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Abstract  
  We report the synthesis and characterization of five novel Cd2+/UO22+ heterometallic 
complexes that feature Cd-oxo distances ranging from 78% to 171% of the sum of the van der 
Waals radii for these atoms. This work marks an extension of our previously reported Pb2+/UO22+ 
and Ag+/UO22+ complexes, yet with much more pronounced structural and spectroscopic effects 
resulting from Cd-oxo interactions. We observe a major shift in the U=O symmetric stretch and 
significant uranyl bond length asymmetry. The ρbcp values calculated using Quantum Theory of 
Atoms in Molecules (QTAIM) support the asymmetry displayed in the structural data and indicate 
a decrease in covalent character in U=O bonds with close Cd-oxo contacts; more so than in related 
compounds containing Pb2+ and Ag+. Second Order Perturbation Theory (SOPT) analysis reveals 
that O spx à Cd s is the most significant orbital overlap and U=O bonding and antibonding orbitals 
also contribute to the interaction (U=O σ/π à Cd d and Cd s à U=O σ/π*). The overall 
stabilization energies for these interactions were lower than those in previously reported Pb2+ 
cations, yet larger than related Ag+ compounds. Analysis of the equatorial coordination sphere of 
the Cd2+/UO22+ compounds (along with Pb2+/UO22+ complexes) reveals that 7-coodinate uranium 
favors closer, stronger Mn+-oxo contacts. These results indicate that U=O bond strength tuning is 
possible with judicious choice of metal cations for oxo interactions and equatorial ligand 
coordination.   
 
Introduction  
 The uranyl cation has long been central to uranium chemistry research owing to its stability 
in aerobic and aqueous conditions, making it more environmentally relevant and easier to study 
than more reactive forms of uranium.1–8 Whereas much research has probed uranyl properties 
through changes in equatorial ligand coordination, there is also a need to probe the effects of 
second-sphere interactions. In particular, there is a growing interest in studying interactions with 
the uranyl oxo groups as they have been shown to promote uranium redox activity which can be 
leveraged for the purposes of separations or catalysis.9–14 Of the many possible oxo-interacting 
species, metal cation-oxo interactions are of particular interest as they have been demonstrated to 
have significant effects on uranyl electronic structure. 1,15–19 Arnold et al. have extensively studied 
the effects of Mn+-oxo interactions for the purposes of promoting uranyl redox activity by using 
‘Pac Man’ ligand derivatives to engineer close Mn+–oxo interactions. By engineering these close 
contacts they were able to promote significant bond asymmetry indicative of bond 
weakening.1,17,20–23 Harder, less polarizable cations, such as Group 1 cations or lanthanides have 
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even been shown to promote the reduction of U(VI) to U(V) as well as help stabilize the U(V) 
cation.20,23–25  
 Previous work by our group has expanded on these efforts, offering a spectroscopic 
perspective, which can inform forensic applications as well as give insight into changes in the 
molecular orbital construct.26,27 We have compared the effects of M-oxo interactions with the 
harder Pb2+ cations vs softer Ag+ cations on uranyl luminescence and Raman. Close M-oxo 
contacts with either cation lead to decreased emission intensity and red-shifted U=O symmetric 
stretches in the Raman. Natural Bond Orbital (NBO) calculations determined that the interaction 
occurred primarily via charge transfer between acceptor orbitals on the metal cation and donor O 
spx electrons but the U=O σ and U=O σ* orbitals also contributed to the overall interaction. The 
transfer of electron density within these bonding-relevant orbitals lead to weakening and a loss of 
covalent character, consistent with red-shifting of the Raman active U=O symmetric stretch. These 
spectroscopic and bonding effects were stronger in Pb-oxo compounds vs Ag-oxo. 
 We aim to expand those efforts to the even harder Cd2+ cation to determine how 
spectroscopic signatures and bonding in these complexes may be further affected. Additionally, 
we aim to probe how differences in equatorial coordination can affect the propensity of the uranyl 
cation towards forming Mn+-oxo interactions. We have synthesized five novel Cd2+/UO22+ 
heterometallic complexes, adding to the 20 published in the Cambridge Structural Database.28 
These complexes were characterized structurally, spectroscopically, and computationally to probe 
the effects of Cd-oxo interactions on bonding and spectroscopic properties. Structural analysis and 
Raman spectroscopy reveal bond weakening in complexes with closer Cd2+-oxo interactions. 
Natural Bond Orbital (NBO) analysis reveals that the bond weakening occurs as a result of 
depopulation of U=O σ/π bonding orbitals and population of U=O σ/π* antibonding orbitals. 
Evaluation of equatorial bonding suggests that 7-coordinate uranyl compounds are more likely to 
form oxo-interactions than the 8-coordinate compounds. These efforts describe two approaches by 
which uranyl oxo-engagement can be tune systematically 1) metal cation hardness 2) equatorial 
coordination number.  
 
Experimental Section 
 
General. Caution: Whereas the uranyl nitrate hexahydrate [UO2(NO3)2]·6H2O used in this study 
consists of depleted U, standard precautions for handling radioactive and toxic substances should 
be followed. 
All organic materials, chelidamic acid monohydrate (chel) (TCI, >95.0%), 2,2’;6’,2”-terpyridine 
(terpy) (Sigma Aldrich, 99+%), 1,10-phenanthroline (phen) (Oakwood Chemical, 98%) and 2,2’-
bipyridine (bipy) (Sigma Aldrich, 99+%), were purchased and used as received. Cadmium nitrate 
tetrahydrate (Thermo Scientific, 99+%) is also commercially available and was used without 
further modification. 
 
Synthesis 
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 All complexes herein were synthesized via hydrothermal methods. The chelidamic acid, 
N-donor capping ligand, uranyl nitrate, and cadmium nitrate were combined in a 1:1:1:1 ratio. 
Molar scale, which capping ligands were used, and solvent ratios are outlined in Table 1. Samples 
were heated at 110°C in a 23 mL Teflon-lined Parr autoclave over 2 days and allowed to cool to 
room temperature for a few hours before opening. All samples were rinsed with acetone and water. 
The table below outlines the specifications for the preparation of each compound. 
 
