Probing Protonation State Dependent Charge Transfer-to-Solvent in L-cysteine via Sulfur Kβ Valence-to-Core Resonant Inelastic X-ray Scattering
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ABSTRACT
L-cysteine is a highly versatile amino acid capable of undertaking several diverse functional roles within proteins, owing largely to the ability of its thiol group to deprotonate and engage in bonding giving rise to unique structural feature like disulfide bonds and strong coordination with metal centres. [1] The electronic structure of aqua-solvated L-cysteine has been a subject of long-standing interest due to its fundamental biological relevance. [2] While previous studies have successfully established a foundational understanding of static properties like speciation and hydrogen-bonding networks surrounding the thiol moiety, the dynamic ultrafast electronic phenomena remain largely unexplored. [3-5]

L-cysteine in aqueous solution exists predominantly in its zwitterionic thiol form, whereas increasingly alkalinity shifts the equilibrium towards a deprotonated thiolate species, becoming dominant at higher pH values. This study examines the influence of these protonation states on charge delocalisation at the sulfur site following X-ray induced core-shell excitation. Sulfur Kβ valence-to-core Resonant Inelastic X-ray Scattering (RIXS) provides a valence sensitive probe to explore the nature of charge delocalisation processes occurring on the timescale of core-hole lifetimes but due to the relatively weak signal strength at the sulfur Kβ emission line, it has been difficult thus far to access it with sufficient photon flux to obtain meaningful electronic structure information. 

The multi-crystal X-ray spectrometer – MOSARIX, developed recently by our group provides us unprecedented access, making it possible to perform highly photon efficient high-resolution measurements in this tender X-ray region. [6] With this capability, we resolve distinct spectral signatures corresponding to the thiol and thiolate forms of L-cysteine. While the thiol species remains largely inert to the solvent environment, the thiolate engages with the solvent and exhibits pronounced charge transfer-to-solvent features below the ionization threshold. Using Molecular Dynamics and Ab initio Quantum Chemistry calculations, we showcase the existence of diffused molecular orbitals in the thiolate form that extend into the solvent continuum in contrast to the thiol form where the orbitals are largely localized on the sulfur site.
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