex was performed by Grabowski and
Ruipérez.[10]

In fact, the use of coinage metals, interacting with H2 in
M(H2)n

+ clusters (M=Cu, Ag and Au) has been also recently
studied,[11] highlighting the capacity of coinage-metal hydrides
to hydrogenate CO2.

[12]

Herein, the process involving the interaction of coinage
metal hydrides, MH (M=Cu, Ag and Au, homo, and hetero-
dimers) to produce and therefore storage H2 molecule, and its
splitting leading to isolated dihydrogen systems is the aim of
this study (Scheme 1). The characteristics of the reaction path-
ways corresponding to the formation of molecular hydrogen,
including intermediates and transition states, and the possibility
of the products to act as hydrogen storage molecules are
analysed by means of ab initio methods of quantum chemistry,
from both thermodynamic and kinetic perspectives. In addition,
the nature of the interactions established in the complexes and
the bond characterisation was analysed.
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2. Results and Discussion

We began by calculating the free energy profile associated to
the reaction between coinage metal hydrides as illustrated in
Scheme 1. All the six possible reactions were contemplated,
which corresponds to three homodimer reactions (M� H+M� H)
and three heterodimer reactions (M� H+M’� H).

2.1. Homodimers

First, we will focus on the reactivity between homodimers, i. e.
two identical M� H molecules. Two different orientations of
both interacting monomers were considered and described in
Scheme 2. From the entrance channel, the reactants can

interact whether in a parallel or in a perpendicular way, leading
to two different pre-transition state assembly complexes, A and
B respectively (Scheme 2).

The free energy profiles corresponding to the three different
homodimer reactions were studied in gas phase. In Figure 1 the
energy profile of (Ag� H)2 has been plotted (Table 1), the
potential energy surfaces corresponding to M=Cu and M=Au
can be found in Figure S1 in the Supporting Information.

The energy profiles for the reaction between both mono-
hydrides for the three coinage metals indicate that both A and
B intermediates can be obtained directly from the entrance
channel. However, interestingly the conversion between A and
B is also possible due to the existence of a transition state
between both. In all cases, intermediate B is much more stable
than intermediate A, and in addition, the transition barrier
corresponding to the A–B conversion is very low. Therefore,
despite that both intermediates are energetically accessible
from the interaction between monomers; B will be the
preferable intermediate. From B, both the hydrogen atom in
between both metals will be transferred to one of them, giving
rise to complex C. Due to the height of the transition B–C
barrier; this is the rate-determining step of the reaction. This
energetic barrier (tsBC) is 136 and 138 kJ ·mol� 1 both for Cu and
Ag, respectively, and 60 kJ ·mol� 1 for the reaction involving
Au� H monomers. Although the barriers involving the transfer
of one single hydrogen atom, B to C process, are relatively high,
complex C is very stable, particularly when M=Ag and Au, being
the driving force of the reaction. Finally, the stability of the
M� M+H2 process concerning the release of hydrogen molecule
was studied, named D in the energy profile. For Cu and Au, the
intermediate C is more stable than D; therefore, the process
involving the release of hydrogen molecule is less likely and the
C intermediate (M=Cu and Au) present good features to retain
H2. However, when the silver metal is implicated, D product in
where the molecule of H2 is released, is slightly more stable
than C, consequently the possibility to release free H2 becomes
more plausible. These results agree with the regium bonds
strength trend observed between homodimers and Lewis bases
(Au2>Cu2>Ag2).

[13]

In terms of the geometries of the two different intermedi-
ates, A and B (Figure 2), it is worth mentioning that for the gold

Scheme 2. Two different types of orientations for monomers parallel or
perpendicular.

Figure 1. Free energy profile for the reaction involving AgH monomers. D
corresponds to the Ag2 and H2 molecules at the dissociation limit. All the
free energies (in kJ ·mol� 1) were obtained at MP2/aug-cc-pVQZ//aug-cc-
pVTZ.

