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Abstract  

 Reported are the syntheses and characterization of six new heterometallic UO2
2+/Pb2+ 

compounds. These materials feature rare instances of M-oxo interactions, which influence bonding 

properties of the uranyl cation. The spectroscopic effects of these interactions were measured using 

diffuse reflectance, luminescence and Raman spectroscopy. Computational density functional 

theory (DFT) based natural bonding orbital (NBO) and quantum theory of atoms in molecules 

(QTAIM) methods indicate interactions arise predominantly through charge transfer between 

cationic units via the electron donating uranyl O spx lone pair orbitals and electron accepting Pb2+ 

p orbitals. The interaction strength varies as a function of Pb-oxo interaction distance and angle 

with energy values ranging from ranging from 0.47 kcal/mol in the longer contacts to 21.94 

kcal/mol in the shorter contacts. Uranyl units with stronger interactions display an asymmetric 

bond weakening and a loss of covalent character in the U=O bonds interacting closely with the 

Pb2+ ion. Luminescence quenching is observed in cases where strong Pb-oxo interactions are 

present, and is accompanied by significant red-shifting of the uranyl symmetric Raman stretch. 

Changes to inner sphere uranyl bonding manifest as a weakening of the U=O bond as a result of 

interaction with the Pb2+ ion.   

 

Introduction  

Heterometallic uranyl hybrid materials constitute an area of growing interest as the secondary 

metals in these materials allow for architectural diversity and can have effects on a wide range of 

physical properties including photochemistry and magnetism.1–3 Recent work has shown that these 

secondary metal centers can form interactions with the nominally terminal uranyl-oxo groups, and 

that these interactions can influence the chemical bonding, spectroscopic and structural properties 

of these compounds.1,4–8 Indeed, researchers have been motivated by efforts to improve the redox 

reactivity of the UO2
2+ cation by functionalizing the uranyl-oxo for the purposes of waste 

stewardship.9–17 

We are particularly interested in studying the impact of closed-shell secondary metal cations 

such as Ag+, Cd2+, or Pb2+ on uranyl bonding and subsequent spectroscopic properties. A search of 

the Cambridge Structural Database (CSD) (needs citation) reveals 1900 heterometallic, uranyl 

bearing compounds featuring either main group or transition metal elements. Of these 

heterometallic structures, only 120 contain closed shell-metals,18 with the bulk featuring either Ag+ 

(46 compounds) or Pb2+ (31 compounds). These compounds display a range of luminescence 

behavior including, in some, a complete quenching of emission signatures.19–24 Looking deeper 
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into the structural features of these compounds reveals that quenched luminescence is more 

common in complexes with close M-oxo interactions.  

The quenching of uranyl emission by metal ions in the solid state is not without precedence. 

In the presence of open-shell transition metals such as Cu2+, Fe2+, and Ni2+ the uranyl emission 

signature is quenched owing to overlap of emission from the uranyl cation with the d-d absorption 

band of the metal allowing for energy transfer and non-radiative decay.25–29 Closed-shell metals 

(Pb2+ and Ag+ in particular) are also capable of quenching uranyl, yet these metals have filled 

atomic subshells, making dd deactivation of uranyl emission not possible. An alternative 

explanation for the loss in intensity remains elusive, and as such there is an opportunity to probe 

this disruption in the emission pathway within these materials.19–21,23,24,30,31  

The Raman spectra of these materials is also impacted by the presence of closed-shell 

secondary metal cations. Uranyl compounds have Raman spectra characterized by the presence of 

the ν1 symmetric stretch which, while sensitive to the coordination environment of the uranyl, is 

most commonly found in the range of 840 to 870 cm-1.32–35 Previous work done by Arnold et al. 

found that red-shifting of the uranyl Raman stretch occurs as a consequence of close M-oxo 

interactions.9 The degree of shifting and U=O bond weakening has been linked to the Lewis acidity 

of the coordinating metal, where less polarizable Group 1 metals cause much larger U=O bond 

asymmetry as compared to post-transition metals.14 Carter et al. also recently demonstrated that 

silver cations participating in meaningful interaction with oxo groups give rise to weakened U=O 

bonding signified by a red-shifting in the Raman U=O symmetric stretch.8  

We present herein a family of six novel heterometallic Pb2+/UO2
2+ compounds featuring a 

range of Pb-oxo distances and interaction strengths. We observed that Pb-oxo interactions lead to 

quenching of the characteristic uranyl emission in compounds with close interactions, suggesting 

a change in the emissive profile to include a non-radiative pathway. Computational analysis 

determined that the Pb-oxo interaction occurs as a result of charge transfer from the O spx and 

U=O σ bonding into the Pb p orbitals and from the Pb s into the U 5f and U=O σ* anti-bonding 

orbitals. As Pb-oxo distance decreases, the interaction energy between these orbital pairs as 

increases exponentially. The involvement of U=O σ bonding and σ* anti-bonding orbitals in these 

interactions leads to a loss of covalent character and weakening of the U=O bond which, in turn, 

results in a red-shifting of the U=O symmetric stretch in the Raman spectra in complexes with 

short Pb-oxo contacts.   

 

Experimental Section 

 

General. Caution: Whereas the uranyl nitrate hexahydrate [UO2(NO3)2]·6H2O and uranyl 

acetate dihydrate [UO2(CH3COO)2]·2H2O used in this study consists of depleted U, standard 

precautions for handling radioactive and toxic substances should be followed. 

