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Abstract: 

The s-d hybridisation in bimetallic nanocluster systems constitutes a 

fascinating topic that has recently garnered significant interest from 

researchers. In this work, we compared the effects of electronic 

configurations on the magnetic properties and hydrogen interaction 

capabilities of the Au9Y and Au9Mo clusters using density functional theory 

calculations. The singlet Au9Y is nonmagnetic, whereas the quartet Au9Mo 

exhibits a magnetic moment of 3 µB, which is consistent with their electronic 

configurations 1S21P61D4 and 1S21P61D64dMo
3, respectively. Spin density 

analysis reveals that the origin of the magnetic moment is primarily due to 

the localisation of electrons within 4d-M orbitals. We also report the possible 

infrared vibrational spectra of Au9M@H2 (M = Mo and Y), which have not 

been documented in the literature to date. We anticipate that our results will 

enhance the theoretical understanding of Au9M@H2 clusters and aid 

experimental efforts to elucidate the structure of Au9M species.  
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1. Introduction 

Bimetallic gold clusters have recently attracted significant attention from 

researchers due to their unique physical and chemical properties. Gold in its 

neutral state is known to be chemically inert. However, at the nanoscale, gold 

shows unique magnetic properties [1-3] and exhibits high catalytic activity [4, 5]. 

This makes it significant in various processes, including CO oxidation [6], NO 

reduction [7], and hydrogen storage [8]. Many studies have emphasised that the 

s-d interactions in gold nanoclusters containing transition metal atoms provide an 

intriguing picture of the magnetic properties and catalytic capabilities of these 

clusters. For example, variations in the magnetic spin moment of gold clusters 

with transition metals have been observed to correlate with the strong 

hybridisation between the s-Au and d-M orbitals of the dopant atoms [9, 10]. The 

magnetic moment of noble metal clusters (Aun, Agn, and Cun) is significantly 

influenced by the hybridisation between the valence electrons of the vanadium 

atoms and the host cluster [11]. The position of the Fe dopant atom plays a crucial 

role in determining the electronic and magnetic structure of the Au18Fe and Au19Fe 

clusters, as explored by Ehlert, et al. (2019) [12]. Subsequently, the research group 

of N.T. Lan and N.T. Mai indicated that the strong hybridisation between the s 

orbital of the gold (Au) host and the 3d orbitals of the transition metal atoms 

results in the coexistence of delocalised and localised electrons in nanoclusters [9, 

13, 14]. Notably, both Au9Cr2+ and Au19Cr clusters exhibit closed electronic shells 

with 8 and 18 electrons, respectively, corresponding to the electronic 

configurations of 1S21P42S2 and 1S21P61D10. The remaining five electrons do not 

engage in hybridisation to form the electronic structure and are localised in the 

3d-Cr orbital, suggesting that these species may function as potential superatoms 

with an associated magnetic moment of 5 µB. Furthermore, the research group 

also demonstrated that the electronic structure plays a crucial role in the 

interaction with hydrogen, with Au9Ti2+ acting as a potential superatom in the 
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hydrogen adsorption and storage process, facilitating hydride formation at room 

temperature [15]. 

The impact of electrical anharmonicity on the infrared band profile of 

hydrogen bonds has been investigated by N. Rekik, et al. (2010, 2017) [16, 17]. 

The IR spectra of weak hydrogen-bond complexes have been elucidated using 

linear response theory and quantum theory of the high-stretching-mode spectral 

density [18]. Subsequently, the influence of vibrational exciton interactions in 

onxindole crystals on hydrogen bonds, as well as the dissimilarity of the IR 

spectral density of dicarboxylic acid crystals, has been investigated [19, 20]. 

Recently, the interaction capabilities of gold clusters doped with 4d transition 

metal atoms with hydrogen, aimed at applications in energy storage materials, 

have been initially explored by N.V. Dang, et al. (2025a, 2025b) [21, 22]. 