Table 1. Free relative energies (ΔG, kJ ·mol� 1) calculated at the MP2/aug-
cc-pVQZ//aug-cc-pVTZ computational level.

Complex ΔG kJ ·mol� 1

Cu Ag Au

A � 77.3 � 40.2 � 76.7
tsAB � 73.7 � 40.6 � 71.4
B � 120.0 � 99.4 � 84.9
tsBC 16.5 39.0 � 24.0
C � 102.9 � 151.5 � 130.0
D � 80.5 � 162.7 � 78.2

Figure 2. Optimised geometries for A and B complexes at MP2/aug-cc-pVTZ
computational level
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homodimers, a different structure for A was obtained than
those found for copper and silver homodimers.

In Table 2, the M� M and M� H distances for all the minima
under study are summarised. Regarding the distance between
both coinage metal atoms, intermediate B presents the longest
M� M distance in all cases. When M� H is revised, for Cu atom,
M� H bond is shorter along the pathway reaction, while for Ag
and Au, M� H distance decreases from A to B but increases
when C is obtained. In fact, in the case of Ag derivatives, M� H
distance in C is 2.10 Å, the longest Ag� H for the whole (Ag� H)2
pathway. This finding agrees with the fact that the H2

production process is only favourable for Ag coinage metal. It is
noteworthy to mention that the step involving B to C trans-
formation is not reversible for Ag and Au, while for Cu, C is
slightly less stable than B complex.

2.1.1. Bonding Characterisation

It is clear that going from the intermediate A to B along the
reactive pathway, the M� M distance increases for all cases, and
once the intermediate C is achieved the M� M distance
decreases again. That can indicate a destabilisation of the M� M
bond from A to B with a subsequent stabilisation of the M� M
bond in C. Therefore, in order to describe the interaction
between coinage metals within the different intermediates, the
QTAIM was used to characterise those M� M bonds. Several
studies have shown that QTAIM descriptors such as electron
density values at bond critical points (BCPs) may often be
treated as measures of the strength of the hydrogen bond.[14]

The distances and all the values for the density and the
Laplacian corresponding to the M� M bonds were summarised

in Table 3 (values of the electron density description at the BCP
for the rest of interactions can be found in Table S2, ESI).

As observed, three different types of bonds were identified,
H� H, M� H and M� M, respectively, noting that the M� M bonds
presents the lowest density value (Figure 3). For the intermedi-
ate B, no BCP between both metals was located, being the
M� M distance longer than for A and C cases, e. g. in Ag
derivatives, intermediate B is almost 0.2 Å longer compared
with A. As it is shown in Figure 3, an excellent exponential
relationship was found for the M� H bond for the three families
of compounds.[15]

Summarising, BCPs were found between both metals within
intermediates A and C but not for intermediate B, which
suggest that no bond was established between the two metals
for the latter. However, the absence of a BCP does not imply
the absence of any interaction. To provide with another
verification of the existence/absence of M� M metal interactions
within intermediates B, an analysis of the M� M bond within B
by means of the Independent Gradient Model (IGM) developed
by E. Henon et al. was performed.[16] The existence of an
interaction between both metal atoms will be illustrated by a
3D isosurface in between both corresponding atoms. Same
wise, the absence of such area will indicate that no interaction
occurs. For the sake of clarity, only graphs for M=Ag are
depicted in Figure 4, but we obtained similar results for the
different homodimer complexes under study (see Figure S3 in
the Supporting Information).

Using the isosurface value of δg=0.1 a.u. was selected for
the study, it is observed that intermediate A exhibits a green

Table 2. Distances M� M and M� H for the minima (Å) calculated at the
MP2/aug-cc-pVTZ computational level.