All organic materials, diglycolic acid (digly) (Sigma Aldrich, 98%), 1,2,3-benzenetricarboxylic 

acid (1,2,3-btca) (Acros Organics, 97%), 2,2';6',2"-terpyridine (tpy) (Sigma Aldrich, 98%), 2,6-

pyridinedicarboxylic acid (2,6-pdca) (Sigma Aldrich, 99%), 1,10-phenanthroline (phen) (Alfa 
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Aesar, 99%), 1,4-phenylenediacetic acid (pda) (Sigma Aldrich, 97%), 1,2,4,5-

benzenetetracarboxylic acid (1,2,4,5-btca) (Acros Organics, 96%), and 2,2’bipyrimidine (bypm) 

(Sigma Aldrich, 95%), were purchased and used as received. Pb(NO3)2 (Sigma Aldrich, 99.9+%) 

is also commercially available and was used without further modification. 

 

Synthesis 

 

All complexes reported herein were synthesized via solvothermal methods, compounds 1, 2, 5, 

and 6 in a 23 mL Teflon-lined Parr autoclave, and 3 and 4 in a tightly capped 10mL vial in a sand 

bath. The ratios of reagents used, reaction temperature, and solvent system used are summarized 

in Table 1. Ratios for reagents were optimized for crystal growth and purity. All six compounds 

were rinsed with ethanol and water to yield pure samples, with the exception of compound 3, which 

contained an unidentified phase.  

 

Table 1. Summary of synthesis conditions of complexes 1-6. 

Compound Ligand Cap Temperature 

(°C) 

Ratio 

Ligand:Cap:U:Pb 

Solvent 

1 Diglycolic Acid N/A 150 10:0:4:10 3mL Water 

2 

1,2,3-

benzenetricarboxylic 

acid 

2,2';6',2"-

terpyridine 
110 1:1:2:2 

0.75 mL DMF  

2.25 mL Water 

3 
2,6-pyridinedicarboxylic 

acid 

1,10-

phenanthroline 
110 2:2:2:1 

0.2 mL DMF 

0.7 mL Water 

4 
2,6-pyridinedicarboxylic 

acid 
N/A 140 1:0:1:2 3mL Water 

5 
1,2,4,5-

benzenetetracarboxylic 

2,2’-

bipyrimidine 
110 1:1:1:1 

0.75 mL DMF  

2.25 mL Water 

6 
1,4-phenylenediacetic 

acid 

2,2';6',2"-

terpyridine 
110 1:1:1:1 

0.75 mL DMF  

2.25 mL Water 

 

X-ray Crystallography. Single crystals from each bulk sample were isolated and mounted on 

MiTeGen micromounts. Data were collected on a Bruker D8 Quest equipped with a Photon II 

detector, using a Mo Kα source. Reflection data were collected using 0.5°ω and φ scans at 100(2) 

K. The APEX III software suite36,37 was used for integrating the data then performing an absorption 

correction, which incorporates both SAINT38 and SADABS.39 Structure solutions (obtained using 

intrinsic phasing), and refinement were performed using the ShelXT package40 and ShelXL41 in 

APEX III.38 All non-hydrogen atoms were located using Fourier difference maps and refined 

anisotropically. Hydrogen atoms were placed in ideal locations using HFIX33 for methyl groups, 

and HFIX43 for aromatic hydrogen atoms, allowing hydrogen atoms to ride on their parent atoms. 

All figures were prepared with Crystal Maker 8.2.2.42 Data collection and refinement details for 

1–6 are included in Table 2.  

Compound 2 displayed unusually large residual electron density in the C-C bond between C7 

and C9. Multiple experiments were run on different crystals of Compound 2 which all displayed 
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the same large residual electron density. The data does not show evidence of twinning or space 

group discrepancies and attempts to model the ligand as disordered were unsuccessful.  

 

Powder X-Ray Diffraction. Powder X-Ray Diffraction (PXRD) data on the bulk reaction 

products of compounds 1-6 (Figures S1-6, SI) were used to gauge the purity of the preparations. 

All data were collected on a Rigaku Miniflex (Cu Kα, 2θ = 3-60°) and were analyzed using the 

Match! software program.43 The syntheses of 2 and 4-6 yielded products free of impurities, yet  1 

contains an unidentified diffraction peak at 8.9° and 3 contains unidentified diffraction peaks at 

9.9°, 11.1°, and 14.7°. 

 

Table 2. Crystallographic Refinement Details for Compounds 1−6.a 

 1 2 3 

CCDC no. 2064213 2064214 2064215 

Formula [UO2Pb(C4H4O5)2(H2O)] • (H2O) [UO2Pb(C15H11N3)(C9H6O6)(NO3)] [UO2Pb(C15H11N3)(C9H6O6)(NO3)] 

Formula weight 777.41  979.62 912.57 

Crystal System Triclinic Triclinic Triclinic  

Space Group P-1 P-1 P-1 

a, Å 7.8698(6) 8.9530(4) 7.1919(2) 

b, Å 9.2871(8) 11.2200(5) 12.0851(3) 

c, Å 11.3246(9) 13.0939(6) 14.3154(4) 

𝛼, ° 71.603(2) 69.263(1) 66.723(1) 

β, ° 83.481(2) 78.099(1) 85.576(1) 

𝛾, ° 70.411(2) 66.732(1) 76.232(1) 

Volume, Å3 739.90(10) 1212.73(9) 1109.91(5) 

𝑍 2 2 2 

𝜌calc, g cm−3 3.490  2.683 2.731 

𝜇, mm−1 22.369 13.675 14.926 

Radiation 0.71073 0.71073 0.71073 

Temp., K 100 100 100 

residuals:a R; Rw 0.0145, 0.0333 0.0357, 0.0757 0.0206, 0.0509 

Goodness of fit 1.077 1.033 1.057 

 4 5 6 

CCDC no. 2064216 2064217 2064218 

Formula [UO2Pb2(C7H5NO4)2(NO3)2] • 2(H2O) [UO2Pb(C8H6N4)(C10H2O8)] • 2(H2O) [UO2Pb(C15H11N3)(C10H10O4)4] 