Table 1: Synthesis specifications for the preparation of 1-5.  

Compound Molar Scale 
(mol) 

Capping Ligand Solvents 

1 0.0003 1,10-phenanthroline 2.25 mL acetonitrile 
6.75 mL water 

2 0.0001 2,2’;6’,2”-terpyridine 0.75 mL acetonitrile 
2.25 mL water 

3.48 mL 0.1M HCl 

3 0.0001 2,2’;6’,2”-terpyridine 0.75 mL acetonitrile 
2.25 mL water 

1.74 mL 0.1M HCl  

4 0.0001 2,2’;6’,2”-terpyridine 4.7 mL water 
29 µL 6M HCl 

5 0.0003 2,2’-bipyridine 2.25 mL acetonitrile 
6.75 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 suite29,30 was used for integrating reflection data and performing 
absorption corrections, which incorporates both SAINT31 and SADABS.32 Structure solutions 
(obtained using intrinsic phasing) and refinement were performed using the ShelXT package33 and 
ShelXL34 in APEX III.31 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 8.2.2.35 Data collection and refinement details 
for 1–5 are included in Table 2 and thermal ellipsoid plots for each structure are included in the SI 
(Figure S1-S5). 
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 Compound 2 contains a high amount of residual electron density that persisted across a 
number of different crystals and collections. All attempts to determine the space group confirmed 
it to be P-1 and no signs of twinning were detected. Despite this, there remains disorder in the 
structure that could not be modelled without the use of a number of constraints and restraints. 
Details of the refinement are included in the cif (CCDC: 2310853). 
 
Table 2. Crystallographic Refinement Details for Compounds 1−5.a 

 1 2 3 
CCDC no. 2310852 2310853 2310854 
Formula [(UO2)3Cd2(H2O)3(C12H8N2)2(C7H2N

O5)3] • 3H2O • 0.5(C2H3N) 
[Cd(C15H11N3)][C15H11N5][(UO2)6Cd2(H
2O)2(C15H11N3)3(C7H2NO5)6] • 5H2O 

[Cd(C15H11N3)2][(UO2)2(H2O)(C7H3

NO5)3] • H2O 
Formula weight 4016.05 8005.84 1720.17 
Crystal System Triclinic Triclinic Monoclinic  
Space Group P-1 P-1 P21/n 
a, Å 11.0866(8) 18.3165(11) 10.3340(7) 
b, Å 15.5084(13) 20.5702(12) 18.0600(12) 
c, Å 16.4279(13) 20.6290(12) 29.042(2) 
𝛼, ° 82.565(3) 61.122(2) 90 
β, ° 80.595(3) 64.543(2) 100.012(2) 
𝛾, ° 73.991(3) 87.934(2) 90 
Volume, Å3 2667.9(4) 5998.8(6) 2705.2(2) 
𝑍 1 1 4 
𝜌calc, g cm−3 2.498 2.216 2.141 
𝜇, mm−1 9.764 8.596 6.541 
Radiation 0.71073 0.71073 0.71073 
Temp., K 100 100 100 
residuals:a R; Rw 0.0294, 0.0577 0.0512, 0.1207 0.0236, 0.0543 
Goodness of fit 1.038 1.037 1.036 
 4 5 
CCDC no. 2310855 2310856 
Formula [(UO2)Cd(C15H11N3)(C7H3NO5)2] [(UO2)2Cd(C10H8N2)(C7H2NO5)2] 
Formula weight 977.92 1325.03 
Crystal System Monoclinic Tetragonal 
Space Group C2/c P-4b2 
a, Å 18.9346(10) 16.4219(7) 
b, Å 13.8938(10) 16.4219(7) 
c, Å 10.6515(6) 12.9243(8) 
𝛼, ° 90 90 
β, ° 94.439(3) 90 
𝛾, ° 90 90 
Volume, Å3 2793.7(3) 3485.4(4) 
𝑍 4 4 
𝜌calc, g cm−3 2.325 2.525 
𝜇, mm−1 6.631 9.957 
Radiation 0.71073 0.71073 
Temp., K 100 100 
residuals:a R; Rw 0.0235, 0.0546 0.0143, 0.0334 
Goodness of fit 1.052 1.038 
 

 
Powder X-Ray Diffraction. Powder X-Ray Diffraction (PXRD) data on the bulk reaction 
products of compounds 1-5 (Figure S6-S10) were used to assess 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.36 Compounds 1, 4 and 5 resulted in pure phases. Compounds 2 and 3 were 
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impure. Attempts to match the unknown phases to known compounds were unsuccessful and as 
such remain unidentified.  
 
Optical Measurements. Steady-state luminescence scans of 1-5 were collected at 298K 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. Crystalline samples (purity 
confirmed by PXRD or by SCXRD where there was no bulk purity and single crystals were used 
for analysis) were mounted on a quartz plate using non-emitting high vacuum grease. Raman 
spectra of 1-5 were collected on single crystals using a HORIBA LabRAM HR Evolution Raman 
Microscope over the 50–2000 cm−1 range. An excitation line at 785 nm was used for each 
collection. 
 
