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A spectroscopic, structural, and computational study of Ag-oxo interactions in
Ag*/UO,* complexes

Dominique M. Brager,* Alexander C. Marwitz,” Christopher L. Cahill?

“Department of Chemistry, The George Washington University, 800 22" Street, NW, Washington,
DC, 20052, USA.
bDepartment of Chemistry, Georgetown University, Washington, DC, 20057, USA.

Abstract

Twelve novel Ag*/UO,?" heterometallic complexes have been prepared and characterized
via structural, spectroscopic, and computational methods to probe the effects of Ag-oxo
interactions on bonding and photophysical properties of the wuranyl cation. Structural
characterization reveals Ag-oxo interaction distances ranging from 2.475(3) A to 4.287(4) A.
These interactions were probed using luminescence and Raman spectroscopy which displayed
little effect on the luminescence intensity and the energy of the Raman active U=0O symmetric
stretch peak as compared to previously reported Pb-oxo interactions. Computational efforts via
density functional theory-based natural bond orbital analysis revealed that the highest stabilization
energy associated with the Ag-oxo interaction had a value of only 11.03 kcal/mol and that all other
energy values fell at 7.05 kcal/mol or below indicating weaker interactions relative to those
previously reported for Pb>*/UO,?" heterometallic compounds. In contrast, quantum theory of
atoms in molecules analysis of bond critical point electron density values indicated higher electron
density in Ag-oxo interactions as compared to Pb-oxo interactions which suggests more covalent
character with the Ag*. Overall, this data indicates that Ag* has a less significant effect on UO,**
bonding and photophysical properties as compared to other metal cations, likely due to the high
polarizability of the cation.

Introduction

The uranyl cation has long been of interest in the actinide community as it is the most
environmentally relevant form of uranium due to its high environmental mobility and aqueous
solubility.!?> More recently there has been an interest in studying heterometallic uranyl complexes
to better understand heavy metal effects on the structural assembly, photophysical, and chemical
properties of the uranyl cation. Research in this area has shown that secondary metal centers can
form interactions with the normally terminal uranyl oxo groups.!*> The effects of these
interactions are of interest as they could be exploited for the purposes of separations and waste
stewardship.6-1!

Arnold et. al. have extensively studied the effects of a wide range of metals including
Group 1 and 2 metals, transition metals including Mn?*, Fe?*, Co?", Pb*', and Zn?>* and some
lanthanides on uranyl redox activity using ‘pacman’ ligand derivatives to engineer close M-oxo
interactions.*!>-15 They found that some metal cations are able to weaken and lengthen U=0
bonds in the uranyl cation indicated by significant bond asymmetry in the structural information
and red-shifting of the Raman active U=0 symmetric stretch.!? In select cases they reported
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reduction of U(VI) to U(V) facilitated by metal interaction at the uranyl-oxo.*!¢ A key factor in
the magnitude of the effect of the metal cation is the polarizability of the metal where less
polarizable (harder) cations had more significant effects on the U=0 bond construct.!?

Previous work done in this group reported on the interactions between the uranyl oxo-
group and Pb?" cations.!” Close Pb-oxo interactions lead to weaker U=O bonds, quenched
luminescence, and red-shifting of the U=0 symmetric Raman active stretch. Computational
analysis determined that the interaction occurred primarily via charge transfer between filled Pb s
and the empty U 5f and U=0 o* orbital pairs as well as the filled O sp* and U=0 ¢ and empty Pb
p orbital pairs. The transfer of electron density in bonding-relevant orbitals lead to weakening and
a loss of covalent character in the U=0 bonds interacting with the Pb?* and red-shifting of the U=0O
symmetric stretch. This charge transfer and disruption of the U=O bond construct likely also lead
to changes in the electronic structure of the UO,?* cation. The change in electronic structure could
explain the quenching of the characteristic uranyl luminescence, though the exact mechanism
behind the quenching remains unclear. Open-shell transition metals are known to be able to quench
uranyl emission through d->d transitions,'82? but as this mechanism cannot explain the quenching
observed in the Pb?*/UQO,>* complexes.