Formula weight 1157.57 917.51 1094.83 

Crystal System Triclinic Monoclinic Orthorhombic 

Space Group P-1 P2/n Pbca 

a, Å 6.8263(4) 9.3880(3) 12.1462(3) 

b, Å 8.5430(6) 10.8560(3) 19.7804(5) 

c, Å 10.2476(7) 11.5855(3) 28.2944(8) 

𝛼, ° 69.388(2) 90 90 

β, ° 74.885(2) 112.895(1) 90 

𝛾, ° 71.102(2) 90 90 

Volume, Å3 521.89(6) 1087.73(5) 6797.9(3) 

𝑍 1 2 8 

𝜌calc, g cm−3 3.683 2.801 2.139 

𝜇, mm−1 23.932 15.239 9.768 

Radiation 0.71073 0.71073 0.71073 

Temp., K 100 100 100 

residuals:a R; Rw 0.0260, 0.0668 0.0205, 0.0382 0.0208, 0.0365 

Goodness of fit 1.119 1.109 1.048 
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Optical Measurements. Diffuse reflectance spectra were collected on single crystals at 298 K. 

A Mikropack DH-2000-BAL deuterium and halogen light source was used, coupled with an Ocean 

Optics Flame detector. Scattered light was collected with a fiber-optic cable and spectra were 

referenced with BaSO4. Data were processed using OceanView spectroscopy software. Tauc plots 

of reflection data can be found in the Electronic Supplementary Information. Steady-state 

luminescence scans of 1-6 were collected at 298 K and 78 K. Spectra were collected with a 

Fluorolog®-3 photoluminescence spectrophotometer from Horiba using a 450 W xenon arc lamp 

combined with a double excitation monochromator and double emission monochromator. A 

photomultiplier tube at 950 V was used as the emission detector. Low temperature luminescence 

measurements were collected on solid samples under vacuum using a Janis VPF-100 cryostat 

equipped with UV-grade fused silica windows coupled with a Lakeshore model 325 temperature 

controller. Single crystal samples were mounted on a quartz plate using non-emitting high vacuum 

grease. Raman spectra of single crystals of 1-6 were collected using a HORIBA LabRAM HR 

Evolution Raman Microscope over the 150–3000 cm−1 range. An excitation line at 405 nm was 

used for each collection. 

 

Computational details.  

Natural Bond Orbitals (NBO) and Quantum Theory of Atoms in Molecules (QTAIM). The 

uranyl-cation interactions in 1-6 between the UO2
2+ and Pb2+ units were investigated and 

quantified via natural bond orbital (NBO) analysis using Gaussian 16.44 NBO calculations were 

performed using NBO7 on molecular models of 1-6 constructed from crystallographic fragments 

consisting of the shortest U=O⋯Pb distance and all the ligands coordinated to those metals. Both 

the B3LYP45,46 functional with the modified scalar-relativistic effective core potential (ECP) basis 

set DEF2TZVP47,48 and associated pseudopotential for all non-U atoms was implemented in the 

software was used throughout. ECP60MWB_SEG valence basis set was used for all U atoms.49–51 

NBO second order perturbation theory (SOPT) was applied to (i) quantify the magnitude of the 

interaction (in kcal/mol) between the donor and acceptor and (ii) identify the atomic or molecular 

orbitals involved. Quantum theory of atoms in molecules51 (QTAIM) analysis of bonding 

properties at the bond critical points (BCPs) was performed in the AIMA11 software suite52 using 

the DFT converged wavefunction. Models generated and used for NBO and AIMA11 calculations 

can be found in the SI. Computations were carried out on an additional 10 structures reported by 

Thuery et. al.19–22,24 (CSD Refcodes: AYAVED, AYAVEZ, BEKPIT, GAPMOC, GAPPEV, 

OSOMOA, OSOMUG, OSONER, ZASJAH). 

Results and Discussion 

Structural Descriptions. 

Compound 1, [UO2Pb(digly)2(H2O)] • (H2O), crystallizes in the space group P-1 and the 

asymmetric unit contains a single crystallographically unique UO2
2+ cation adopting a pentagonal 

bipyramidal geometry as well as one crystallographically unique seven-coordinate Pb2+ (Figure 1).  
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The axial U=O bonds have bond lengths of 1.779(3) Å (O1) and 1.773(3) Å (O2) with a O-U-O 

of 179.2(1). The UO2
2+ is coordinated in the equatorial plane by a tridentate diglycolate (via O3, 

O5, and O6) which also coordinates to the Pb2+ cation via O3 and O4. The Pb2+ cation forms a 

tridentate coordination to another diglycolate via O9, O10, and O11. The oxygen atoms on the 

terminal carboxylate groups of this ligand each form a monodentate coordination to a UO2
2+ on 

either side (O8 and O12). Each Pb2+ cation is also coordinated to a single water molecule (O13) 

which, in turn, forms hydrogen bonds to O4 and O7 on a diglycolate ligand. A lattice water (O14) 

hydrogen bonds to O6 and O7 on adjacent diglycolate ligands (Figure 2). The Pb2+ cation interacts 

with one of the oxo groups of the UO2
2+ cation via O1 with a distance of 2.816(2) Å and a U=O-

Pb angle of 150.2(1)°. Packing of 1 (Figure 2) reveals 2-dimensional sheets in the (001) plane 

which are assembled together via hydrogen bonding interactions between the Pb2+ coordinated 

waters and the terminal carboxylate group of the diglycolate.  

