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Reply to Bada et al.: Ab-Initio free-energy landscape of Miller-like prebiotic reactions

Antonino Marco Saitta 1,2 , Franz Saija 3 , Fabio Pietrucci 1,2 , and François Guyot In their letter addressing a recent ab-initio Density-Functional Theory-based study of Miller-like experiments [START_REF] Saitta | Miller experiments in atomistic computer simulations[END_REF], Bada and Cleaves [START_REF] Bada | Ab Initio simulations and the Miller prebiotic synthesis experiment[END_REF] downplay the role of formamide, citing its half-life, lower than that of HCN, and the fact that the calculations were performed in aqueous phase, rather than in gas phase. Miller's original experiment had both gas and condensed phases but ab-initio modeling a full biphasic system was beyond the scope of [START_REF] Saitta | Miller experiments in atomistic computer simulations[END_REF]. The declared goal of [START_REF] Saitta | Miller experiments in atomistic computer simulations[END_REF], as clearly stated in its abstract and text, was therefore to perform numerical "Miller-like experiments in the condensed phase". On one hand, it is well known that ab-initio calculations are as accurate as costly, and can only describe few tens picoseconds trajectories, hence the choice of simulations in a condensed phase to maximize molecular collisions. On the other hand, the main purpose of [START_REF] Saitta | Miller experiments in atomistic computer simulations[END_REF] was to understand the effect of electric fields on the relevant Miller chemical reactions, hence the choice to test a Strecker's scheme (ref. 2 of [START_REF] Bada | Ab Initio simulations and the Miller prebiotic synthesis experiment[END_REF]) under electric field in the condensed phase. We are factual about what we observe: Strecker's reactants, within the picosecond timescale of simulations, do not spontaneously react to form larger molecules, except for the appearance of a formimidate ion. On the contrary, a sufficiently intense electric field destabilizes the reactants and induces the barrierless formation of formamide and its evolution either into more complex molecules up to glycine, or breakup into water and HCN. This is a crucial point, as another critic is m of [START_REF] Bada | Ab Initio simulations and the Miller prebiotic synthesis experiment[END_REF] is about the role of formamide in Miller-like reactions. The results found in [START_REF] Saitta | Miller experiments in atomistic computer simulations[END_REF] are strongly supported by further ab-initio metadynamics [START_REF] Gallet | Bridging Static and Dynamical Descriptions of Chemical Reactions: An ab Initio Study of CO2 Interacting with Water Molecules[END_REF] free-energy calculations of formamide decomposition (Fig. 1), which indicate that in both aqueous and gas phases, kinetic barriers and relative free energies of molecular assemblages are similar. The robustness of the calculations is strengthened by the quantitative agreement found with gas phase static quantum chemistry studies [START_REF] Nguyen | Theoretical study of the decomposition of formamide in the presence of water molecules[END_REF] which show that, in absence of electric field, formamide is more stable than HCN+water, by about 10 kcal/mol. Our main result thus remains that the electric field significantly reshapes the free-energy landscape of the system, modifying the pathway of reactions leading to glycine. We consider this result as most promising in the perspective of novel synthetic routes in prebiotic chemistry. The role of formamide as a key compound in and beyond Miller's historical experiment is confirmed by various groups, including a recent study on shock-induced prebiotic chemistry [START_REF] Martins | Shock synthesis of amino acids fro m impacting cometary and icy planet surface analogues[END_REF], in which formamide and formic acid are seen as necessary intermediates toward amino-acid synthesis, both experimentally and computationally. Finally, Bada and Cleaves claim [START_REF] Bada | Ab Initio simulations and the Miller prebiotic synthesis experiment[END_REF] that mineral surface electric fields are irrelevant in geochemistry. Unfortunately, they do not support their affirmation with any quantitative data, and their claim is not consistent with several studies (see for example [START_REF] Vlcek | Electric double layer at metal oxide surfaces: Static properties of the cassiterite -water interface[END_REF]), which show that surface fields, within distances of a few Å from the mineral, have intensities of the order of a few V/Å, i.e. more than necessary for inducing chemical reactions such as the ones reported in [START_REF] Saitta | Miller experiments in atomistic computer simulations[END_REF]. 

Figure 1 :

 1 Figure 1: Free energy landscape for the gas-phase decomposition, at a temperature of 300 K, of formamide into H2O and HCN, reconstructed employing ab-initio metadynamics based on path collective variables. Values in the figure, expressed in kcal/mol, indicate the relative depths and heights, with respect to formamide, of the different steps of the transformation.