Our continued efforts explore Ag"/UO,?" complexes as Ag* also has a closed-shell electron
configuration and preparation of bimetallic compounds with the aid of halo-benzoic acid ligands
and N-bound capping compounds is straight-forward. The differences between Pb*" and Ag*
provide an opportunity to further probe how a size, electron configuration, and polarizability might
alter the way a metal interacts with the uranyl-oxo and impacts luminescence. Whereas the
research by Arnold et. al. suggests that more polarizable metals, like silver, are not as likely to
have a significant effect on the uranyl cation, luminescence quenching has been reported for some
silver-containing compounds.?*-26 Carter et. al. also reported red-shifting in the Raman active U=0O
symmetric stretch in compounds with close Ag-oxo contacts, indicating U=O bond weakening.®

Herein, we aim to expand on our understanding of how metal cations are able to influence
the bonding and spectroscopy of the uranyl cation by studying interactions between Ag" cations
and the uranyl-oxo group in the solid state. We have synthesized a family of 12 novel Ag*/UO,?*
containing compounds, adding to the 38 Ag"/UO,?" reported in the Cambridge Structural Database
(CSD).?” Our 12 new compounds were characterized structurally, spectroscopically, and
computationally to probe the effects of these interactions on bonding and spectroscopy. Through
these efforts we demonstrate that the Ag* cation has only a very weak effect on uranyl bonding
and photophysical properties with only the closest interaction with the Ag* cation having a
significant effect, likely owing to the lower charge density and higher polarizability of the metal.

Experimental Section
General. Caution: Whereas the uranyl nitrate hexahydrate [UO,(NOs),]-6H,0 used in this study

consists of depleted U, standard precautions for handling radioactive and toxic substances should
be followed.
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All organic materials, 2,5-dibromobenzoic acid (2,5-diBrBA) (Sigma Aldrich, 96%), 2.5-
dichlorobenzoic acid (2,5-diCIBA) (Sigma Aldrich, 97%), 4-fluorobenzoic acid (4-FBA) (Acros
Organics, 99%), 3-fluorobenzoic acid (3-FBA) (Alfa Aesar, 98%), 3-bromobenzoic acid (3-BrBA)
(TCI, 98%), 3-chlorobenzoic acid (3-CIBA) (Sigma Aldrich, 97%), 3,5-dichlorobenzoic acid (3,5-
diCIBA) (Alfa Aesar, 99%), 2,2°;6’,2”-terpyridine (terpy) (BeanTown Chemical, 97%), and 2,2’-
bipyrimidine (bypm) (Alfa Aesar, 96%), were purchased and used as received. AgNO; (Alfa
Aesar, 99.9+%) is also commercially available and was used without further modification.

Synthesis

All complexes herein were synthesized via hydrothermal methods. The halobenzoic acid ligand,
N-donor capping ligand (where present), uranyl nitrate, and silver nitrate were used in a 1:1:1:1
ratio and dissolved in 3mL of water. Samples were heated in a 23 mL Teflon-lined Parr autoclave
over the course of 3 days and then allowed to cool to room temperature for a few hours before
being opened. All samples were rinsed with ethanol and water. Degradation of the 2,2’-
bipyrimidine ligand presumably by the mechanism described by Knope et al. resulted in in-situ
oxalate formation in compounds 4, 6, 7, and 11 leading to multiple phases in some syntheses with
one phase integrating the oxalate ligand and another phase without.?® The organic linkers used in
each synthesis and heating temperatures are summarized in Table 1.

Table 1. Summary of synthesis conditions of complexes 1-12.