 

 

 
Figure 1. Local representation of compound 1 detailing the metal coordination environments. 

Uranyl polyhedra are shown in yellow; Pb and O are grey and red spheres respectively.   Lead-oxo 

interaction depicted by a dotted red line. H atoms and lattice water have been omitted for clarity. 
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Figure 2. Global structure of 1 shown along the a-axis. The hydrogen bonding interactions 

between adjacent sheets via coordinated waters and diglycolate carboxylate groups are depicted 

by dotted blue lines.  

  

Compound 2, [UO2Pb(tpy)(1,2,3-btca)(NO3)], crystallizes in the space group P-1 and the 

asymmetric unit features one crystallographically unique UO2
2+ cation adopting a pentagonal 

bipyramidal geometry. It forms an edge-sharing dimeric species with an adjacent UO2
2+ cation 

where it is bridged by a shared carboxylate oxygen (O7) (Figure 3). The axial U=O bonds have 

bond lengths of 1.789(6) (O1) and 1.769(6) Å (O2) with a O-U-O of 177.8(3)°.  Each uranyl has 

three 1,2,3-benzenetricarboxylate ligands bound equatorially, one of which bridges the two UO2
2+ 

cations through O7 and either O3 or O5. There is an additional monodentate equatorially bound 

1,2,3-benzenetricarboxylate coordinated through one oxygen (O6) of a carboxylate group. The 

remaining oxygen of the carboxylate group (O5) coordinates to an adjacent dimer uranyl pair. 

There is also one crystallographically unique 7-coordinate Pb2+ cation which is capped on one side 

by a tridentate 2,2';6',2"-terpyridine. It forms an additional bidentate coordination to a nitrate 

group. The Pb2+
 cation coordinates to the carboxylate O8 to complete the inner coordination 

sphere. The Pb2+
 forms a close interaction with the axial uranyl oxo (O1) at a distance of 2.877(5) 

Å and a U=O-Pb of 117.2(2)°. It also forms a close interaction with the equatorial uranyl O3 at 

a distance of 2.990(5) Å. The uranyl dimers, which are linked through the O6/O5 carboxylate 

group, form double wide chains in the [100] direction (Figure 4) with the capped Pb2+ cations on 

oriented outward towards the space between the chains.  
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Figure 3. Local representation of compound 2 detailing the metal coordination environments. N 

atoms are shown as blue spheres. Pb-oxo interaction depicted by a dotted red line.  

 

 
Figure 4. Global structure of compound 2 shown along the a-axis.  
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Compound 3, [UO2Pb(phen)(2,6-pdca)(NO3)], crystallizes in the space group P-1 and the 

asymmetric unit contains one crystallographically unique UO2
2+ cation adopting a pentagonal 

bipyramidal geometry, as well as a single crystallographically unique 7-coordinate Pb2+ cation. 

The axial U=O bonds have bond lengths of 1.779(3) Å (O1) and 1.770(3) Å (O2) with a O-U-O 

of 178.8(2). The UO2
2+ cation is coordinated to a tridentate 2,6-pyridinedicarboxylate via O3, O5, 

and N1 and to two monodentate formate ions via O7 and O9 in the equatorial plane (Figure 5). 

The Pb2+ cation features a bidentate coordination to a 1,10-phenanthroline via to N2 and N3. It 

also forms a bidentate coordination to one of the carboxylate groups on the 2,6-

pyridinedicarboxylate ligand via O3 and O4. One of the formate molecules forms a bidentate 

coordination to the Pb2+ via O9 and O10, whereas the other forms a monodentate coordination via 

O8. These formate molecules serve as bridges between the Pb2+ cation and the UO2
2+ cation 

forming 1-D chains along [100] (Figure 6). These chains assemble via π-π stacking between 

stacked 1,10-phenanthroline ligands in the [010] direction and the 2,6-pyridinedicarboxylate 

ligands in the [001] direction. Each Pb2+ cation forms an interaction with the axial oxo group of 

UO2
2+ cation at a distance of 3.087(3) Å and a U=O-Pb angle of 140.0(1)°.  

 
Figure 5.  Local representation of compound 3 detailing the metal coordination environments. Pb-

oxo interaction depicted by a dotted red line.  
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Figure 6. Global structure of compound 3 shown along the a-axis. π-π stacking is depicted by blue 

lines from ring centroids.  

  

Compound 4, [UO2Pb2(2,6-pdca)2(NO3)2] • 2(H2O), crystallizes in the space group P-1 and the 

asymmetric unit contains one crystallographically unique UO2
2+ cation adopting a hexagonal 

bipyramidal geometry, as well as a single crystallographically unique 7-coordinate Pb2+ cation. 

The U=O bonds are generated through symmetry and have lengths of 1.756(1) Å with a O-U-O 

of 180. The UO2
2+ cation is coordinated to two tridentate 2,6-pyridinedicarboxylate in the 

equatorial plane (Figure 7). Each 2,6-pyridinedicarboxylate is coordinated to four Pb2+ cations via 

the carboxylate oxygens. The Pb2+ cation is coordinated to a water molecule as well as four 2,6-

pyridinedicarboxylate ligands forming bridges to the UO2
2+ cations. The Pb2+ cation also 

coordinates to three nitrate groups which bridge to adjacent lead cations, forming a 3-dimensional 

network. In this network, the 2,6-pyridinedicarboxylates align to form π-π stacking interactions 



11 

 

along the a-axis (Figure 8). There is no Pb-oxo interaction as the Pb2+ is 4.467(4) Å away from the 

nearest oxo group; the U=O-Pb angle is 71.9(1)°.  

