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Metadynamics applied to the dehydroxylation reaction
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Abstract

Ab initio Molecular Dynamics (MD) is a very general method to study chemical reactions. However, when transition states in the Potential Energy Surfaces (PES) are high, reactants have low probability to go out of their wells in a reasonable CPU time with normal computational facilities. Besides, there are systems where the entropic effects are important and the Free Energy Surface (FES) is the meaningful surface. To overcome these shortcomings a metadynamics1-3 is applied in a restricted space of a few collective variables (CV). The metadynamics is based on a biased historical-dependent potential, which fills the wells with Gaussian functions as the system walks on the FES of the CV space, and overcoming the transitions states in consequence. The metadynamics of the collective variables provided a coarse-grained description of the system. The FES is reconstructed from the historical-dependent potential applied for long time.

Dehydroxylation reaction produces a water molecule from the condensation of two structural hydroxyl groups. This reaction is produced in phyllosilicates in a wide range of temperatures (350 – 800 ºC), rehydroxylation reaction is also produced. This reaction is studied in pyrophyllite (Al4Si8O20(OH)4). This mineral is a dioctahedral 2:1 phyllosilicate in which a sheet of octahedrally coordinate Al3+ is sandwiched between two sheets of linked SiO4 tetrahedra. The reaction can go through two possible mechanisms: “on site” and “cross” mechanisms, depending whether the condensation is produced with two bridging hydroxyl groups of an octahedral Al3+ pair or with the hydroxyl groups in an octahedral vacancy. Car-Parrinello MD simulation at the DFT level together with the metadynamics algorithm1-3 is used to explore the FES of the initial step of the dehydroxylation reaction. The CPMD package (CPMD v.3.9) is used.4 Both mechanisms yield similar activation energies at 0 K. Apical oxygens can assist both mechanisms, and different intermediates are also found. All of them and transition states are detailed described. At higher temperatures, the “cross” mechanism has lower free energy than the “on-site” mechanism. Rehydroxylation mechanism is also considered. A novel competitive mechanism, which is assisted by the structural apical oxygens in the high-temperature regime, is proposed.5,6 All results agree with the known experimental results.

The isomorphic cation substitutions (Al3+ is substituted by Mg2+, Fe3+,…) in the octahedral sheet of the end member of the series (phyrophyllite) and different cations (K+, Na+, Ca2+, ..) in the interlayer space produce different members of the series [Yx(Al4-x-zMgxFez)Si8O20(OH)4]. The same methodology of dynamics and metadynamics is now applying to the dehydroxylation reaction in different members of the series. 

Critical points of the PES of the reaction have also been studied by means of cluster models and introducing Fe3+ as substitution cation. Gaussian 98 program package is used.  “Cross” mechanism is less energetically favourable and is endothermic.7     
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