Compound(s) Temperature (°C) Halobenzoic acid N-Donor Cap
1 110 2,5-dibromobenzoic acid None
2 110 2,5-dichlorobenzoic acid 2,2’-bipyrimidine
3 110 2,5-dibromobenzoic acid 2,2’-bipyrimidine
4 and 10 110 4-fluorobenzoic acid 2,2’-bipyrimidine
5 110 3-fluorobenzoic acid 2,2°;6°,2”-terpyridine
6 150 2,5-dichlorobenacoic acid 2,2’-bipyrimidine
7 and 8 110 3-bromobenzoic acid 2,2’-bipyrimidine
9 110 3-chlorobenzoic acid 2,2’-bipyrimidine
11 110 3-fluorobenzoic acid 2,2’-bipyrimidine
12 110 3,5-dichlorobenzoic acid 2,2’-bipyrimidine

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 Ka source. Reflection data were collected using 0.5°w and ¢ scans at 100(2)
K. The APEX III software suite?*3° was used for integrating reflection data and performing
absorption corrections, which incorporates both SAINT3! and SADABS.3? Structure solutions
(obtained using intrinsic phasing) and refinement were performed using the ShelXT package? and
ShelXL3* in APEX II1.3! For compound 6, a differential absorption correction method was applied
as multi-scan alone is not suitable for highly absorbing non-isotropic crystals.>>All non-hydrogen
atoms were located using Fourier difference maps and refined anisotropically. Hydrogen atoms
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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 8.2.2.3¢ Data collection and refinement details for 1-12 are included in Table
2 and thermal ellipsoid plots for each structure are included in the SI (Figure S1-S12).

In compound 5 a DAMP command was issued due to a highly disordered and partially occupied
solvent water molecule.

Table 2. Crystallographic Refinement Details for Compounds 1-12.2

1 2 3
CCDC no. 2160088 2160089 2160090
Formula [UO,Ag(C;H;3Br,0,);] [(UO,)15sAgx(CsH3N2)»(C7H;CLO)NO;s] | [(UO,);.sAgx(CsH3N,)o(C7H3Br,0-
[UO,(C7H;C1,0,)s] 2)NO;][UO,(C7H;3Br,0,)5]
Formula weight 1214.58 3518.22 4229.42
Crystal System Monoclinic Triclinic Triclinic
Space Group P2i/n P-1 P-1
a, A 12.9345(5) 11.3416(11) 11.4685(6)
b, A 11.7271(5) 11.9769(11) 12.0683(6)
c, A 17.4596(8) 20.173(2) 20.6348(10)
a,”’ 90 90.192(4) 91.656(2)
B,° 95.082(2) 104.416(3) 104.090(2)
y,° 90 100.396(3) 101.520(2)
Volume, A3 3637.93(19) 2607.0(4) 2705.2(2)
A 4 1 1
Dealer & CT 3.058 2.241 2.596
u, mm™! 16.008 5.872 11.173
Radiation 0.71073 0.71073 0.71073
Temp., K 100 100 100
residuals:® R; Ry, 0.0276, 0.0703 0.0301, 0.0547 0.0266, 0.0590
Goodness of fit 1.074 1.022 1.015
4 5 6
CCDC no. 2160091 2160092 2160093
Formula [Ag(CsH3N,)H,0][UO,(C/HsFO,)( [UO,Ag:(Ci5H1N;3)2(C;HsFO,)5] [Ag(CsH3N,)][UO,(C;H;CLO-
C,04)] [UO,(C7HsFO,)5] « H,O 2)(C;04)]
Formula weight 781.21 4131.81 814.08
Crystal System Monoclinic Triclinic Triclinic
Space Group C2/c P-1 P-1
a, A 16.8738(6) 10.3400(6) 9.0510(13)
b, A 11.6376(4) 19.0906(11) 10.4720(14)
c, A 20.8532(9) 20.2806(12) 12.0195(16)
a,° 90 64.177(2) 99.151(5)
B, ° 91.685(1) 75.436(2) 98.695(5)
Y, ° 90 79.015(2) 107.432(5)
Volume, A3 4093.2(3) 3472.7(4) 1048.9(3)
A 8 1 2
Deales € CM3 2.535 1.976 2.578
u, mm! 8.929 5.295 8.953
Radiation 0.71073 0.71073 0.71073
Temp., K 100 100 100
residuals:* R; Ry, 0.0149, 0.0344 0.0259, 0.0564 0.0423,0.1010
Goodness of fit 1.095 1.031 1.031
7 8 9
CCDC no. 2160094 2160095 2160096
Formula [Ag(CyH:N,)[UO(C/H;BrO,)( [Ag(CsHN)I[UO(C/H;BrO,);] [Ag(CH:N,)[UOL(C/HCIO, ]
C,04)]
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Formula weight 824.09 2272.15 1002.72
Crystal System Triclinic Monoclinic Monoclinic
Space Group P-1 P2,/c P2,/c
a, A 8.9506(3) 14.384(3) 14.2027(4)
b, A 10.6865(4) 17.836(4) 17.9512(5)
c, A 12.1235(5) 12.181(2) 12.1626(4)
a,® 102.007(1) 90 90
B, ° 103.825(1) 98.66(3) 97.402(1)
y,° 108.310(1) 90 90
Volume, A3 1017.36(7) 3089.5(11) 3075.08(16)
Z 2 2 4
Peale>  CM73 2.690 2.443 2.166
U, mm! 10.930 9.807 6.215
Radiation 0.71073 0.71073 0.71073
Temp., K 100 100 100
residuals:® R; R, 0.0234, 0.0438 0.0452, 0.1049 0.0252, 0.0566
Goodness of fit 1.052 1.071 1.107