Computational details.  
 Natural Bond Orbitals (NBO)37, Quantum Theory of Atoms in Molecules (QTAIM)38. The 
uranyl-cation interactions between the UO22+ and Cd2+ units in 1-5 were investigated and 
quantified via Density Functional Theory as implemented in Gaussian 16.39 Single point energy 
calculations were performed on models constructed directly from unoptimized crystallographic 
fragments consisting of the closest Cd-oxo interaction and all ligands coordinated to the Cd+ and 
UO22+ units. In compounds 1 and 2, which contained more than one uranyl with a closely 
interacting Cd2+, separate models were made for each of the close interactions. The B3LYP40,41 
functional, which has been shown to reproduce experimental parameters of uranyl complexes with 
high accuracy, was used for all calculations.42,43 The 6-311g(d,p) basis set and associated 
pseudopotential was used for all H, C, N, and O atoms.44 The modified scalar-relativistic effective 
core potential (ECP) basis set DEF2TZVP45,46 and associated pseudopotential was used for Cd 
atoms. The ECP60MWB and ECP60MWB_SEG valence basis set was used for all U atoms.47–49 
No additional corrections were used for the energy calculations and a tight convergence criterion 
was used. 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 particular natural 
bonding orbitals involved. Quantum theory of atoms in molecules49 (QTAIM) analysis of bonding 
properties at the bond critical points (BCPs) was performed in the AIMA11 software suite50 using 
the DFT converged wavefunction. Models generated and used for NBO and AIMA11 calculations 
can be found in the SI (Figure S11) along with a sample input file (Sample S1).  
 Buried Volume. Percent buried volume calculations were performed using SambVca 2.1.51 
The oxo group was designated as the center of the sphere with the uranium atom as the only 
coordinating ligand. The radius used for the calculation was the Bondi Radius scaled by 1.17 as is 
the default with a sphere radius of 3.5. Hydrogen atoms were included in the calculation. 
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Results and Discussion 

Structural Descriptions. 

 Compound 1, [(UO2)3Cd2(H2O)3(phen)2(chel)3] • 3H2O • 0.5(acetonitrile), crystallizes in 
the space group P-1. The asymmetric unit contains three crystallographically unique UO22+ cations 
(Figure 1). All three adopt a pentagonal bipyramidal geometry with one tridentate chelidamate 
ligand and two monodentate chelidamate ligands coordinated in the equatorial plane. All 
chelidamate ligands are fully deprotonated with an overall -3 charge. The axial U=O bonds have 
lengths of: U1 - 1.781(4) Å (O1) and 1.799(4) Å (O2), U2 – 1.790(4) Å (O3) and 1.768(5) Å (O4), 
U3 – 1.774(4) Å (O5) and 1.779(4) Å (O6). The uranyl cations have ÐO-U-O of 176.61(18)° (U1), 
176.6(2)° (U2), and 175.6(2)° (U3). The asymmetric unit also contains two crystallographically 
unique six-coordinate Cd2+ centers. Cd1 is coordinated by a bidentate phenanthroline ligand and 
three water molecules and interacts closely with the oxo group of U1 (O2) at a distance of 2.367(4) 
Å. Cd2 is coordinated by two bidentate phenanthroline ligands and by two symmetrically 
equivalent uranyl oxo groups (O3) at a distance of 2.330(4) Å. The angles ÐU-O-Cd of these Cd-
oxo interactions are 153.7(2)° (Cd1) and 144.7(2)° (Cd2). In the lattice are three water molecules 
and one partially occupied acetonitrile molecule. Packing of 1 (Figure 2) features 2-dimensional 
sheets consisting of interconnected UO22+ and chelidamate ligands. These sheets are assembled 
into a 3-dimensional network via the Cd-oxo interactions of Cd2 with O3. The structure also 
exhibits π-stacking between adjacent phenanthroline and chelidamate ligands, as well as hydrogen 
bonding between water molecules in the lattice and the chelidamate ligand oxygen atoms and the 
water molecules coordinated to Cd1.  
 

 
Figure 1. Local representation of compound 1 detailing the metal coordination environments. 
Uranyl polyhedra are shown in yellow; Cd, N, and O are lilac, blue, and red spheres respectively. 
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Cd-oxo interactions are depicted by dotted pink lines. H atoms on organic ligands have been 
omitted for clarity. 

 
Figure 2. Global structure of 1 shown along [100]. π-stacking is depicted with blue dotted lines 
and H-bond interactions are depicted with grey dotted lines. Cd-oxo interactions are depicted by 
dotted pink lines. Solvent acetonitrile molecules have been omitted for clarity. 
  
 Compound 2, [Cd(terpy)][H2terpy][(UO2)6Cd2(H2O)2(terpy)3(chel)6] • 5H2O, crystallizes 
in the space group P-1. The asymmetric unit features six crystallographically unique UO22+ cations 
(Figure 3). All six adopt a pentagonal bipyramidal geometry with one tri-dentate chelidamate 
ligand and two monodentate chelidamate ligands coordinated in the equatorial plane. All 
chelidamate ligands are fully deprotonated with an overall -3 charge. The axial U=O bonds have 
bond lengths of: U1 - 1.797(7) Å (O1) and 1.782(7) Å (O3), U2 – 1.780(8) Å (O4) and 1.782(8) 
Å (O5), U3 – 1.775(8) Å (O6) and 1.797(7) Å (O7), U4 - 1.785(8) Å (O8) and 1.766(8) Å (O9), 
U5 – 1.775(8) Å (O10) and 1.779(7) Å (O11), U6 – 1.757(9) Å (O12) and 1.777(9) Å (O13). The 
uranyl cations have ÐO-U-O of 178.4(3)° (U1), 177.9(3)° (U2), 178.5(3)° (U3), 179.4(4)° (U4), 
177.1(4)° (U5), and 176.8(5)° (U6).  The asymmetric unit also features two crystallographically 
unique Cd2+ cations. Cd1 is six-coordinate and is coordinated by one tridentate terpyridine ligand 
and two water molecules. It interacts closely with the oxo group of U1 (O1) at a distance of 
2.460(7) Å. Cd2 is seven-coordinate and is coordinated by two tridentate terpyridine ligands. It 
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interacts closely with the oxo group of U3 (O7) at a distance of 2.550(7) Å. The ÐU-O-Cd of the 
Cd-oxo interactions are 174.1(4)° (Cd1) and 170.6(4)° (Cd2). There is also a partially occupied 
Cd2+/terpyridine moiety and a partially occupied doubly protonated terpyridine molecule in the 
lattice. There are five partially occupied water molecules that assemble via hydrogen bonding. 
Packing of 2 (Figure 4) features 2-dimensional sheets of UO22+ liked by chelidamate ligands. The 
structure exhibits π-stacking between adjacent terpyridine and chelidamate ligands, as well as 
hydrogen bonding between water molecules in the lattice and the chelidamate ligand oxygen atoms 
and the water molecules coordinated to Cd1.   