Bond A B
Å Cu Ag Au Cu Ag Au

M� M 2.13 2.46 2.51 2.32 2.65 2.60
M� H1 1.68 1.90 1.51 1.52 1.69 1.58
M� H2 1.67 1.90 1.51 1.47 1.62 1.56
Bond C D
Å Cu Ag Au Cu Ag Au
M� M 2.21 2.49 2.42 2.20 2.49 2.43
M� H1 1.61 2.10 1.68 - - -
M� H2 1.61 2.10 1.68 - - -

Table 3. Electron density at the M� M BCP (1), Laplacian (r21), and
intramolecular distance (Å) for all the complexes studied at the MP2/aug-
cc-pVTZ computational level.

Complex 1 r21 D[M� M]

Cu A 0.0839 0.2433 2.131
B - - 2.318
C 0.08129 0.1168 2.194

Ag A 0.0683 0.23078 2.459
B - - 2.651
C 0.06993 0.17848 2.467

Au A 0.0820 0.2093 2.512
B - - 2.598
C 0.1048 0.1852 2.425

Figure 3. Exponential correlation density at BCPs vs. bond distances (H� H,
M� H and M� M, going from left to right) regarding the three different
homodimers under study for the minima and TSs involved in the energy
profile

Figure 4. IGM analysis of the (AgH)2 minima δg=0.1 a.u. 3D isosurfaces;
colour coding in the range � 0.3< sign(λ2) 1<0.3 a.u. (red and blue,
respectively); MP2/aug-cc-pVTZ level of theory
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area in between both Ag atoms which evidencing the existing
bond. Furthermore, the Ag� H bond is also observed in the
green region between Ag and H atoms. Similar features were
found for intermediate C, again corroborating what it was
previously found. However, in the case of the intermediate B no
intramolecular green isosurface between coinage metals was
observed which indicates the absence of such interaction or
bond.

2.2. Heterodimers

Once the homodimers cases were analysed, the heterodimer
scenario, M1� H+M2� H (M1¼6 M2) was addressed. As it happened
within the homodimers, two different interaction modes were
considered, parallel and perpendicular (Scheme 3). Curiously, in
the heterodimers’ cases, intermediate A was not found for any
metal under study. However, since two different metals were
considered, two different intermediates B, BM1 and BM2, were
obtained regarding which of the metal the hydrogen atoms are
bound to, M1 or M2, respectively (Scheme 3).

The three different energy profiles were investigated, with
two energetic pathways for each heterodimer reaction: one

corresponding to the BM1(indigo) intermediate and the other
one to BM2(lime) (Figure 5 and Figures S4–S5 in the Supporting
Information, respectively. Values gathered in Table 4). From the
entrance channel both BM1 and BM2 were obtained. It is worth
noting that, unexpectedly, a transition state between the two B
intermediates, tsBM1-BM2, was found for the reactions involving,
AgH� CuH and AuH� AgH heterodimers. Intermediates B (Fig-
ure 6) will lead to two different C intermediates, in which both
hydrogen atoms are bound to one of the metals, CM1(indigo)
and CM2(lime), respectively.

From the potential surface involving Au� H interacting with
Ag� H (Figure 5) or Cu� H (Figure S5 in the Supporting Informa-
tion), it is clear that the first step heads towards to the
intermediate BAu (the calculated Boltzmann population for BAu is
99% in both cases). Thus, despite CAu is thermodynamically less
stable than CAg (or CCu), the pathway leading to CAu is the most
favourable one (Figure 5). It is worth mentioning that for the
Au� H� Cu� H case, no transition state between the two different
B complexes, BAu and BCu, was found. Furthermore, for this
particular reaction, since CAu is less stable than BAu the
interconversion would be reversible (Figure S5 in the Support-
ing Information). For the reaction involving Cu� H and Ag� H
heterodimers (Figure S4 in the Supporting Information), Cu
atom seems to have more affinity for the hydrogen atoms,
being BCu and CCu the most stable intermediates. Therefore,
amongst the three different heterodimers formed, intermedi-
ates with Ag atoms seem to be less stable when the hydrogen
is bound to Ag. Also, It is noteworthy that for the heterodimer
pathways: AuH� CuH and AuH� AgH, the final product, D, is
more stable than CAu (preferred pathway), therefore the process

Scheme 3. Two possible intermediates B, BM1 and BM2, in the heterodimers
reaction.