 

 
Figure 7. Local representation of compound 4 detailing the metal coordination environments.  
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Figure 8. Global structure of compound 4 shown along the a-axis. π-π stacking depicted by blue 

lines from ring centroids.  

 

Compound 5, [UO2Pb(bipy)(1,2,4,5-btca)] • 2(H2O), crystallizes in the space group P2/n and the 

asymmetric unit contains one crystallographically unique UO2
2+ cation adopting a hexagonal 

bipyramidal geometry and one crystallographically unique 8-coordinate Pb2+ cation. The U=O 

bonds are symmetry generated and have bond lengths of 1.770(1) Å with a O-U-O of 180(2). 

The UO2
2+ cation is coordinated on two sides by bidentate 1,2,4,5-benzentetracarboxylate ligands 

via O4 and O5 and by two monodentate 1,2,4,5-benzenetetracarboxylate ligands via O2 (Figure 

9). The coordination between UO2
2+ cations via the 1,2,4,5-benzenetricarboxylate ligands forms 

2-dimensional sheets along the ac plane. The uranyl cations are additionally coordinated to Pb2+ 

cations which form a bidentate coordination via O2 and O3 to two 1,2,4,5-benzenetetracarboxylate 

ligands, linking it to the uranyl cation. The lead also coordinates to two 2,2’-bipyrimidine ligands 

via N1 and N2. These 2,2’-bipyrimidine molecules each coordinate to another Pb2+ cation via the 

N1 and N2 atoms on the other side of the rings. This coordination via the 2,2’-bipyrimidine ligands 

links the adjacent sheets of uranyl cations, forming a 3-dimensional structure (Figure 10). There 
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is no Pb-oxo interaction as the Pb2+ is 4.738(3) Å away from the nearest oxo group; the U=O-Pb 

angle is 76.0(1)°. 

 
Figure 9. Local representation of compound 5 detailing the metal coordination environments.  
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Figure 10. Global structure of compound 5 shown along the a-axis.  

 

Compound 6, [UO2Pb(tpy)(1,4-pda)4], crystallizes in the space group Pbca the asymmetric unit 

contains one crystallographically unique UO2
2+ cation adopting a hexagonal bipyramidal geometry 

and a single crystallographically unique 7-coordinate Pb2+ cation.  The axial U=O bonds have bond 

lengths of 1.774(2) Å (O1) and 1.773(2) Å (O2) with a O-U-O of 174.4(1). The UO2
2+ cation 

is coordinated to three bidentate 1,4-phenylenediacetate ligands in the equatorial plane (Figure 

11). Two of these ligands coordinate via the carboxylate group on the other side of the ring to 

another uranyl cation whereas the third one forms a bidentate coordination to a Pb2+ cation. Each 

Pb2+ cation features a bidentate coordination to a 1,4-phenylenediacetate and a mono-dentate to 

another 1,4-phenylenediacetate carboxylate group which is coordinated to a UO2
2+ cation via O8. 

The Pb2+ cation is also capped on one side by a tridentate coordination to a terpyridine ligand. The 

coordination of the UO2
2+ cation to the Pb2+ cations through the 1,4-phenylenediacetate ligands 

forms 1-dimensional zigzagging chains along (001) which assemble via weak C-H hydrogen 

bonding (Figure 12). There is no Pb-oxo interaction as the Pb2+ is 4.886(2) Å away from the nearest 

oxo group; the U=O-Pb angle is 70.6(7)°. 
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Figure 11. Local representation of compound 6 detailing the metal coordination environments.  

 
Figure 12. Global structure of compound 6.  

 

Pb Coordination Sphere and Interactions with Uranyl Oxo atoms. The range of Pb-oxo 

distances within this family of heterometallic compounds provides a suitable platform to study 

how such interactions with a closed-shell transition metal (Pb2+) affects the chemical and optical 

properties of the uranyl cation. We have tabulated the crystallographic Pb-oxo distances and U=O-

Pb angles of all of these compounds (Table 3), and these range from 2.816(2) Å (1) to 4.886(2) Å 
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(6) with U=O-Pb angles between 70.6(7)° and 150.2(1)°. These parameters are consistent with 

Pb-oxo distances in reported heterometallic complexes which range between 2.531 Å and 5.429 Å 

(as determined from a CSD search, vide supra). Within 1-6, we note two subgroups: those with 

Pb-oxo distances less than or greater than the sum of the van der Waals (vdW) radii (3.54 Å).53 

The vdW radius can serve as a crystallographic metric of the relative strength of the interaction 

between the Pb2+ and uranyl oxo groups, and we expect those with  short Pb-oxo distances (<vdW) 

to have strong interactions between ion pairs, whereas those outside the vdW to have minimal or 

no interaction. Compounds 1-3 display short Pb-oxo distances at < 87% of the vdW radii whereas 

compounds 4-6 have longer distances that are > 126% the vdW radii. Close Pb-oxo contacts, as 

seen in 1-3 have been described in previous work as uranyl-cation interactions and have been 

observed to cause U=O bond asymmetry.12,14,17 The U=O bond asymmetry reported in 1-3 is very 

small, as would be expected in a weaker Lewis acid such as Pb2+, but we do observe bond 

asymmetry values ca. 0.01-0.02 Å whereas 4-6 do not display any significant bond asymmetry.  

Proximity is not the only factor that can affect the Pb-oxo interaction and we must consider 

the influence of angles when describing these interactions. Compound 1 has a shorter Pb-oxo 

distance as compared to 2, yet the latter displays a higher degree of bond asymmetry. We see that 

1-3 have large U=O-Pb angles ranging between 117.2(2)° to 150.2(1)°. The smaller angle of 2 

(vs 1 and 3) suggests that a more side-on approach from the Pb2+ may lead to a more significant 

M-oxo interaction.  