 
Figure 3. Local representation of compound 2 detailing the metal coordination environments. Cd-
oxo interactions are depicted by dotted pink lines. Lattice molecules (Cd2+/terpy, H2terpy2+, and 
water) are omitted for clarity.  
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Figure 4. Global structure of compound 2 shown along the c-axis. π-stacking is depicted with blue 
dotted lines and H-bond interactions are depicted with grey dotted lines. Cd-oxo interactions are 
depicted by dotted pink lines. 
  
 Compound 3, [Cd(terpy)2][(UO2)2(H2O)(Hchel)3] • H2O, crystallizes in the space group 
P21/n. The asymmetric unit contains two crystallographically unique UO22+ cations (Figure 5). U1 
adopts a pentagonal bipyramidal geometry with one tridentate chelidamate ligand, one 
monodentate chelidamate ligand, and one water molecule coordinated in the equatorial plane. U2 
adopts a hexagonal bipyramidal geometry with two tridentate chelidamate ligands coordinated in 
the equatorial plane. All chelidamate ligands feature a protonated hydroxy group and have an 
overall charge of -2. The axial U=O bonds have bond lengths of: U1 - 1.772(2) Å (O3) and 1.769(2) 
Å (O4), U2 – 1.765(2) Å (O1) and 1.778(2) Å (O2). The uranyl cations have ÐO-U-O of 
178.59(10)° (U1) and 177.44(10)° (U2). The asymmetric unit contains one crystallographically 
unique six-coordinate Cd2+ cation. Cd1 is coordinated by two tridentate terpyridine ligands. The 
closest uranyl oxo group to Cd1 is O2 at a distance of 4.294(2) Å and ÐU-O-Cd of 143.17(9)°. In 
the lattice, there two water molecules. Packing of 3 (Figure 6) features dimeric units composed of 
UO22+ (U1 and U2) and chelidamate ligands, and monomeric units composed of Cd2+ and 
terpyridine. These units are connected via π-stacking interactions between adjacent chelidamate 
and terpyridine ligands. Adjacent uranyl/chelidamate dimers are connected via a hydrogen 
bonding network between adjacent chelidamate ligands and lattice water molecules.  
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Figure 5. Local representation of compound 3 detailing metal coordination environments. 

 
Figure 6. Global structure of compound 3 shown along the a-axis. π-stacking is depicted with blue 
dotted lines and H-bond interactions are depicted with grey dotted lines. 
 
 Compound 4, [(UO2)Cd(terpy)(Hchel)2], crystallizes in the space group C2/c. The 
asymmetric unit contains one crystallographically unique UO22+ cation (Figure 7). U1 adopts a 
hexagonal bipyramidal geometry with two tridentate chelidamate ligands coordinated in the 
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equatorial plane. Both chelidamate ligands feature a protonated hydroxy group and have an overall 
charge of -2. The axial U=O bonds are symmetrically equivalent and have a bond length of 
1.764(2) Å. The ÐO-U-O is 180.0°. The asymmetric unit contains one crystallographically unique 
seven-coordinate Cd2+ cation. Cd1 is coordinated by one tridentate terpyridine ligand and two 
bidentate chelidamate ligands. The closest uranyl oxo group to Cd1 is O1 at a distance of 4.901(2) 
Å and ÐU-O-Cd of 67.48(6)°. Packing of 4 (Figure 8) features 1-dimensional UO22+ and 
chelidamate ligand chains that run along the a-axis. These chains are connected via π-stacking 
interactions between adjacent terpyridine ligands and H-bond interactions between adjacent 
chelidamate ligands.  

 
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 c-axis. π-stacking is depicted with blue 
dotted lines and H-bond interactions are depicted with grey dotted lines. 
 
 Compound 5, [(UO2)2Cd(bipy)(chel)2], crystallizes in the space group P-4b2. The 
asymmetric unit contains one crystallographically unique UO22+ cation (Figure 9). U1 adopts a 
pentagonal bipyramidal geometry with one tridentate chelidamate ligand, and two monodentate 
chelidamate ligands. All chelidamate ligands are fully deprotonated with an overall -3 charge. The 
axial U=O bonds have bond lengths of: 1.778(3) Å (O1) and 1.769(3) Å (O2). ÐO-U-O is 
178.05(15)°. The asymmetric unit contains one crystallographically unique six-coordinate Cd2+ 

cation. Cd1 is coordinated by two bidentate bipyridine ligands and bridges to the uranyl center via 
two monodentate chelidamate ligands.  The closest uranyl oxo group to Cd1 is O2 at a distance of 
5.219(3) Å and ÐU-O-Cd of 78.65(11)°. Compound 5 (Figure 10) features a 3-dimensional 
network linked by chelidamate ligands bridging between uranyl cations and cadmium (II) cations. 
This network displays π-stacking between adjacent terpyridine and chelidamate ligands. 
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Figure 9. Local representation of compound 5 detailing the metal coordination environments.  