However, the research has not yet clarified how delocalised and localised 

electronic structures form, nor the roles of these free and localised electrons in 

their interaction with hydrogen in these material systems. It is important to 

emphasise that the Mo atom has more unpaired electrons than the Y atom, 

specifically possessing an outer electron configuration of Mo: 4d55s1 compared to 

Y: 4d15s2. This characteristic is expected to create distinct patterns of participation 

and electron-exchange processes within nanocluster systems. Motivated by the 

quest to understand the effect of electronic structure on hydrogen-storage 

nanostructured materials, this study aims to theoretically compare the significant 

roles of Y and Mo dopants in magnetism and H2 adsorption and dissociation 

within the Au9M (M = Y and Mo) system. These findings underscore the 

importance of electronic structure formation in magnetism, adsorption, and 

hydrogen storage materials, promising advances in clean energy technology 

applications. 

2. Computational method 
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In this work, we investigated the ground-state geometries and electronic 

structures of Au9M, their molecular (Au9M-H2) and dissociative (Au9M-2H) 

adsorbed species (M = Y and Mo). These calculations were performed using the 

density functional theory (DFT) approach as implemented in the Gaussian 09 

package [23, 24]. The search structures were initially optimised using the 

TPSSTPSS functional combination with the cc-pVDZ-pp basis set for Au and M 

atoms, while the LanL2DZ basis set was employed for H atoms. Then, isomers 

with relative energies less than 2.0 eV were selected for recalculation of single-

point energies using the same level of theory but with the larger cc-pVTZ-pp for 

Au and M atoms. The feasibility of the TPSSTPSS functional was confirmed by 

previous publications [21, 22, 25]. The convergence criteria for geometrical 

optimisation are set at 2.0 x 10-5 Hartree/Å, 4.0 x 10-3 Hartree, and 5.0 x 10-3 Å 

for the energy change, the gradient, and the displacements, respectively. The 

electronic configurations of the ground-state Au9M and the hydrogen interaction 

characteristics of Au9M@H2 (M = Y and Mo) were explored using spin density 

and infrared (IR) vibrational spectra. The total/local magnetic moments 

(TMMs/LMMs) were defined as the difference between the numbers of spin-up 

and spin-down electrons occupying the molecular/atomic orbitals of the 

cluster/atom. 

3. Results and discussion 

3.1. The optimal geometric and spin multiplicities 

To investigate the influence of doping transition metal atoms (Y and Mo) on 

the properties of pure gold clusters, we performed a search for stable geometric 

structures and electronic configurations of the clusters. First, the lowest-lying 

structure and spin state of the pure gold cluster Au10 were identified. Subsequently, 

Y and Mo atoms were sequentially substituted for an Au atom at all possible 

positions within the stable geometric structure of Au10. These configurations 

served as the input structures for subsequent calculations. The stable geometric 
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structures and spin states of the Au9Y and Au9Mo clusters are depicted in Fig. 1. 

In the following sections, the isomers are labelled in the form 9.M.X/Nm, where 

M = Y and Mo, and X = A, B, and C refer to the different isomers with increasing 

relative energy N. The subscript m denotes spin multiplicity.  

Au9Y: The computed lowest-lying energy structure of singlet 9.Y.A, in which 

Y is encapsulated by a distorted seven-sided surface, is considered the stable 

geometric structure. The next isomers, singlet 9.Y.B and singlet 9.Y.C, are highly 

unstable, exhibiting relative energies of 0.15 eV and 0.41 eV, respectively, compared 

with the most stable 9.Y.A.  

Au9Mo: Our computed global minimum-energy isomer, quartet 9.Mo.A 

adopts a cross-section of an icosahedral cage. In this structure, the Mo atom 

preferentially substitutes for the Au atom at the central position of the symmetric 

hexagon. Although the next isomer, doublet 9.Mo.B experiences a distortion of 

the cross-section of the icosahedral cage, the Mo atom is preferentially retained 

in the same position as in 9.Mo.A. The difference in energy between 9.Mo.B and 

the corresponding ground-state structure is 0.06 eV. In contrast, the relative energy 

of the less stable doublet 9.Mo.C is 0.1 eV higher than that of the ground state. 