10 11 12
CCDC no. 2160097 2160098 2160099
Formula [Aga(CsH3N2),[UOy(C/HsFO,),NO5] | [Ag(CsH3N2)[[UOL(C7HsFO,)(C,04)] [UO,Ag(CsH;3N,).5(C7H;C1,0,)s]

Formula weight

1222.35

984.48

1026.97

Crystal System Orthorhobmic Triclinic Triclinic
Space Group Pcen P-1 P-1

a, A 17.6419(10) 9.7834(3) 10.0976(6)
b, A 33.4658(19) 9.9477(3) 10.5315(6)
c, A 12.2346(7) 11.9626(3) 15.7506(9)
a,”’ 90 100.009(1) 98.640(2)
B,° 90 111.546(1) 90.851(2)
y,° 90 106.752(1) 118.043(2)
Volume, A3 7223.3(7) 984.48(5) 1454.51(15)
A 8 2 2

Dealer & CT 2.248 2.575 2.345

u, mm™! 5.637 9.274 6.837
Radiation 0.71073 0.71073 0.71073
Temp., K 100 100 100
residuals:® R; Ry, 0.0192, 0.0435 0.0226, 0.0434 0.0221, 0.0443
Goodness of fit 1.111 1.033 1.037

Powder X-Ray Diffraction. Powder X-Ray Diffraction (PXRD) data on the bulk reaction
products of compounds 1-9 and 12 (Figure S14-S22) were used to assess the purity of the
preparations. All data were collected on a Rigaku Miniflex (Cu Ka, 20 = 3-60°) and were analyzed
using the Match! software program.3” Compounds 10 and 11 were minor phases and did not appear
in high enough yield to perform PXRD analysis. Compounds 2, 3, 6, and 9 resulted in pure phases.
Compounds 7 and 8 were prepared in the same synthesis and both phases were identified in the
powder pattern. While compounds 4 and 10 were prepared in the same synthesis, 10 did not have
a high enough yield to appear in the powder pattern. This synthesis also resulted in another phase
that did correspond to any of the known reactants or impurities. Syntheses of compounds 1 and 5
also resulted in additional phases that did not correspond to any known reactants or impurities and
as such we were unable to identify these phases. The synthesis of compound 12 resulted in a
biphasic mixture of 12 and an additional Ag*/bypm phase ([Ag(CsHgN4)] NO5 » H,O) which was