 
Figure 10. Global structure of compound 5 shown along the c-axis. π-stacking is depicted by blue 
dotted lines. 
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 Cd2+ Interactions with Uranyl Oxo atoms. In our previous work uranyl-oxo interactions 
with Pb2+ and Ag+, 26,27 we determined that crystallographic Mn+-oxo distances served as good 
indication of the strength of the interaction: shorter distances indicated stronger interactions. When 
comparing interaction effects between the two different metals, the effects of Pb2+ cations were 
much stronger than those of Ag+ cations at comparable distances. We attributed this to the lower 
polarizability of Pb2+ as compared to Ag+. We now expand our efforts to the even less polarizable 
Cd2+ cation to probe further the nature of these effects.. The structural data shows two compounds 
(1 and 2) that display short Cd-oxo contacts and three (3-5) that do not. Compounds 1 and 2 each 
feature multiple unique uranyl centers, two of which (in each) display very close Cd2+-oxo 
contacts. In Table 3, we report both of these close contacts for 1 and 2, and the closest distances 
for 3-5. These compounds display a range of values from 2.330(4) Å to 5.219(3) Å which all fall 
within the range of Cd-oxo distances reported in the CSD.28  
 The interaction of van der Waals spheres of two atoms A and B, denoted as %vdW (where 
%𝑣𝑑𝑊 = !!"#

"$%&,!#"$%&,#
∗ 	100%), gives a structural metric to quantify the strength of an 

interaction and allows for comparison between metal cations of different sizes. We employ this 
for our compounds (Cd radius: 1.53 Å and O radius: 1.52 Å),52 to classify Cd-oxo interactions as 
significant (%vdW < 100) and weak or no interaction (%vdW > 100). 52 The Cd-O %vdW are 
reported in Table 3 and range from 76% to 171%. The values reported for compounds 1 and 2 all 
fall well within 100% of the van der Waals radii, whereas those in compounds 3-5 all fall outside. 
 Close interaction of a metal cation with the uranyl oxo group can lead to U=O bond 
asymmetry as reported by Arnold et al. In extreme cases, this can even lead to the reduction of 
U(VI) to U(V).21–23 In compounds 1 and 2, we see significant lengthening of the U=O bond that 
interacts closely with a Cd2+ cation as compared to its non-interacting counterpart. The asymmetry 
of these bonds varies from 0.015 Å (Compound 2(U1)) to 0.022 Å (Compounds 1(U2) and 2(U3)). 
These values do not seem to correlate exactly with the distance of the Mn+-oxo interaction but we 
note that the bond asymmetry is more pronounced in these compounds than what observed 
previously with Ag+ and Pb2+.26,27 Significant bond asymmetry was only reported in one of the 
Pb2+ containing complexes which interacted at a distance of 81 %vdW (with a bond difference of 
0.02 Å). Other Pb2+/UO22+ compounds, even when interacting at similar %vdW to the Cd2+/UO22+ 
compounds did not display this asymmetry, and none of the Ag+/UO22+ compounds displayed 
significant asymmetry even at closer interaction distances of 76 %vdW. As Cd2+ is less polarizable 
than Pb2+ and significantly less polarizable than Ag+, these results support Arnold et. al.’s 
observations and our previous conclusions that harder metals promote greater uranyl bond 
asymmetry.21–23  

 

Table 3. Summary of crystallographically determined Cd-oxo interaction parameters. 
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Compound Cd···O1 
(Å) 

%vdW U=O1 (Å) U=O2 (Å) Cd···O1=U 
(°) 

1 (U1) 2.367(4)  78% 1.799(4)  1.781(4)  153.7(2) 
1 (U2) 2.330(4)  76% 1.790(4)  1.768(5)  144.7(2) 
2 (U1) 2.460(7)  81% 1.797(7)  1.782(7)  174.1(4) 
2 (U3) 2.550(7)  84% 1.797(7)  1.775(8)  170.6(4) 

3 4.294(2)  141% 1.778(2)  1.765(2)  143.17(9) 
4 4.901(2)  161% 1.764(2)  1.764(2)  67.48(6) 
5 5.219(3)  171% 1.769(3)  1.778(3)  78.65(11) 

 

Spectroscopic Properties. 

 Previous work has shown that interactions with the uranyl cation, both in the equatorial 
coordination plane and with the axial oxo groups will affect the spectroscopic properties of the 
uranyl cation.9,17,18,21,22,43,53,54 Our work with Pb2+ and Ag+ has demonstrated that close interactions 
of these metals with the uranyl oxo group leads to decreased luminescence intensity and red-
shifting of the Raman active U=O symmetric stretch.26,27 Here, we apply that same metric to 
Cd2+/UO22+ compounds to prove the changes in the U=O bonds. 
 
 Luminescence Spectroscopy. Uranyl-containing compounds typically display bright green 
luminescence corresponding to the emission band which ranges from 470 nm to 650 nm and can 
have up to six vibrationally resolved peaks. The emission profile occurs due to an electronic 
transition between uranium 5f δu and ϕu orbitals and the ground state uranyl bonding orbitals (3σu, 
3σg, 1πg, 2πu) and vibronic coupling with the 855 cm-1 U=O symmetric stretch.3 The excitation 
profile for the uranyl-containing compounds features two bands centered around 420 nm and 340 
nm corresponding to the axial and equatorial LMCT transitions respectively.8  
 The emission and excitation profiles for compounds 1-5 are shown in Figure 11. The 
intensities of the emission of compounds 1 and 2 are significantly lower than those of compounds 
3-5. As a result of this decreased intensity, the resolution of compounds 1 and 2 is poor, resulting 
in loss of the clearly defined vibrationally resolved peaks in the emission and the two clearly 
defined bands in the excitation. Compounds 3-5 all display the clearly defined peaks in the 
emission and 3 and 4 display two clearly separate bands in the excitation as is typical for uranyl-
containing compounds. It is worth noting that both compounds 1 and 2 contain multiple unique 
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uranyl centers, some that do have close interactions and others that are not directly interacting with 
a Cd2+ cation. Despite this, we still see decreased emission as a whole. We suspect that the weaker 
emission signal we see in these compounds is a result of the uranyl centers that are not closely 
interacting with a Cd2+ cation and therefore remain unperturbed. The overall intensity is decreased 
as a result of the loss of intensity in the centers where Cd2+ is interacting closely. 

 
Figure 11. Luminescence spectra of compounds 1-5 at 298K with images under a 340 nm UV 
light.  
 
