Chapter-3
Computational Details
3.1. Methodology used
The following computational methodology is adopted for technical chapters starting from chapter-4 to 6. All calculations are performed using density functional theory (DFT) as implemented in the Gaussian 16 program package.1 We studied the adsorption and hydrogenation reactions over the metal clusters model. The metal clusters are densely packed structures, having a greater number of low coordinated surface atoms, due to larger surface to interior atoms ratio than that of bulk. The molecules bind to the model clusters in the same way as to the surface of metal nanoparticles. The uncoordinated sites of the clusters are involved in the adsorption and reaction of adsorbates, and therefore can be used as models for catalytic systems. We considered icosahedra M13 clusters of nickel (Ni) and ruthenium (Ru) metals having core/surface atomic configuration and optimized using Perdew-Burke-Ernzerhof (PBE) functional with different spin multiplicities to determine ground state geometry. This method has been found reliable for studying various cluster models.2-7 All other  molecules were also optimized to minimum energy structures, and are ensured by the presence of all positive frequencies.  Grimme’s D3 dispersion correction was included in all calculations.8   The LANL2DZ basis set was used for metal atoms that treat valence electrons explicitly and core electrons by using pseudopotentials.9-11 The 6-31g(d,p) basis set was employed for all other atom types.12 As the reaction is being modelled in the aqueous medium, a conductor-like polarizable continuum model (CPCM) was used as an implicit model for water to simulate the bulk solvent effect for calculations in all chapters.13,14 Stabilization energy per atom of a bare metal cluster is calculated by

Where, M=Ni or Ru. EM and EMn are the total energy corresponding to the isolated metal atom and metal cluster with n number of atoms. For adsorption studies, the optimized cluster coordinates were fixed and the adsorbates were allowed to relax. The zero-point energy corrected adsorption energy (Eads) of a substrate on the metal cluster is given by

Where M=Ni and Ru. ΔZPVE stands for zero-point vibrational energy correction. ES, EMn, and EMn-S are the total energy corresponding to the substrate, metal cluster and substrate adsorbed on a metal cluster system.
The stationary points obtained along the reaction coordinates using the Berny optimization method were confirmed by the presence of all positive frequencies for minima and only one negative frequency for the transition state.15 The transition state was connected to minima by tracing intrinsic reaction coordinates (IRC).16 In addition to implicit solvent effect, in case of Chapter-4, a single water molecule was considered explicitly in certain cases, to have specific interaction with the substrate molecule. The partial atomic charges on an adsorbed substrate were determined from natural population analysis.17,18 The molecular orbital composition was analyzed by the natural atomic orbital method as implemented in Multiwfn 3.3.7 software.19 The density of states was obtained using the GaussSum 3.0 program.20 All geometries, frontier molecular orbitals, and charge density difference iso-surfaces were visualized using Chemcraft graphical user interface software.21
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