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Circular Economy for Critical Materials

https://www.nrel.gov/about/circular-economy.html



Understanding Metal-Ligand Interactions:
Recycling and Recovery of Critical Materials 
and Rare Earth Elements

https://www.snexplores.org/article/recycling-rare-earth-elements-hard-reuse-greener-technology

https://fortune.com/2019/07/27/rare-earth-metals-recycling-us-china/

https://www.snexplores.org/article/recycling-rare-earth-elements-hard-reuse-greener-technology
https://fortune.com/2019/07/27/rare-earth-metals-recycling-us-china/


Understanding Metal-Ligand Interactions: Nuclear Fuel Cycle

https://www.nrc.gov/materials/fuel-cycle-fac/stages-fuel-cycle.html



Understanding Metal-Ligand Interactions: Environmental 
Management of Waste

https://www.pbs.org/newshour/science/nuclear-waste-tunnel-collapses-hanford-site-washington-state

https://www.pbs.org/newshour/science/nuclear-waste-tunnel-collapses-hanford-site-washington-state

https://time.com/3672177/hanford-radioactive-waste-history/

https://www.researchgate.net/figure/Aerial -view-of-the-Radioactive-Waste-Management-Complex-The-yellow-area-shows-the_fig2_250129611

https://www.pbs.org/newshour/science/nuclear-waste-tunnel-collapses-hanford-site-washington-state
https://www.pbs.org/newshour/science/nuclear-waste-tunnel-collapses-hanford-site-washington-state
https://time.com/3672177/hanford-radioactive-waste-history/


Why should we care about any of this?

• Transport of metal ions across boundary of aqueous to 
organic phases (and vice versa) is a critical step in 
nuclear fuel reprocessing and critical material 
recovery

• Initial metal coordination environment may be 
significantly different from the final one

−metal transitions through a series of transient 
species as it passes from one phase to another.

• Thus, we need to understand the role of metal ligand 
interactions and the roles of transition states and 
intermediates



Previous Studies

Groenewold 2006 Journal of The American Chemical Society 

Sokalska 2010 JASMS 21, 1789–1794 https://doi.org/10.1016/j.jasms.2010.06.018
Anbalagan 2004 Rapid Communications in Mass Spectrometry 18 3028-3034
Tatosian 2018 Rapid Communications in Mass Spectrometry, 32, 1085-1091 DOI: 10.1002/rcm8135



Gas-Phase Intrinsic Reactivity and Bonding of Actinide Metal 
Ligand Complexes

Hood Suitable For 

Working With 

Radioactive Materials

Bruker AmaZon Speed ETD 

Ion Trap Mass Spectrometer With 

Electrospray Ionization

Trained Personnel



Idaho National Laboratory Center for Radiation 
Chemistry Research
• Actinide Studies of Gas Phase 

Intrinsic Bonding and Reactivity 

• New instrument and laboratory 
suitable for Actinide Metal Ligand 
Complex Gas-Phase Studies. 

• This laboratory is one of only a few 
instruments with the capability to 
perform mass spectrometry gas-
phase bonding and reactivity studies 
of chemistry and interactions with 
ligands in gas phase experiments

• https://cr2.inl.gov

TP 151 Comparison of Gas Phase Fragmentation Behaviors of Nuclear Fuel Cycle Ligands 
in Lanthanide and Americium Metal Ligand Complexes  JungSoo Kim

ThP 308 Gas Phase Coordination of Phosphine-Chalcogenides to Uranyl Cation Christopher Zarzana



Methods

• Metal cluster ions of uranyl perchlorate ligands were formed 
via electrospray on the commercial Bruker ESI ion source

• Metal-ligand clusters formed from uranyl perchlorate 
solutions in acetonitrile

− Concentrations for optimal cluster formation were 
experimentally derived, and ranged from 10-100µM

• Uranyl-perchlorate complexes formed via electrospray 
ionization were isolated and fragmented by collisionally 
induced dissociation (CID) or Infrared Multiphoton 
Dissociation (IRMPD).