 

Table 3. Summary of crystallographically determined Pb-oxo interaction parameters. 

 

Compound Pb⋯O1 %vdW Pb⋯O1=U  U=O1 U=O2 

1 2.816(2) Å 80% 150.2(1)° 1.779(3) Å 1.773(3) Å 

2 2.877(5) Å 81% 117.2(2)° 1.789(6) Å 1.769(6) Å 

3 3.087(3) Å 87% 140.0(1)° 1.779(3) Å 1.770(3) Å 

4 4.467(4) Å 126% 71.9(1)° 1.756(1) Å 1.756(1) Å 

5 4.738(3) Å 134% 76.0(1)° 1.770(1) Å 1.770(1) Å 

6 4.886(2) Å 138% 70.6(7)° 1.774(2) Å 1.773(2) Å 

 

 

 

Spectroscopic Properties. 
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Optical Properties. Interactions (both equatorial and axial) with the UO2
2+ cation and subsequent 

changes to U=O bonding often lead to changes in the spectroscopic signatures of uranyl-containing 

compounds.8,9,12,14,35,54–56  To probe the effects of the close M-oxo interactions in our compounds, 

we measured the optical properties of 1-6 via diffuse reflectance and luminescence spectroscopy 

to see if we could note any changes in their optical properties.   

As shown in Figure 14, all compounds (less so in 5) display characteristic absorption for uranyl-

containing complexes with a band centered around 430 nm and another centered around 320 nm. 

These bands correspond to ligand-to-metal charge transfer by the axial oxo groups and equatorial 

ligands, respectively. The axial band also exhibits splitting of the vibrational peaks owing to strong 

vibrational coupling with the equatorial ligands. We note in 5 a red-shifting of the absorption edge 

and some loss of the vibrational structure. Compound 4 displays strong emission centered at 513 

nm in the diffuse reflectance spectrum (DRS), often seen in uranyl complexes. Despite the 

difference in Pb-oxo interactions we note no major differences in the DRS of 1-6.  

 
Figure 14. Diffuse reflectance spectra for 1-6 at 298 K. 

 

Uranyl luminescence typically features an emission band ranging from 450 nm to 650 nm with 

finger-like peaks and an excitation profile featuring two bands centered at 420 nm and 340 nm. 

The unique uranyl emission profile is due to the electronic transition between non-bonding 

uranium 5f δu and ϕu orbitals and the ground state uranyl bonding orbitals (3σu, 3σg, 1πg, 2πu) 
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coupled with vibrionic resolution corresponding to the U=O symmetric stretch, generally around 

855 cm-1.57 Compounds 1-6 each display characteristic finger-like uranyl emission (Figure 15) 

where 1 and 4 feature additional splitting in the vibrational peaks (seen as shoulders) owing to 

additional vibrational coupling with the equatorial ligands. Emission spectra display varying 

degrees of red-shifting with compounds 1 and 4 centered at ~510nm as compared to 3 and 6 which 

are centered at ~500nm. Compounds 1-3 display significantly less emission intensity compared to 

4-6, consistent with reports of quenching in other complexes with close M-oxo interactions.19–24 

Based on these results it is clear that the close M-oxo interactions in 1-3  alter the U=O bond and 

subsequently disrupt the luminescence emission pathway leading to non-radiative emission.  

 
Figure 15. Luminescence spectra of compounds 1-6 at 298K with photoimages under a 340 nm 

UV light.  

 

Raman spectroscopy. The uranyl cation features three characteristic vibrational modes: a 

symmetric stretch (ν1, Raman active), an asymmetric bend (ν2, IR active), and an asymmetric 

stretch (ν3, IR active). The symmetric stretching mode has historically been utilized for 

identification and classification of uranyl complexes owing to its sensitivity to changes in the 

coordination environment of the uranyl cation. Values for the symmetric stretch can range from 

900 cm-1 to 750 cm-1 but are more typically observed in the 860 – 880 cm-1 region.35   
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The Raman spectra for 1-6 are reported in Figure 16. All compounds except 2 exhibit 

characteristic U=O Raman stretch peaks. The values of these peaks for compounds 1 and 3-6 are 

829 cm-1, 812 cm-1, 867 cm-1, 860 cm-1, and 842 cm-1 respectively.  We observe that the values of 

the peaks for 1 and 3 are red-shifted in comparison to 4-6. This is consistent with previous work 

done by our group and others that reported close interaction of a closed-shell transition metal at 

the uranyl-oxo leading to red-shifting in the U=O symmetric stretch peaks.14,58–60 Smaller shifts in 

4-6 can be attributed to differences in equatorial bonding which has also been shown to affect the 

position of the U=O symmetric stretch.35,60  

For 2, no uranyl peak is observed and only those assigned to 2,2';6',2"-terpyridine are present.61 

To explain the curious loss of the U=O symmetric stretch, a series of DFT calculations were 

performed (see SI) where the interaction between the axial and equatorial ligands were varied. 

Modelling results found that in cases containing simultaneous axial and equatorial interactions, 

the U=O Raman signature is significantly suppressed. Such is the case with compound 2 which 

features a short Pb-oxo distance of 2.877(5) Å and a Pb-Oeq distance of 2.990(5) Å, both within 

the vdW at 81% and 85%, respectively. Strong interaction with both the axial and equatorial 

ligands is therefore most likely responsible for the loss of the U=O Raman stretch. The red-shifting 

in the Raman seen in compounds 1 and 3 is consistent with the bond length asymmetry observed 

in the crystallographic data (albeit subtle). 