Figure 5. Free energy profile for the reaction involving AgH and AuH
monomers. D corresponds to the AuAg and H2 molecules at the dissociation
limit. All the free energies (in kJ ·mol� 1) were obtained at MP2/aug-cc-pVQZ//
aug-cc-pVTZ

Table 4. Free relative energies (ΔG, kJ ·mol� 1) calculated at the MP2/ aug-
cc-pVQZ//aug-cc-pVTZ computational level.

Complex ΔG kJ ·mol� 1

M1=Ag
M2=Cu

M1=Au
M2=Cu

M1=Au
M2=Ag

BM1 � 95.1 � 134.5 � 137.3
BM2 � 120.4 � 73.3 � 55.7
tsBM1-BM2 � 43.2 N/A � 44.4
tsBM1-CM1 78.4 15.9 � 15.0
tsBM2-CM2 � 20.0 � 41.1 34.0
CM1 � 110.3 � 111.3 � 137.6
CM2 � 143.5 � 175.6 � 153.5
D � 123.1 � 118.6 � 144.5

Figure 6. Optimised geometries for BM1 and BM2 complexes at MP2/aug-cc-
pVTZ

ChemistryOpen
Full Papers
doi.org/10.1002/open.202100108

727ChemistryOpen 2021, 10, 724–730 www.chemistryopen.org © 2021 The Authors. Published by Wiley-VCH GmbH

Wiley VCH Freitag, 30.07.2021

2108 / 213373 [S. 727/730] 1

https://doi.org/10.1002/open.202100108


to release H2 is favoured (but in all cases D is less stable than
CM2) The energetic differences between the C and D complexes
are in agreement with those reported for the regium bonds of
these heterodimers and five Lewis bases.[13b]

2.2.1. Kinetic Study

Some of the heterodimers under study presented an unex-
pected transition state between both intermediates B. In order
to obtain the whole picture of the reactivity, a kinetic study was
carried out for those cases.

From the kinetic study for the heterodimer involving Cu
and Ag metals (Figure 7), it is observed that the amount of BCu
present decreases to become CCu, being the latter the only
kinetic product. From the energetic perspective we obtained
that CAg is less stable than CCu (ca. 33 kJ ·mol� 1) and the
energetic barrier for the reversible path going from BAg to BCu
(~52 kJ ·mol� 1) is more favourable than the production of CAg

(tsBCAg barrier ~173 kJ ·mol
� 1)

For the AuH� AgH case (Figure 8), there is a conversion (but
not fully) between BAu and CAu, and both species are coexisting
at the end. This result is in an excellent agreement with the
energies obtained from the profile study since the calculated
Boltzmann population for both complexes is 60%–40% for the
corresponding CAu and BAu.

After the characterisation of the process from the kinetic
perspective, even though there are thermodynamic TS located
between the two BM1 and BM2 intermediates, no interconversion
between them will take place, since the process for the
transformation involving BM to CM is more favourable.

Finally, when the Au� H� Cu� H process is studied by means
of kinetic principles, the only possible product corresponds to
BAu, reinforcing the possibility of the reversibility for the process
already discussed (Figure S3 in the Supporting Information).

2.2.2. Bonding Characterisation

For the heterodimer cases the QTAIM analysis was performed to
analyse and characterise the nature of the bonds within the
intermediates found along the potential energy surfaces and
their corresponding molecular graphs have been included in
Figure S6 in the Supporting Information. The electron density
values and Laplacian at the BCPs and intramolecular distances
have been gathered in Table S5 in the Supporting Information.
The relationships between 1BCP and the intramolecular distance
for the intermediates of the three possible scenarios were
plotted Figure S7 in the Supporting Information. As occurred in
the homodimers, similar correlations were found for the
heterodimer cases, for H� H, M� H, M’� H and M� M’ bonds.