identified from the CSD (Refcode: YABDIQ).3®
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Optical Measurements. Steady-state luminescence scans of 3-6, 8-12 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. Crystalline samples (purity confirmed by SCXRD) were mounted on a quartz plate using
non-emitting high vacuum grease. Raman spectra of single crystals of 1-12 were collected using a
HORIBA LabRAM HR Evolution Raman Microscope over the 50-2000 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 1-12 between the UO,>* and Ag" units were investigated and
quantified via Density Functional Theory as implemented in Gaussian 16.3° Single point energy
calculations were performed on models of 1-12 constructed directly from unoptimized
crystallographic fragments consisting of the closest Ag-oxo interaction and all ligands coordinated
to the Ag™ and UO,*>" using the B3LYP4*#! functional, which has been shown to reproduce
experimental parameters of uranyl complexes with high accuracy.*>** The modified scalar-
relativistic effective core potential (ECP) basis set DEF2TZVP#% and associated pseudopotential
for all non-U atoms was implemented in the software was used throughout. The ECP60MWB and
ECP60MWB_SEG valence basis set was used for all U atoms.***8 No additional corrections were
used for the energy calculations and a tight convergence criterion was used. Natural Localized
Molecular Orbitals were obtained from converged wavefunctions. 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 molecular orbitals involved.
Quantum theory of atoms in molecules*® (QTAIM) analysis of bonding properties at the bond
critical points (BCPs) was performed in the AIMAT11 software suite* using the DFT converged
wavefunction. Models generated and used for NBO and AIMA11 calculations can be found in the
SI (Figure S13) along with a sample input file (Sample S1).

Results and Discussion

Structural Descriptions.

Compound 1, [UO,Ag(2,5-diBrBA)s], crystallizes in the space group P2;/n and the asymmetric
unit contains a single crystallographically unique UO,?* cation adopting a pentagonal bipyramidal
geometry as well as one crystallographically unique six-coordinate Ag" cation (Figure 1). The
axial U=0 bonds have bond lengths of 1.761(3) A (O1) and 1.781(3) A (02) with a ZO-U-O of
179.1(1)°. The UO,*" cation is coordinated in the equatorial plane by one bidentate 2,5-
dibromobenzoate ligand (via OS5, and O6) and by three monodentate 2,5-dibromobenzoate ligand
(via O7, 08, and O3). The Ag" cation forms a bidentate coordination with a 2,5-dibromobenzoate
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ligand via O4 and Br2. The carboxylate group containing O3 and O4 bridges the Ag* cation to the
UO,** cation. Additionally, the Ag* cation is coordinated to Br3 on a 2,5-dibromobenzoate ligand
which is coordinated to the UO,?" cation via O6 and O5. The Ag* cation also has a close interaction
with a crystallographically equivalent Ag* cation at a distance of 3.303(1) A. The Ag" cation
interacts with one of the oxo groups of the UO,2* cation via O2 with a distance of 2.475(3) A and
a ZU-O-Ag angle of 127.0(2)°. Packing of 1 (Figure 2) features 1-dimensional UO,*" and Ag"
cation chains in the [100] direction which are assembled via halogen bonding interactions between
Br atoms on adjacent 2,5-dibromobenzoate molecules.

Figure 1. Local representation of compound 1 detailing the metal coordination environments.
Uranyl polyhedra are shown in yellow; Ag, Br, and O are grey, brown, and red spheres
respectively. Silver-oxo interaction depicted by a dotted pink line and close Ag-Ag distance is
depicted by a light blue line. H atoms have been omitted for clarity.



Dalton Transactions

Figure 2. Global structure of 1 shown along the a-axis. Halogen bonding between Br atoms on
adjacent 2,5-dibromobenzoate ligands is depicted by the dotted blue lines.