 These results only allow for qualitative comparison between these compounds, yet a 
relationship between metal polarizability and the loss of luminescence intensity can still be 
inferred. The loss of luminescence intensity displayed in 1 and 2, where the %vdW contacts all 
fall below 85%, is similar to the loss of intensity displayed in the Pb2+/UO22+ compounds with 
close contacts (87 %vdW or lower). These results contrast with what was observed in the softer 
Ag+ cations which did not consistently decrease the emission intensity.27  
 
 Raman spectroscopy. We turn to Raman spectroscopy for a more quantitative and sensitive 
spectroscopic probe of the effects of these Mn+-oxo interactions on U=O bond strength. 3,17,43,54  
The uranyl cation has three vibrational modes: the symmetric stretch (ν1, Raman active), the 
asymmetric bend (ν2, IR active), and the asymmetric stretch (ν3, IR active). Of these, the Raman 
active symmetric stretch is easily identifiable and is sensitive to interactions with the uranyl cation 
both in the equatorial plane and with the axial oxo groups. Both of these types of interactions tend 
to cause red-shifting of the U=O symmetric stretch peak as a result of weakening of the U=O bond. 
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The U=O symmetric stretch is typically observed in the 860-880 cm-1 region but has been reported 
across the range of 750 to 900 cm-1.53  
 The Raman spectra for compounds 1-5 are presented in Figure 12. Assignment of the U=O 
symmetric stretch is straightforward in 4 and 5 as there is only one unique uranyl center in each 
compound; 856 cm-1 for compound 4 and 847 cm-1 for compound 5. In compounds 1-3 however, 
assignment of the U=O symmetric stretches is a little more difficult as there are multiple unique 
uranyl centers that each have different bond strengths and therefore different stretching 
frequencies. For compound 3, which has two symmetrically unique uranyl centers, we can assign 
these as corresponding to the 844 and 851 cm-1 peaks in this region. Compound 2 contains six 
unique uranyl centers. Of these centers, two feature close Cd-oxo contacts and four do not. We see 
a number of features in the 790 to 850 cm-1 region. While it is only possible to clearly identify two 
peaks, there are a number of shoulders that occur likely due to overlap of similar energy uranyl 
stretches. Knowing this, and keeping in mind the longer U=O bonds seen in the structural data 
corresponding to the U=O bonds possessing closer Cd-oxo contacts, we tentatively assign the 
feature at 802 cm-1 as belonging to one of the uranyl bonds possessing a close Cd-oxo contact. We 
expect the other to appear in the same region and it may explain the shoulder that can be seen 
around 797 cm-1. In the structural data, uranyl centers not interacting closely with the Cd2+ cations, 
have shorter bond lengths that would correspond to higher energy peaks. We tentatively assign the 
839 cm-1 peak to one of these centers while we would expect the other non-interacting centers to 
correspond to the shoulders at 829 cm-1, 834 cm-1, and 853 cm-1. These assignments are tentative 
as we are aware that there could be ligand-based stretches in this region as well. In compound 1, 
there are three unique uranyl centers. Two display close Cd-oxo contacts and we assign these as 
corresponding to the 799 cm-1 and 807 cm-1 peaks as we see the lengthened bonds in the structural 
data. The 840 cm-1 peak we assign as the non-interacting uranyl center. In agreement with the 
significant asymmetry (as compared to the Pb2+/UO22+  and the Ag+/UO22+ compounds) displayed 
in the structural data, compounds 1 and 2 display greater red-shifting than observed in Pb2+ or Ag+ 
compounds, further confirming the greater influence of Cd2+ on the strength of the U=O bonds.  
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Figure 12. Raman spectra of compounds 1-5 at 298 K. 
 

Characterizing Uranyl Second Sphere Interactions and Inner Sphere Bonding 
 Second Sphere Interactions. We use Natural Bond Orbital (NBO) Second Order 
Perturbation Theory (SOPT) to study the interactions occurring locally between the metal cations 
and the uranyl oxo-groups. These calculations determine orbital pairs and a stabilization energy in 
kcal/mol afforded to the structure as a result of interactions between these orbital pairs. This 
stabilization energy is calculated as a function of the orbital overlap and energy difference as 
described in Equation 1. 

𝐸(2) = 	∆𝐸$% =	𝑞$
𝐹(𝑖, 𝑗)&

𝜀% − 𝜀$
 

For the Cd-oxo interactions, SOPT determined three types of orbital interactions occurring (Figure 
13): 1) Cd d valence orbital à UO2 σ/π* antibonding orbital (2) O spx lone pair à Cd s orbital, 
and (3) UO2 σ/π bonding orbital à Cd s orbital.  

(1) 
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Figure 13. Isodensity renderings of representative NBOs involved in Cd-oxo interactions using 
compound 1(U1) as a model. 
 
 The stabilization energy values calculated for each of these interactions are reported in 
Table 4. A higher energy in kcal/mol indicates a stronger interaction resulting from better overlap 
and energy matches in the orbitals involved. The highest stabilization energy occurs as a result of 
the Type 2 interaction between the O spx and the empty Cd s orbitals. The Type 1 and 3 interactions 
are generally similar in strength and weaker than Type 2 but are notable as they involve the 
bonding and antibonding orbitals of the uranyl. In Type 1, the uranyl antibonding orbital serves as 
an acceptor and in the Type 3 interaction, the uranyl bonding orbital serves as donor. We would 
expect both of these interactions to lead to weakening of the U=O bonds consistent with the 
significant red-shifting we see in the Raman spectra. It is of note that SOPT analysis done for the 
Pb2+/UO22+ and Ag+/UO22+ included a fourth type of interaction composed of a donor Pb s/Ag d 
orbital and an acceptor U 5f orbital. Whereas this interaction was minor in those compounds, its 
absence in all of the Cd2+/UO22+ compounds, including those with very close contacts, is 
noteworthy.   
 
Table 4. Second Order Perturbation Theory calculated stabilization energies (kcal/mol) and 
orbitals involved in charge transfer. 

