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RNA, with its dual ability to store genetic information and catalyze chemical reactions, stands as a pivotal molecule
in the quest to understand the origins of life: the earliest life forms might have relied solely on RNA!. However,
the process of RNA polymerization, crucial for life’s emergence, poses a formidable challenge in the absence of
enzyme catalysts>. To shed light on potential mechanisms to expedite this reaction under abiotic conditions, a
deeper comprehension of the uncatalyzed reaction mechanism is crucial. Experimental data remains sparse and
inconclusive, while computational approaches face numerous hurdles. Factors such as significant entropic effects,
involvement of solvent molecules, and the myriad of collective variables possibly involved in the reaction coor-
dinates pose formidable challenges®. Neural network potentials offer a promising avenue, because they are in
principle capable of addressing these obstacles by leading to reactive force fields with quantum accuracy*. How-
ever, their application to complex reactivity in condensed phases presents significant challenges.

We introduce a robust workflow to train such potentials, leveraging active learning of reactive structures through
enhanced sampling methods, which is combined to the now well-established concurrential learning approach. Uti-
lizing these models now enabling submicrosecond simulations, we employ enhanced sampling techniques, most
notably transition path sampling, which enables to discern between various reaction pathways without presuming
specific reaction coordinates. Consequently, we achieve unambiguous characterization of reaction kinetics, ther-
modynamics, and mechanistic intricacies®. Our findings favor a dissociative mechanism over an associative one,
indicating the formation of a metaphosphate transition state with direct involvement of water solvent molecules.
These insights not only rationalize previous ambiguous experimental results but also elucidate the temperature-
dependence of the reaction rate, offering avenues for the design of more efficient abiotic catalysts and activating
groups.
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