 
Figure 16. Raman spectra of compounds 1-6 at 298 K.  

 

Characterizing Uranyl Second Sphere Interactions and Inner Sphere Bonding 
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Second Sphere Interactions. In an effort to probe the second-sphere interaction between the Pb2+ 

and uranyl-oxo groups for the complexes reported herein, we performed second order perturbation 

theory (SOPT) based NBO calculations in order to determine the orbitals involved in the 

interactions. These calculations provide two important descriptions of the uranyl-cation 

interactions: (i) determination of molecular orbitals involved and (ii) quantification of interaction 

strength in kcal/mol. Calculations were carried out on 1-6 as well as on a collection of 10 additional 

heterometallic UO2
2+/Pb2+ structures by Thuery et al. which provided a larger dataset in order to 

develop a more general understanding.19–22,24 The complexes reported herein have Pb-oxo 

distances in two groups with 1-3 falling within the vdW radius and 4-6 falling well outside the 

vdW radius. The distances of these two groups fall at the extremes of the reported range, yet those 

reported by Thuery provide a greater sample size and thus more continuity in interaction distances. 

We first identified the atomic and/or molecular orbitals involved in interactions between Pb2+ 

and UO2
2+. Our findings (Figure 17) reveal that the uranyl-cation interaction in each compound 

can be broken down into four types of orbital interactions as dictated by the identity of the orbital 

donor/acceptor pairs: (1) electron donor Pb s lone pair and an acceptor empty U 5f orbital, (2) a 

donor Pb s lone pair and a UO2 σ* antibonding orbital acceptor, (3) a donor O spx lone pair and an 

acceptor Pb p orbital, and (4) a donor UO2 σ bonding orbital and an empty acceptor Pb p orbital.  

The Type 2 and Type 4 interactions are of particular note as they involve the bonding-relevant 

U=O σ and U=O σ* orbitals, suggesting that interactions involving strong U=O σ charge donor 

and/or U=O σ* charge acceptor behavior would lead to weakening of the U=O bond.  

 
Figure 17. Isodensity renderings of representative orbitals involved in Pb-oxo interactions using 

compound 2 as a model. 

 

 The stabilization energies for the orbital pairs found in 1-6, along with Pb-oxo distances, 

are tabulated in Table 4. Subsequent stabilization energies for compounds reported by Thuery et 

al can be found in Table S8 in the SI. The Type 3 interactions in these compounds consistently 

dominate, generally making up 50% of the overall interaction strength. The strength of these 

interactions varies greatly depending on how closely the Pb2+ interacts with the oxo, with values 

greater than 8 kcal/mol in 1-3 (whose distances fall within the sum of the vdW radius) and values 

less than 2 kcal/mol in 4-6 (whose distances fall outside the sum of the vdW radius). The Type 1 

and Type 2 interactions are usually much weaker, indicating poor charge acceptor behavior from 

the UO2
2+ cation. Type 4 interactions are weaker as well, although their values are generally larger 

than the Type 1 and Type 2 interactions for the closer Pb-oxo interactions (compounds 1-3) and 
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smaller for the complexes with virtually no Pb-oxo interactions (compounds 4-6). The Type 2 and 

Type 4 bonding-relevant interactions make up a smaller part of the overall interaction between the 

lead and the uranyl unit which could explain why the bond-length asymmetry observed in 1-3 in 

the crystallographic data is small. Additionally, the U=O bonding orbitals described in this 

interaction play a role in the emission pathway for uranyl luminescence and strong interactions 

with these orbitals could lead to a change in the luminescence pathway which would lead to non-

radiative emission.  

 

Table 4. Second Order Perturbation Theory calculated NCI stabilization energies (kcal mol-1) and 

orbitals involved in charge transfer. 
  

Pb2+   UO2
2+ UO2

2+  Pb2+ 

 

 
Pb-O 

Distance 

Type 1 

Pb s  U5f 

(kcal/mol) 

Type 2 

Pb s  UO2 σ* 

(kcal/mol) 

Type 3 

O spx  Pb p 

(kcal/mol) 

Type 4 

UO2 σ  Pb p 

(kcal/mol) 

Total 

(kcal/mol) 

1 2.812 Å 0.05 1.84 12.89 2.27 17.05 

2 2.882 Å 2.31 0.60 16.92 2.11 21.94 

3 3.089 Å 0.00 0.94 8.34 1.43 10.71 

4 4.476 Å 0.41 0.17 1.46 0.38 2.42 

5 4.752 Å 0.15 0.00 0.26 0.06 0.47 

6 4.886 Å 0.34 0.22 0.51 0.17 1.24 

 

By combining the individual stabilization energies of each of the four orbital interaction types 

listed above, we can determine the overall stabilization energy of the interaction between the metal 

and the uranyl unit. Plotting the combined stabilization energies of all four types vs Pb-oxo 

distance (Figure 18) we find that the interaction strength increases exponentially with M-oxo 

distance. Compound 2, with the largest stabilization energy (21.94 kcal/mol), corresponds to a Pb-

oxo distance of 2.877(5) Å.  Compound 5, in contrast, has the smallest stabilization energy (0.47 

kcal/mol), corresponding to a distance of 4.738(3) Å. Within these overall trends we note that 

while compound 1 has the closest Pb-oxo distance, compound 2 has a much higher stabilization 

energy. This is mirrored by the larger bond asymmetry observed in the crystallographic data of 2 

as compared to 1. We once again posit that the angle of Pb-oxo interaction likely plays a role in 

the larger effect of the Pb in 2. Compound 2 has a much smaller angle of interaction (117.2°) as 

compared with 1 and 3 (150.2° and 140.0°) with the Pb2+ approaching the uranyl from the side 

rather than closer to the top. This side-on approach could lead to more favorable orbital overlap in 

2 leading to a stronger interaction and higher bond asymmetry as compared to 1. While 4-6 do not 

experience these close Pb-oxo interactions we still note that whereas compound 5 has a shorter Pb-

oxo distance than 6, it has a much lower interaction strength. This could be due to the larger angle 

of interaction at 75.8° as compared to 4 and 6 which have angles of 71.9° and 70.6° respectively. 