  
Cd2+ ® UO22+ UO22+ ® Cd2+ 

 
 

Cd-O 
Distance 

Type 1 
Cd d ® UO2 σ* 

(kcal/mol) 

Type 2 
O spx ® Cd s 

(kcal/mol) 

Type 3 
UO2 σ ® Cd s 

(kcal/mol) 

Total 
(kcal/mol) 

1U1 2.367(4)  0.72 14.05 1.23 16.00 
1U2 2.330(4)  0.67 10.85 2.10 13.62 
2U1 2.460(7)  0.68 11.50 0.30 12.48 
2U2 2.550(7)  0.58 11.24 0.06 11.88 

3 4.294(2)  0.00 0.19 0.00 0.19 
4 4.901(2)  0.00 0.05 0.00 0.05 
5 5.219(3)  0.00 0.00 0.00 0.00 
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 We have summed the stabilization energies for each of the three different types of orbital 
donor/acceptor pairs to determine the total stabilization energy of the interaction and have plotted 
them against the Cd-oxo distance (Figure 14).  The stabilization energy value is higher for the 
compounds with closer interactions, indicating a stronger interaction as a result of approaching 
metal cation. The highest stabilization energy (compound 1U1) is 16.00 kcal/mol, whereas the 
second highest stabilization energy corresponds to compound 1U2 despite the interaction within 
this unit to be shorter than in compound 1U1. We noted similar disparities in some of our Pb-oxo 
interactions and we believe these differences occur as a result of the angle of interaction.27 

 
Figure 14. Cd-oxo distance vs total uranyl-cation interaction stabilization energy highlighting the 
relationship between distance and interaction strength between the UO22+ and the Cd2+ units.  
 
 We can contextualize these stabilization energies by comparing them to the analogous 
values calculated for the Pb2+/UO22+ and Ag+/UO22+ compounds (Figure S12). The Cd and Pb-oxo 
interactions have stabilization energies much higher than those for the Ag+, likely as a result of the 
higher charge density on these metal cations. The Cd-oxo stabilization energy values are slightly 
lower than those for the Pb2+-containing compounds. These results are in contrast with the more 
significant effects seen in the spectroscopy and bonding. Considering that SOPT is an orbital 
overlap-based method, there may be electrostatic differences between these cations that may not 
be fully accounted for. As such, this may reveal a shortcoming within the computational methods 
used to characterize the strength of these interactions. 
 
 Inner Sphere U=O Bonding. The bond critical point electron densities calculated by 
Quantum Theory of Atoms in Molecules (QTAIM) give a measure of the shared electrons between 
two atoms where higher electron density values indicate greater sharing and therefore indicate a 
stronger, more covalent bond.42,55 The electron density (ρ) values as calculated by QTAIM for the 
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Cd-O interactions and the U=O bonds in 1-5 are summarized in Table 5. A typical ρbcp value for 
an unperturbed U=O bond is generally found between 0.300 and 0.320. For compounds 3-5 and 
for the U=O bonds in 1 and 2 that do not interact closely with the Cd2+, the ρbcp values all fall close 
to this range. For the U=O bonds interacting closely with the Cd2+, we see a significant decrease 
in the ρbcp to <0.280. These values are consistent with the bond asymmetry noted in the structural 
data. The ρbcp values for the Cd, Pb, and Ag containing compounds trend with the hardness of the 
metal cations. Taking Cd2+/UO22+ compound 3 and representative Pb2+/UO22+ and Ag+/UO22+ 
compounds with comparable %vdW distances of 81%, 81% and 82% respectively, we see U=O 
ρbcp of 0.277, 0.0289, and 0.0307;26,27 a clear trend in U=O bond weakening and loss of covalent 
character as a function of metal hardness.  
 
Table 5. Quantum Theory of Atom in Molecules calculated bond critical point electron densities 
(ρ)   

U=O (Cd) U=O Cd-O 
1U1 0.273 0.300 0.043 
1U2 0.273 0.308 0.046 
2U1 0.277 0.299 0.035 
2U3 0.279 0.303 0.028 

3 0.299 0.312 0.000 
4 0.312 0.312 0.000 
5 0.308 0.299 0.000 

  
 We also tabulate the ρbcp between the Cd and the uranyl oxo group (Table 5). For 
compounds 3-5 there is no electron density found between these two atoms but in 1 and 2 we see 
values ranging from 0.028 to 0.046. Pb-oxo interactions, in comparison, had ρbcp values with a 
maximum value of 0.020 and the Ag-oxo interactions had a maximum value of 0.034. We had 
previously rationalized the higher ρbcp value of the Ag-oxo interaction compared to the Pb-oxo 
interaction occurring because of the more charge dense Pb2+ favoring more electrostatic rather than 
covalent interactions. If that were the case, we would expect the even more charge dense Cd2+ 
cation to have lower ρbcp values than either of the other metals. As such we must revisit our 
previous conclusions. It is possible that the greater electron density at the bond critical points for 
oxo interactions with Cd2+ and Ag+ vs Pb2+occurs as a result of the differing electron 
configurations.   
 