 

Fig. 1. Optimised structures, spin multiplicities, and relative energies (in 

eV) of the lowest-lying isomers of Au9M (M = Y and Mo). The yellow, cyan, 

and dark cyan spheres represent are Au, Y, and Mo atoms, respectively. 
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3.2. Electronic configuration and magnetic properties 

The incorporation of transition metal atoms Y and Mo into the Au9 cluster 

yields entirely distinct results. The magnetic properties of the Au9Y cluster are 

completely quenched, while the magnetic moment of the Au9Mo cluster is 3 µB. 

The primary goal of this work is to clarify the influence of s-d interactions on the 

magnetic differences between the two cluster systems, thereby facilitating the 

systematisation of predictions regarding electronic properties in analogous 

quantum systems. By retaining the structure of the Au9 cluster and doping it with 

transition metal atoms featuring different valence electron configurations (Y: 

4d15s2 and Mo: 5s14d5), two interesting contrasting pictures are revealed. First, 

the geometric structure of the Au9Y cluster is a distorted seven-sided shape, while 

the Au9Mo cluster favours the form of a cross-section of an icosahedral cage. This 

results in the formation of distinct electronic configurations. Specifically, 

assuming that each gold atom delocalises one 6s1 electron, Au9Y and Au9Mo 

clusters provide a total of 12 and 15 electrons, respectively. However, the 

contributions of the valence electrons from Y and Mo to the formation of the 

electronic shell structure of these dopant species differ. For the case of the Au9Y 

cluster, all 4d15s2 valence electrons of Y delocalise and join with the s valence 

electrons of the Au host. The total number of valence electrons in the Au9Y cluster 

is 12 (9 from Au atoms and 3 from Y dopant), resulting in electronic 

configurations of 1S21P61D4. In other words, the strong hybridisation between 

6s1-Au and 4d-Y orbitals results in the complete quenching of the magnetic 

moment in the Au9Y cluster. In the opposite picture for Au9Mo, only three valence 

electrons from Mo (one 5s1 and two 4d5) take part in the hybridisation involved 

in the formation of the electronic shell structure. The remaining three electrons 

are localised on 4d-Mo atomic orbitals, giving rise to the magnetic moment of the 

cluster, which is 3 µB. This suggests that the magnetism of the cluster is primarily 

attributed to the localized electrons in the 4d-orbitals of the dopant atom.  This 

behaviour aligns with previous studies on the magnetism of clusters included by 
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the delocalisation of 3d-transition metal dopants in gold clusters [26]. The strong 

hybridisation of s-d interaction in Au5Sc+ results in the complete quenching of 

magnetism while the Au5Cr+ cluster exhibits strong magnetism with a high 

magnetic moment of 4 µB [27]. The same observation can be found in the 

cations/neutral/cations of the system comprising transition metals and the Agn, 

Cun doped with 3d transition metal atoms (Sc-Ni) [9, 13, 28-32]. 

In the following, we further verify the origin of the cluster magnetic 

behaviour by mapping the spin-up and spin-down densities in Au9Y and Au9Mo 

clusters. The results are shown in Fig. 2. It is worth mentioning that the total spin 

of the Au9Mo cluster is mainly located at the position of the Mo dopant atom. This 

result agrees with our discussion above that the total magnetic moment of Au9Mo 

cluster essentially comes from the localised 4d dopant electrons. Consequently, 

the exact electronic configuration can be assigned as 1S21P61D44dMo
3. An 

opposite picture is seen for the Au9Y cluster; the local magnetic moment of the Y 

dopant atom disappears, and the spin-up and spin-down clouds entirely overlap. 

This can be explained by the fact that all of the valence electrons in Y delocalise 

to form the electronic shells of the cluster. The differences in the predicted 

electronic configurations provide a novel perspective on the interaction 

capabilities with hydrogen. This issue will be further discussed in the following 

section. 
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Fig. 2. Spin density of the ground-state Au9Y and Au9Mo clusters. 