Similarly to what it was found in the homodimers’ path-
ways, intermediate B does not present any bond between both
metal atoms. To verify the absence of the M� M bond in B, an
Independent Gradient Model (IGM) analysis was carried out. The
results were summarised in Figure 9 (AuH� AgH) and Figure S8
(AuH� CuH and AgH� CuH). The IGM analysis corroborated that
no interactions between M and M’ were found in intermediate
B and only for intermediates C, an isosurface between coinage
metals was found.

Figure 7. Stochastic simulation for the complex involving the CuH and AgH
monomers performed with N=1000 and tmax=2×106 ns. The lines corre-
spond to the number of particles of each species at a certain moment.

Figure 8. Stochastic simulation for the complex involving the AgH and AuH
monomers performed with N=1000 and tmax=1013 ns. The lines correspond
to the number of particles of each species at a certain moment

Figure 9. IGM analysis of the (AgH� AuH) minima δg=0.1 a.u. 3D isosurfaces;
colour coding in the range � 0.3< sign (λ2) 1<0.3 a.u. (red and blue,
respectively); MP2/aug-cc-pVTZ level of theory
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2.3. Molecular Electrostatic Potential

To provide with a further explanation of the behaviour of the
coinage metals when interacting one another, the molecular
electrostatic potential (MESP) for all the different monomers
(M� H, M� M and M� M’) was analysed. All the maxima and
minima values on the 0.001 a.u. electron density isosurface
were summarised in Table 5 and the MEPS maps plotted in
Figure 10 and Figure S9 in the Supporting Information.

In the case of M� H monomers, two maxima were located
for each monomer along the M� H axis, one corresponding
metal σ-hole (VM,min) and another to the H atom (VH,max), and one
minimum (Vmin), located close to the H atoms (on Cu� H) or
almost perpendicular to the M� M bond in M� M and M� M’
monomers (Figure S9 in the Supporting Information). The σ-
hole associated with the Cu atom (VM,max) become much deeper
(positive) than for Ag� H and Au� H. Besides, the maximum at
the hydrogen centre (VH,max) presents a positive value in Au� H
monomer while for the other two metal hydrides is negative.
This fact has been previously reported by Grabowsky and
Ruipérez.[10] and it was explained concerning the Pauling
electronegativity of the coinage metals. While the electro-
negativity for the Au atom (2.54) is greater than that of H (2.20),
the electronegativity values for Cu and Ag toms, are very similar
(1.90 and 1.93, respectively), and smaller than that of hydrogen.
In terms of reactivity, those MEPS features, particularly for AuH
where the σ-hole is the least positive concomitantly with a
positive MEP maximum value on the H side, may be the reason
behind the different reactivity found for AuH with respect to
the AgH and CuH.

It is also noteworthy to mention that for AuH monomer, the
minimum value (Vmin) is almost three times smaller (more

positive) than those for the CuH and AgH monomers, and
therefore these results have implications within the interaction
upon complexation.

For example, in the homodimer case (AuH� AuH), the
optimised geometry of intermediate A is the result of the
interaction between two positive regions, and therefore the
hydrogen atoms are in a disposition in where they minimise the
electronic repulsion with the Au of the other AuH unit. Besides,
it can be seen that overall, the energy profile depicted for
AuH� AuH reaction through A is the most favourable one.

When the scenario involving heteroatoms is considered, for
the three different energy profiles studied, BAu is more stable
the corresponding to the other metal, being even more
dramatic for the AuH� AgH with a difference of energy of
122 kJ ·mol� 1 between both complexes B.

3. Conclusions

In summary, the possibility of generating H2 was investigated
by a thorough theoretical study of the reaction performed
between two coinage metal hydrides MH (M=Cu, Ag and Au,
homo and heterodimers).