This data suggests an ideal angle of approach for stronger Pb-oxo interactions which is likely 

dictated by favorable orbital overlap as the Pb-oxo distance decreases.  
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Figure 18. Plot of Pb-oxo distance versus total uranyl-cation interaction stabilization energy 

highlighting the relationship between distance and interaction strength between the UO2
2+

 and the 

Pb2+ units. Red data points correspond to 1-6 in this paper. Blue data points correspond to 

compounds from Thuery et. al.19–22,24 

 

Inner Sphere U=O Bonding. QTAIM determines bond critical points (BCP) between close atom 

pairs and calculates the electron densities thereof, which are a useful measure of bond strength and 

covalency;62–64 higher BCP electron densities indicate stronger, more covalent bonds. The electron 

densities (ρ) at the bond critical points for the interaction between the Pb2+ and the uranyl-oxo, as 

well as the U=O bonds in 1-6 are summarized in Table 5. QTAIM results for the compounds 

reported by Thuery et. al. can be found in Table S9 in the SI. Compounds 1-3 (with Pb-oxo 

interactions) have ρ values ranging from 0.013 to 0.020. Compounds 4-6 did not have bond critical 

points calculated between the Pb2+ and the uranyl-oxo owing to the longer Pb-oxo distances and 

thus no appreciable interactions.  

The BCPs for U=O bonds (with Pb2+ interactions) in 1-3 have electron density values of 0.298 

for 1 and 3 and 0.289 for 2. These values are lower than the terminal U=O bonds in 1-3 (ρ = 0.304, 

0.307, and 0.307 respectively) and 4-6 (ρ = of 0.317, 0.311, and 0.314 respectively) indicating 

bond weakening and loss of covalent character in compounds with close Pb-oxo interactions. This 

data is consistent with the subtle bond length asymmetry observed in the crystallographic data. 

The loss of covalent character in U=O bonds occurs due to a buildup of charge on the individual 

atoms leading to an increased electrostatic repulsion.63 Natural population analysis done using 

NBO however, revealed no trends in the charges on the oxo and uranium atoms, suggesting an 

influence from equatorial ligands- the nature of which may be quite variable owing to the diversity 

of ligand types present.  

 

Table 5. Quantum Theory of Atom in Molecules calculated bond critical point electron densities (ρ)  
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Pb-O U=O (Pb) U=O 

1 0.020 0.298 0.304 

2 0.020 0.289 0.307 

3 0.013 0.298 0.307 

4 0.000 0.317 0.314 

5 0.000 0.311 0.313 

6 0.000 0.314 0.320 

 

These results are supported by our predictions made based on the SOPT data.  The 

aforementioned population of the antibonding orbital and the depopulation of the bonding orbital 

in the Type 2 and Type 4 interactions could explain this weakening displayed by the U=O bonds 

as a consequence of their interaction with Pb2+. It is of note that compound 2, which had the highest 

stabilization energy, also displayed the highest bond asymmetry in both the crystallographic and 

the QTAIM data. The difference in electron density values between the U=O bonds Pb2+ and those 

that do not interact is clear, demonstrating that Pb-oxo interaction has a substantial effect on the 

strength of the uranyl bond. The effects of this weakening in the uranyl bond is supported 

experimentally by the red-shifting displayed in the U=O symmetric stretch in the Raman spectra 

of 1 and 3 and the quenching of the uranyl luminescence in 1-3 which demonstrates perturbation 

of the U=O bond.  

 

Conclusion 

The syntheses and characterization of six novel uranyl/lead heterometallic complexes have been 

described. Interactions between the Pb2+ and the uranyl-oxo groups were characterized 

structurally, computationally, and spectroscopically. Structural determination revealed close 

uranyl-cation interactions between the Pb2+ and the uranyl-oxo in compounds 1-3 fall within 87% 

of the van der Waals radii for those atoms. Computational data demonstrated that as the Pb-oxo 

distance decreases, the interactions energy as determined by SOPT increases exponentially. These 

energies range from 21.94 kcal/mol to 0.47 kcal/mol and arise primarily from the charge transfer 

from donor O spx and acceptor Pb p atomic orbitals. Notably, the interaction also involves U=O  

and * molecular orbitals which may act as charge donors or acceptors, respectively. Exploration 

of inner sphere bonding via QTAIM demonstrates that strong interactions lead to an asymmetric 

weakening of the U=O bonds and a loss of covalent character as observed as red-shifting of the 

U=O symmetric stretch in the Raman. Additionally, in cases of strong Pb-oxo interactions the 

typical uranyl luminescence is quenched likely as a result of disruption of the uranyl bonding 

leading to a change in the emission pathway. This work not only represents a substantial addition 

to the known examples of heterometallic Pb2+/UO2
2+ materials, but also provides an orbital level 

description of the influence of closed-shell, post-transition metals on spectroscopic signatures. 

Future work is in progress to study how other closed-shell transition and post-transition metals 

such as Ag+
 could interact with the UO2

2+ and the effects of these interactions both structurally and 

spectroscopically.  
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