 3.3.  Hydrogen adsorption characterisation 

To date, numerous studies employing quantum computational approaches 

have indicated that the shape of the infrared spectral density of hydrogen bonds 

significantly depends on the structure and composition of the material system [33-

38]. However, several studies have shown that the localised electrons of the 

transition metal dopant atom contribute not only to the magnetic moment of 

clusters but also significantly influence interactions with hydrogen [15, 21, 39-

41]. The calculated adsorption energies indicate that the negative adsorption 

energy for Au9Y-2H (-0.11 eV) suggests that dissociative adsorption in this 

species is endothermic and unlikely to occur spontaneously. Conversely, for the 

Au9Mo cluster, the dissociative adsorption energy (Au9Mo-2H: 0.66 eV) is higher 

than the molecular adsorption energy (Au9Mo-H2: 0.65 eV). It can be stated that 

the two states are energetically nearly degenerate, with the observed difference 

being negligible (0.01 eV). Furthermore, the reaction dynamics calculations 

indicate that the Au9Mo cluster is a promising candidate for hydrogen adsorption, 

with a very low activation barrier for the dissociative adsorption process and the 

reverse process [22].  
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Studies on the characteristics and binding mechanisms of hydrogen-bonded 

dimers in various systems, utilising comprehensive quantum computational 

approaches, have been theoretically investigated by N. Rekik, et al. (2001, 2012) 

[42-46]. In the following sections, we investigate the vibrational characteristics of 

the clusters by calculating the infrared (IR) vibrational spectra. The results are 

displayed in Fig. 3. Upon initial examination, the observed adsorption peaks can 

be clearly categorised into opposing patterns. For the molecularly adsorbed Au9Y-

H2 cluster, peaks are observed in the extended frequency range of 0-4500 cm-1, 

while dissociative adsorption of the Au9Mo-2H cluster is primarily observed in 

the lower frequency range of 0-2000 cm-1. 

 

Fig. 3. IR spectra for Au9Y-H2 and Au9Mo-2H clusters. The blue, and red line 

represent the IR spectrum of Au9Y-H2 and Au9Mo-2H clusters, respectively. 

For the Au9Mo-2H cluster, the IR spectrum exhibits three peaks, 

representative of two main types of vibration. The peaks at 690 cm-1 and 1858 cm-

1 are assigned to the asymmetric stretching mode of metal-hydrogen in the Au9Mo 

framework. Conversely, the symmetric stretching mode of metal-hydrogen in the 

Au9Mo host cluster is found at 1828 cm-1. Finally, a bending vibration of the two 

hydrogen atoms is found at a wavenumber of 435 cm-1. Notably, the IR spectrum 

of Au9Y-H2 shows significant differences. The spectrum features peaks at the 
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longer and shorter wavenumbers of 4138 cm-1 and 412 cm-1, respectively, 

characteristic of symmetric stretching vibration. Two additional peaks observed 

at wavenumbers of 183 cm-1 and 819 cm-1 correspond to the asymmetric stretching 

of H-H in the Au9Y host. The bending vibrational mode is detected at a 

wavenumber of 420 cm-1. The results regarding the IR spectral vibrations in both 

molecular and dissociative adsorption serve as important initial fingerprints, 

providing valuable insights for future experimental studies. 

4. Conclusions 

In this work, we systematically compared the effects of electronic 

configuration on the magnetic properties and hydrogen vibrational modes of the 

Au9M (M = Y and Mo) system using DFT calculations. The distorted seven-sided 

surface Au9Y and cross-section of an icosahedral cage Au9Mo have been found to 

be nonmagnetic and to exhibit a high magnetic moment of 3 µB, consistent with 

the electronic configurations 1S21P61D4 and 1S21P61D64dMo
3, respectively. Spin 

density analysis has demonstrated that the magnetic moment of the cluster is 

primarily attributed to the localised electrons in the d orbitals of the transition 

metal dopant. Additionally, we present results on the possible infrared vibrational 

spectra of Au9M@H2 (M = Mo and Y), which have not yet been available in the 

literature. We hope that our findings will contribute to the theoretical 

understanding of Au9M@H2 clusters and assist experimental efforts to determine 

the structure of Au9M species.  
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