Periodic pathways to reveal early actinide electronic structure and bonding
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The study of electrostatic repulsion between pairs of electrons within a partially filled
shell can be used to probe metal-ligand bonding interactions. Famously, Schaffer and
Jargensen!'! exploited this in the analysis of electronic spectra, showing that it is possible to
organise ligand and central metal-ion by the relative reduction in interelectron repulsion on
moving from a free-ion to an ion within a molecular complex. They proposed to call this series
the nephelauxetic (a neo-Greek word meaning cloud expanding) series, explaining the origin
of the nephelauxetic effect as a combination of metal-ion valence shell radial expansion and
covalent mixing between metal-ion and ligand. Half a century later, modern photon-in photon-
out X-ray spectroscopies such as resonant inelastic X-ray scattering (RIXS) open new
opportunities to quantify electronic structure with element selectivity and subshell-specific
transition selection rules.

The question is, do the theories developed by the founders of modern chemistry, such
as Jegrgensen, remain relevant in the era of 4"-generation synchrotron X-ray spectroscopy
and advanced ab initio computational chemistry?

This question is addressed in a periodic RIXS study of early actinide molecules of the
general formula [XYs]> where X=U, Np, Puand Y = F, ClI, Br. It is shown that 3d4f RIXS
carries a unique and previously unidentified sensitivity to the nephelauxetic effect’? and the
related 5f probability distribution function®l. By analysing RIXS spectra in combination with
DFT and ab initio ligand field theory, the extent of metal-ligand covalency and the degree of
5f radial expansion are quantified for this periodic series of compounds. Ultimately, we can
conclude that in scientific research, legacies are continually reassessed, and in the present
case of the nephelauxetic effect, modern analysis proves this intuitive picture of electronic
structure to be as relevant as ever.

Based on my research group’s ongoing work, we predict that the quantification of
actinide bonding by 3d4f RIXS will be universal to actinide element identity, ligand element
identity, actinide oxidation state and actinide coordination symmetry. Consequently, the
method is expected to have the capacity to contribute widely to actinide analytical chemistry
and material characterisation.
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