Equatorial Effects 
 Throughout our studies of Mn+-oxo interactions, we have been cognizant of the reports 
from others that the effects of equatorial coordination on the uranyl bond and how this can, along 
with the Mn+-oxo interactions, have an effect on U=O bond strength and covalent 
character.19,42,43,56 As such, our synthetic efforts aimed to keep the coordination sphere around the 
uranyl cation as similar as possible by using primarily carboxylate coordinating ligands. Despite 
best intentions, differences in coordination sphere were inevitable. Coordination with the 
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dipicolinate ligand and derivatives lead to an additional N-donor group. Even within purely 
carboxylate donor groups, we saw variability in coordination modes – sometimes monodentate 
coordination, other times bidentate chelating. And across the compounds, we saw a split of 7-
coordinate and 8-coordinate coordination spheres around the uranium. Additionally, smaller 
differences in electron donation ability between ligands are also present.  
 In our previous work,26,27 it was difficult to draw broader conclusions about the effects of 
equatorial coordination on metal-oxo interactions as we did not have large datasets for each metal, 
in particular since the Ag+/UO22+ compounds (for which we had the largest dataset) do not display 
significant trends to track. With the addition of this work we can now compare within the 6 
Pb2+/UO22+ compounds previously published and the 5 Cd2+/UO22+ compounds (in addition to the 
12 compounds published by Thuéry that supplemented the Pb2+/UO22+ paper57–61). Using this 
larger data set we can compare equatorial coordination between compounds with strong vs weak 
interactions (those that display spectroscopic changes vs those that do not).  
 We can compare the coordination number of these compounds to the strength of the 
interaction calculated by SOPT. In the compounds with multiple unique uranyl centers, the 
coordination number is the same for all the uranium centers, except in the case of compound 3 
where one is 8-coordinate and the other is 7-coordinate. In this case, as the 8-coordinate uranium 
center is the one that interacts more closely with the Cd2+ (albeit still at 141%vdW), this is the 
center that was included for analysis. Of the compounds with stronger interactions there is a 
preference towards 7-coordinate with one exception being an 8-coordinate Pb2+/UO22+ compound 
published by Thuéry (Refcode: GAPPEV) (Figure 15).58 Conversely the 8-coordinate uranium 
centers seemed to favor weaker, longer interactions with two 7-coordinate exceptions one Pb2+ 
(Refcode: AYAVAZ)61 and one Cd2+ (Compound 5). This suggests a propensity within our dataset 
towards the formation of Mn+-oxo interactions in compounds with 7-coordinate uranyl complexes. 
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Figure 15. SOPT calculated stabilization energies for Cd2+/UO22+ and Pb2+/UO22+ compounds. 
Compounds circled with black are 7-coordinate, those not circled are 8-coordinate with respect 
to uranium. Compounds above the red, dotted line display significant spectroscopic changes as a 
result of Mn+-oxo interactions.  
  
 Generally speaking, in order for interactions to form, there must be an electronic attraction 
as well as favorable sterics. As such, we look at both of these factors in turn to determine which is 
the leading factor is within our compounds. We first analyzed the steric hindrance around the oxo 
groups using SambVca 2.1, to calculate the occupied volume around the oxo groups interacting 
closely with the metal cations (Table S1).51 We found no correlation between percent buried 
volume values around the oxo group and equatorial coordination number nor the closeness of the 
axial Mn+-oxo interactions. As such, we do not believe that steric hindrance is the main factor in 
the formation of these interactions. 
 We moved on to analyze the electronic contributions within these interactions. An analysis 
of the QTAIM calculated charges of the UO22+ cation as a whole and the oxo groups, revealed a 
trend of greater negative charge on the uranyl cation and subsequently the uranyl oxo groups for 
the 7-coordinate compounds as compared to the 8-coordinate compounds (Figure 16). Likely the 
observed preference for oxo-interactions in the 7-coordinate compounds occurs as a result of more 
negative charge on the oxo group making interactions with the metal cations more favorable. These 
results suggest that tuning equatorial coordination number may help promote oxo-interactions.  

 
Figure 16. Sum of QTAIM calculated charge of UO22+ vs average of charge on the oxo groups in 
Cd2+/UO22+ and Pb2+/UO22+ compounds.  
  
Conclusion 
 The syntheses and characterization of five novel Cd2+/UO22+ heterometallic complexes 
have been described. Structural data revealed Cd-oxo interactions with distances ranging from 
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78% to 171% of the sum of the Van der Waals radii for these atoms. In the compounds displaying 
close interactions (<100% vdW), we observed quenched luminescence and lower energy 
asymmetric uranyl stretches in the Raman spectra. SOPT calculations found stronger stabilization 
energies as a result of closer interactions and QTAIM indicated a loss in covalent character in the 
U=O bonds as a result of these closer interactions. A comparison of these results to our Pb2+ and 
Ag+ materials revealed stronger effects of the Cd2+ cation experimentally and computationally,  
likely as a result of the increased hardness of this metal cation. For the SOPT results, which do not 
take electrostatic interactions into account, the Cd2+ had lower stabilization energies than the Pb2+ 
cation. This indicates that the charge transfer component of the interaction may be higher for the 
Pb2+ compounds, but that the higher electrostatic interactions of the Cd2+ cation are likely what 
causes the more significant effects seen in the experimental data.  
 An analysis of the equatorial coordination sphere of these compounds revealed a 
dependence of uranium coordination number on the formation of Mn+-oxo interactions, where 7-
coordinate compounds were more likely to feature closer, stronger interactions. Analysis of the 
steric hindrance around the oxo-group found no correlation with coordination number and steric 
hindrance. QTAIM analysis found that 7-coordinate compounds had more negative UO22+ and Oyl 

charges. This more negative charge on the oxo-groups is favorable for the formation of interactions 
with the metal cations, explaining the preference towards Mn+-oxo interaction in 7-coordinate 
compounds. This analysis opens a door for future studies regarding the effects of equatorial 
coordination on the formation of oxo interactions. The effects of equatorial coordination could be 
leveraged along with metal cation hardness to systematically tune U=O bond character.  
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X-ray data for compound 3 (CIF) 
X-ray data for compound 4 (CIF) 
X-ray data for compound 5 (CIF) 
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Synopsis:  

Cd2+ interactions with the uranyl oxo lead to significant U=O bond weakening evidenced in 
stuctural and Raman spectroscopic data. The bond weakening occurs as a result of charge 
transfer between U=O bonding and antibonding orbitals and the Cd2+ cation. These 
interactions are more significant than the previously reported Pb2+-oxo and Ag+-oxo 
interactions. Additonally, equatorial coordination number is shown influence the 
propensity of the uranyl cation towards forming oxo interactions with metal cations. 
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