• All experiments shown here were performed on Bruker 
AmaZon Ion Traps or MicroTOF-II

− CID was performed on an unmodified instrument

− IRMPD was performed at FELIX at Radboud University 
on a modified instrument (Martens, 2016, Rev. Sci. Inst. 87, 103108 
(2016). DOI: 10.1063/1.4964703).

http://dx.doi.org/10.1063/1.4964703


Infrared Multiphoton Dissociation

• FELIX instrument is based on the Bruker AmaZon 
Speed ETD instrument described by Martens Rev. Sci. 
Instrum. 87, 103108 (2016); https://doi.org/10.1063/1.4964703



Collision Induced Dissociation MS1 Spectrum showing 
[UO2(ClO4)3]

- m/z 567 on Quadrupole Ion Trap
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Collision Induced Dissociation Spectrum [UO2(ClO4)3]
-

m/z 567 from Ion Trap
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IRMPD of Uranyl tris-Perchlorate [UO2(ClO4)3]
-
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• Solid black trace: IRMPD spectrum of m/z 567 
from negative-mode electrospray of uranyl tris-
perchlorate, identified as [UO2(ClO4)3]

- 

• Solid red trace: predicted infrared spectrum of 
[UO2(ClO4)3]

- calculated at the B3LYP level of 
theory using the ECP60MDF basis set and 
relativistic effective core potential for uranium, 
and the Def2-TZVP basis set for Cl and O. 
Theoretical frequencies scaled by 0.995

• Peak at 966 is likely composed of two modes: 
one from perchlorate and one from uranyl 
asymmetric stretch. Based on calculation the U-
O stretch is likely near 990 cm-1



Uranyl tris-Perchlorate Anion Calculated Structure

• Structure of [UO2(ClO4)3]
- m/z 567 

optimized at the B3LYP level of 
theory 

• Axial U—O bond lengths are 
calculated at 1.76 Å 

• U—O bond lengths to the oxygens in 
the perchlorate ligands are calculated 
at 2.54 Å



IRMPD of Uranyl Perchlorate Anion fragment m/z 484

• Solid black trace: IRMPD spectrum of 
m/z 484 [UO3(ClO4)2]

- produced from 
CID of m/z=567 ([UO2(ClO4)3]

- 

• Solid red trace: predicted infrared 
spectrum of [UO3(ClO4)2]

- 

• Calculated at the B3LYP level of theory 
using the ECP60MDF basis set and 
relativistic effective core potential for 
uranium, and the Def2-TZVP basis set for 
Cl and O. Theoretical frequencies scaled 
by 0.995
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Comparing Measured IRMPD Spectra with Varied Theoretical 
Structures of m/z 484 from CID of [UO2(ClO4)3]

- m/z 567 

a. Uranyl with an oxo ligand 

and two perchlorate anion 

ligands

b. uranyl with a bidentate 

superoxide ligand, a chlorate 

radical anion ligand, and a 

perchlorate anion ligand

c) uranyl with monodentate 

superoxide ligand, a chlorate 

radical anion ligand, and a 

perchlorate anion ligand



Optimized [UO3(ClO4)2]
- Structure

• Structure of [UO3(ClO4)2]
- 

optimized at the B3LYP level of 
theory

• Axial U—O bond lengths are 
calculated at 1.78 Å 

• U—O bond length to the third 
oxygen in the central UO3 moiety 
is calculated at 2.11 Å



Proposed Transition State

• Transition state structure for the 
fragmentation of m/z 567 
[UO2(ClO4)3]

-  to the product at 
m/z 484

• Axial U—O bond lengths are 
calculated at 1.77 Å 

• U—O bond length to the oxygen 
that will become the third oxygen 
in the central UO3 moiety is 
calculated at 2.26 Å



Conclusions

• Uranyl perchlorate forms metal ligand complexes via electrospray in the gas 
phase that can be investigated by a number of fragmentation mechanisms 

• Initial look at the IRMPD spectra of [UO3(ClO4)2]
-and  [UO2(ClO4)3]

-, and a 
proposed calculated transition states using B3LYP level of theory in Gaussian

• In these structures, we identified an overlap between each of these uranyl 
stretches resulting in their largely being obscured by a perchlorate mode 

• Upon collision induced dissociation, we observed a CID product 

−CID product geometry appears to agree with similar structure reported 
previously for uranyl nitrate (Groenewold 2006 DOI: 10.1021/ja058106n)

• Idaho National Laboratory's new capability for analysis of metal-ligand gas 
phase complexes enables gas-phase metal-ligand complex studies of 
radioactive species
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