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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



Triphenyl Phosphine Ligands Have Been of Interest 
For Metal Interactions



Triphenyl Phosphine Ligands- Graham Cooks in 1968!



Triphenylphosphine Ligands with Oxygen, Selenide, and Sulfur

Triphenylphosphine Oxide 
(TPPO)

Triphenylphosphine Sulfide 
(TPPS)

Triphenylphosphine Selenide 
(TPPSe)



Methods

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

• Homodimers or heterodimers of ligands were formed 
with sodium

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

• Sodium dimers formed via electrospray ionization 
were isolated and fragmented via collisionally induced 
dissociation (CID)

• All experiments shown here were performed on Bruker 
microTOF-QII (Q-TOF)



Instrumentation
• Bruker micrOTOF-Q II 

− Time-of-flight (QTOF) Mass Spectrometer



MS1 of SodiumTriphenylphosphine Oxide (TPPO)
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MS1 of SodiumTriphenylphosphine Selenide (TPPSe)
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MS1 of SodiumTriphenylphosphine Sulfide (TPPS)
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+MS2(659.0544), 8.0eV, 7.8-9.0min #469-537___MS/MS at 659.06 (10.0), CID 8V
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CID of Mixed Ligand Cluster [(TPPSe)(TPPO)Na]+
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Density Functional Theory Calculations: Homodimers

• Calculations were performed using Gaussian  and viewed in GaussView 6.0.16  
(https://gaussian.com/)

• Density Functional Theory Calculations were optimized with B3LYP with Basis Set 6-31+G(d,p) 
and RwB97XD calculation method

GaussView, Version 6, Roy Dennington, Todd A. Keith, and John M. Millam, Semichem Inc., Shawnee Mission, KS, 2016.

Gaussian 16, Revision C.01, M. J. Frisch, et al, Gaussian, Inc., Wallingford CT, 2016.

[(TPPO)2Na]+ Homodimer [(TPPS)2 Na]+ Homodimer [(TPPSe)2Na]+ Homodimer

https://gaussian.com/


Density Functional Theory Calculations - 
Mixed Heterodimers of [(TPPS)(TPPSe)Na]+



Conclusions

• Dimers of triphenylphosphine chalcogenides (TPPX where 
X=oxygen, sulfur, or selenium) and sodium were generated via 
electrospray and investigated via collisionally induced 
dissociation.

• CID of the heterodimer complexes [(TPPO)(TPPS)Na]+ and 
[(TPPO)(TPPSe)Na]+ demonstrated the oxide portion of the 
dimer was more likely to remain intact

• DFT calculations are ongoing for heterodimers of Oxygen:Sulfur 
and Oxygen:Selenide



Future Directions

• Metal-triphenylphosphine clusters are being studied to better 
understand the intrinsic bonding and reactivity of the metal 
cluster species, and to better understand the transition states 
between 

−Various additional metals
−Other ligands (diglycolamides, perchlorates)
−Mass spectrometry
−IRMPD
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Congratulations on Retirement: 
Gary Groenewold and Garold Gresham

Gary Groenewold 

Idaho National Laboratory 
Part of the Secondary Ion Mass Spectrometry Group 

(SIMS Group)
Circa 2001

Garold "Gary" Gresham



Battelle Energy Alliance manages INL for the U.S. Department of Energy’s Office of Nuclear Energy. 
INL is the nation’s center for nuclear energy research and development, and also performs research 

in each of DOE’s strategic goal areas: energy, national security, science and the environment.



Instrumentation
• Bruker amaZon speed ETD 

− Quadrupole Ion Trap Mass Spectrometer


