
Limitations in Determining Oxidation States in Condensed Matter at the Sub-Nanometric 

Scale 

 

Deborah Perco1, Monica Pozzo2,3, Andrea Berti1, Federico Loi1,4, Paolo Lacovig5, Silvano 

Lizzit5, Aras Kartouzian6, Ulrich Heiz6, Dario Alfè7,8 and Alessandro Baraldi1,5,* 

1Department of Physics, University of Trieste, via Valerio 2, 34127 Trieste, Italy. 
2Faculty of Technological & Innovation Sciences, Universitas Mercatorum, Piazza Mattei 10, 00186 

Rome, Italy 
3Institute for Materials Discovery, UCL East, Marshgate Building, 7 Siding Street, Stratford, London, 

E20 2AE, United Kingdom  
4J. Heyrovsky Institute of Physical Chemistry, Dolejškova 2155/73, 182 23 Prague, Czech Republic. 

5Elettra Sincrotrone Trieste, AREA Science Park, 34149 Trieste, Italy. 
6Chemistry Department & Catalysis Research Center, Technical University of Munich, Lichtenbergstr. 4, 

Garching D-85748, Germany. 
7Department of Earth Sciences and London Centre for Nanotechnology, University College London, 

Gower Street, London, WC1E 6BT, UK. 
8Dipartimento di Fisica Ettore Pancini, Università di Napoli Federico II, Monte S. Angelo, 80126 Napoli. 

Oxidation state is a fundamental concept used to predict the behavior of compounds in chemical 

reactions1,2. Determining the oxidation state becomes even more important but complex when 

dealing with nanoclusters, where the properties of solid matter strongly depends on the number 

of atoms3. In the present work, we highlight the challenges in determining the oxidation state of 

size-selected clusters using synchrotron-based High-Resolution X-ray Photoelectron 

Spectroscopy, a technique commonly recognized for providing unambiguous fingerprints of the 

different oxidation state4. We investigated the oxidation of Wn (n=13, 25) nanoclusters deposited 

on epitaxial graphene at 40 K monitoring in-situ the evolution of W 4f spectral components 

growing at higher binding energies (BEs) compared to metallic W, attributed to the formation of 

tungsten oxide species. To shed light on the formation of these new components, we performed 

density functional theory simulations including calculations of core-electron BEs in the final-

state approximation. The lack of crystalline order leads to a broad distribution of core levels that 

can be grouped in six different families, defined by the number of O atoms bonded to a specific 

W atom in the clusters. We found a strong linear relationship between valence, computed using 

Pauling’s formula5, and the calculated W 4f7/2 core levels. However, when the number of oxygen 

atoms bonded becomes large (n>3), the large variability of W-O interatomic distances causes the 

core levels of different families to overlap, making difficult to precisely assess W oxidation state, 

whose assignment should be reviewed in the case of nanostructures. 
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