Regarding the homodimer scenario, C intermediate, in
where both hydrogen atoms are connected to one of the
coinage metals, was found to be remarkably stable when M=Au
and Cu is implicated, being the driving force of the reaction.
Therefore, intermediate C is likely to retain and possibly store
H2 molecules. However, when the silver metal is implicated, the
difference between C and D complexes is lower and con-
sequently the possibility to obtain free H2 increases.

Finally, the heterodimer cases were studied. From the
potential surface involving Au� H the pathway leading to CAu is
the most favourable one. For the reaction involving Cu� H and
Ag� H heterodimers, Cu metal is the chosen to bind to the
hydrogen atoms, BCu and CCu. Therefore, amongst the three
different heterodimers intermediates formed, Ag metal is the
less favourable option as a H2 reserve. As a general trend, the
process in where the coinage metal is acting as a reserve of the
hydrogen molecule is, in general, a favoured process, since B is
more stable than B. It is noteworthy that for the heterodimer
systems, AuH� CuH and AuH� AgH, D is more stable than CAu,
therefore the process leading to H2 molecule free is favoured.

4. Computational Methods

The structures of the systems under study, minimum and
transition states, were optimised at the MP2(full)[17]/aug-cc-
pVTZ[18]/aug-cc-pVTZ-PP[19] computational level. Harmonic vibra-
tional frequencies were computed at the same level used for
geometry optimisation in order to confirm that the stationary
points are either local minima or transition states. Calculations
were performed using Gaussian16 software. Single points
energies at higher level were computed using the MP2(full)/
aug-cc-pVQZ/aug-cc-pVQZPP computational level. Relative free
energies (ΔG) were calculated as a difference of the energy of

Table 5. Maxima and minima values of the molecular electrostatic
potential (in a.u.) on the 0.001 a.u. electron density isosurface for all the
monomers (M� H and M� M’) calculated at MP2/aug-cc-pVTZ level.

Molecule (AB) (VA,max) (VB,max) (Vmin)

CuH 0.1292 � 0.0249 � 0.0308
AgH 0.1028 � 0.0242 � 0.0304
AuH 0.0977 0.0220 � 0.0132
CuCu 0.0474 0.0474 � 0.0232
AgAg 0.0402 0.0402 � 0.0207
AuAu 0.0505 0.0505 � 0.0180
AgCu 0.0475 0.0404 � 0.0218
AuCu 0.0120 0.0927 � 0.0274
AuAg 0.0072 0.0788 � 0.0270

Figure 10. Molecular electrostatic potential on the 0.001 a.u. electron density
isosurface for Cu� H, Ag� H and Au� H monomers at the MP2/aug-cc-pVTZ
computational level. Maxima and minima critical point are shown in black
dots. Colour range: � 0.02 (red) to 0.05 (blue) a.u.
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the optimised complex minus the energy of each monomer in
their optimised geometry. The free energies reported in the
document were obtained by adding the free energy correction
from the small basis set calculations to the potential energy
obtained from the high-level single-point energy calculations.

Relative energies (ΔE) were calculated as the difference
between the energy of the optimised system and the energy of
each monomer in its optimised geometry. The molecular
electrostatic potential (MEP) of the isolated monomers was
calculated on the electron density isosurface of 0.001 a.u. This
isosurface was shown to resemble the van de Waals surface.
These calculations were carried out using Gaussian16
software[20] and the numerical results were analysed using the
Multiwfn program[21] and plotted using Jmol. The quantum
theory of atoms in molecules (QTAIM)[22] was used to analyse
the electron density of the systems with the AIMAll program.
The Independent Gradient Model (IGM) was used too in order
to analyse deeper the electron density of the systems with the
IGMPLOT program.[16a–d] The kinetic study of each reaction was
used to analyse how the different systems are evolving over
time and performed using the Multiscale-KMC software.[23]
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