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SEPARATION LIGANDS
Rationalizing the driving forces for actinide selectivity
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fundamental viewpoint
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Ln/An SEPARTION
fundamental viewpoint

Sadhu, B., Dolg, M. Inorganic Chemistry, 2019, 58, 9738-97-48.

Classical Mechanics Quantum Mechanics
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SOFT- VS HARD-DONORS?
[UO2(NO3)]+ and chalcogenide systems
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EXPERIMENT AND THEORY
determining bonding properties and energies

[UO2(TPh3PE)(NO3)]+ + TPh3PE

 [UO2(Me2E)(NO3)]+ + Me2E

[UO2(TPh3PO)(TPh3PS)(NO3)]+

[UO2(TPh3PO)(TPh3PSe)(NO3)]+

Pauli + Electrostatic + Orbital + 
Dispersion

Electron density

Total energy density
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Pauli ⟶ Antisymmetrization of wave functions

Electrostatic ⟶ Coulomb interaction between nuclei and electrons

Orbital ⟶ Covalency through orbital mixing

Dispersion ⟶ Non-bonding attractive forces

Orbital overlap

Accidental degeneracy 

Electrostatic

Total energy density

H(r) = G(r) + V(r)

Kinetic 
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Potential 
energy 
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MOLECULAR SYSTEMS

[UO2(TPh3PE)2(NO3)]+ [UO2(Me2E)2(NO3)]+

Triphenyl phosphine chalcogenide Dimethyl chalcogenide

E = Se

E = S

E = S

E = O

E = O, Se

E = O, S

E = O

E = Se
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COLLISION INDUCED DISSOCIATION
Chris Zarzana, Brittany Hodges, JungSoo Kim - INL

[UO2(TPh3PO)(TPh3PS)(NO3)]+ [UO2(TPh3PO)(TPh3PSe)(NO3)]+
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COMPLEXATION FREE ENERGIES

∆H -∆TS ∆G
[UO2(TPh3PO) (TPh3PO)(NO3)]+ -50.2 16.2 -34.0
[UO2(TPh3PO) (TPh3PS)(NO3)]+ -45.0 16.4 -28.6
[UO2(TPh3PO) (TPh3PSe)(NO3)]+ -46.5 16.4 -30.0

[UO2(TPh3PO)(TPh3PS)(NO3)]+
(g) ⟵ [UO2(TPh3PO)(NO3)]+

(g) + TPhe3PS(g)
[UO2(TPh3PO)(TPh3PSe)(NO3)]+

(g) ⟵ [UO2(TPh3PO)(NO3)]+
(g) + TPhe3PSe(g)
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COMPLEXATION FREE ENERGIES
[UO2(TPh3PE)2(NO3)]+

(g) ⟵ [UO2(TPh3PE)(NO3)]+
(g) + TPhe3PE(g)

[UO2(Me2E)2(NO3)]+
(g)     ⟵ [UO2(Me2E)(NO3)]+

(g) + Me2E(g)

∆H -∆TS ∆G
[UO2(TPh3PO)2(NO3)]+ -50.2 16.2 -34.0
[UO2(TPh3PS)2(NO3)]+ -44.0 15.3 -28.7
[UO2(TPh3PSe)2(NO3)]+ -45.1 15.5 -29.7
[UO2(Me2O)2(NO3)]+ -37.9 11.7 -26.3
[UO2(Me2S)2(NO3)]+ -37.4 11.5 -25.9
[UO2(Me2Se)2(NO3)]+ -38.2 11.9 -26.3
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COMPLEXATION FREE ENERGIES
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ENERGY DECOMPOSITION
[UO2(TPh3PE)2(NO3)]+

(g) ⟵ [UO2(TPh3PE)(NO3)]+
(g) + TPhe3PE(g)

[UO2(Me2E)2(NO3)]+
(g)     ⟵ [UO2(Me2E)(NO3)]+

(g) + Me2E(g)

Pauli Electrostatic Steric Orbital Dispersion Total
[UO2(TPh3PO)2(NO3)]+ 73.38 -82.42 -9.04 -52.91 -12.41 -74.36
[UO2(TPh3PS)2(NO3)]+ 63.38 -66.01 -2.63 -48.19 -12.08 -62.90
[UO2(TPh3PSe)2(NO3)]+ 66.33 -68.63 -2.30 -51.15 -8.75 -62.19
[UO2(Me2O)2(NO3)]+ 45.59 -53.48 -7.89 -34.67 -2.81 -45.37
[UO2(Me2S)2(NO3)]+ 44.37 -46.39 -2.02 -36.28 -2.72 -41.02
[UO2(Me2Se)2(NO3)]+ 42.88 -45.66 -2.78 -35.97 -2.91 -41.65
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TOPOLOGICAL ANLAYSIS - QTAIM

ρ(r) G(r) V(r) H(r)
[UO2(TPh3PO)2(NO3)]+ 0.5181 351.57 -401.26 -49.69
[UO2(TPh3PS)2(NO3)]+ 0.3675 149.74 -193.07 -43.33
[UO2(TPh3PSe)2(NO3)]+ 0.3492 124.16 -165.23 -41.07
[UO2(Me2O)2(NO3)]+ 0.4019 260.18 -285.27 -25.09
[UO2(Me2S)2(NO3)]+ 0.3370 124.61 -161.37 -36.76
[UO2(Me2Se)2(NO3)]+ 0.2960 89.20 -120.72 -31.52
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LIGAND POLARIZABILITY
Average Localized Ionization Energies (ALIEs)

̅𝐼𝐼 𝒓𝒓 =
∑𝑖𝑖 𝜌𝜌𝑖𝑖 𝒓𝒓 𝜀𝜀𝑖𝑖

𝜌𝜌 𝒓𝒓
Quantification of how 

loosely bound electrons are
Inversely proportional to 

LOCAL POLARIZABILITY

ALIE (kcal/mol)
E1 E2 E3

TPh3P=O 207.5 207.6 207.6
TPh3P=S 163.3 163.7 163.9
TPh3P=Se 148.6 149.1 149.3
Me2O 227.6 227.8
Me2S 165.6 165.6
Me2Se 153.8 154.0

Mulliken charge
q(E)

TPh3P=O -0.839
TPh3P=S -0.566
TPh3P=Se -0.669
Me2O -0.546
Me2S -0.012
Me2Se -0.076
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SUMMARY AND OVERLOOK

• HSAB theory is ONLY part 
of the equation for rational 
design of ligands

• Expand this work to 
different chalcogenide 
ligands and trivalent transU 
actinides

TPh3P=O
• More negatively charged 

oxygen atom
• More polarizable than O 

atom in dimethyl ether
• Increased coulomb and 

covalent interactions
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