Compound 2, [(UO,),sAg(bypm),(2,5-diCIBA)NO;][UO,(2,5-diCIBA);], crystallizes in the
space group P-1 and the asymmetric unit features two crystallographically unique UO,?" cations
both adopting a hexagonal bipyramidal geometry (Figure 3). One UO,?" cation (U2, O2, and O3)
displays bidentate coordination to three 2,5-dichlorobenzoate ligands (via O9 and 010, O11 and
012, O13 and O14) in the equatorial plane forming a monomeric unit. This unit has U=O bond
distances of 1.774(3) A and 1.760(3) A with an £0O-U-O of 179.1(1)°. The second UO,2* cation
also forms a monomeric unit, where Ul lies on an inversion center, with U=0O bond lengths of
1.767(2) A and an £0O-U-O of 180°. It is coordinated by two crystallographically equivalent
monodentate 2,5-dicholorobenzoate ligands via O4. Additionally, it is coordinated by two
crystallographically equivalent monodentate nitrate groups via O6 and O7. The asymmetric unit
also contains two Ag" cations (Agl and Ag2). Agl forms a close interaction with the UO,>" cation
containing U1 at a distance of 2.645(3) A and a ZLU-O-Ag of 137.1(2)°. Both Ag* cations are
coordinated by two bipyrimidine ligands forming 1-dimensional chains along the [010] direction.
The UO,?>" monomers containing U2 interact with each other via n-n interactions between 2,5-
dicholorobenzoate ligand rings on adjacent units (Figure 4). The UO,*" monomers containing Ul
interact via halogen bonding between Cl atoms on adjacent units.
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Figure 3. Local representation of compound 2 detailing the metal coordination environments. CI
and N are green and blue spheres respectively.
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Figure 4. Global structure of compound 2 shown along the a-axis. Halogen bonding between Cl
atoms on adjacent 2,5-dichlorobenzoate ligands is depicted by the dotted blue lines. m-n
interactions between 2,5-dicholorobenzoate centroids is depicted by red dotted lines.

Compound 3, [(UO,);sAgy(bypm),(2,5-diBrBA)NO;][UO,(2,5-diBrBA)s], is isostructural to
compound 2. The UO,?" cation containing U2 has U=0 bond lengths of 1.774(3) and 1.763(3),
and an Z0-U-O of 179.1(1)° (Figure 5). The UO,?" cation containing U1 has U=0 bond lengths
of 1.773(1) A and an £O-U-O of 180°. The Ag-O distance with the UO,2* containing Ul is
2.647(3) A and has a ZU-O-Ag of 135.9(2)°. (Global structure can be seen in Figure 6)

10
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Figure 6. Global structure of compound 2 shown along the a-axis. Halogen bonding between Br
atoms on adjacent 2,5-dibromobenzoate ligands is depicted by the dotted blue lines. m-n
interactions between 2,5-dibromobenzoate centroids is depicted by red dotted lines.

Compound 4, [Ag(bypm)H,0][UO,(4-FBA)(Ox)], crystallizes in the space group C2/c and the
asymmetric unit contains a single crystallographically unique UO,?" cation adopting a pentagonal
bipyramidal geometry as well as one crystallographically unique five-coordinate Ag" cation
(Figure 7). The axial U=O bonds have bond lengths of 1.772(3) A (O1) and 1.778(2) A (02) with
a Z0-U-O of 177.9(1)°. The UO,*" cation is coordinated in the equatorial plane by two
crystallographically equivalent bidentate oxalate ligands (via O1 and O2) and by one monodentate
4-fluorobenzoate ligand. The oxalate ligands bridge UO,>" cations to form 1-dimensional chains
along the [010] direction. The Ag" cation is coordinated by one water molecule (0O9) and forms a
bidentate coordination with two 2,2’-bipyrimidine ligands via N1, N2, N3 and N4. The 2,2’-
bipyrimidine ligands each coordinate to other Ag™ cations, forming 1-dimensional chains in the
[001] direction. Adjacent UO,?* chains pack via halogen bonding between fluorine atoms on
adjacent 4-fluorobenzoate ligands. The water coordinated to the Ag* cation (O9) forms a hydrogen
bond with O4 on a 4-fluorobenzoate ligand carboxylate group (Figure 8). The UO,>" and Ag*
chains are held together by close interactions between the Ag* cations and the uranyl oxo groups
(O1). These interactions have a distance of 2.742(2) A and a ZU-O-Ag angle of 140.71(9)°.

12
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Figure 7. Local representation of compound 4 detailing the metal coordination environments. F
atoms are represented by yellow spheres.

Figure 8. Global structure of compound 4 shown along the b-axis. Halogen bonding between F
atoms on adjacent 4-fluorobenzoate ligands is depicted by the dotted blue lines. Hydrogen bonds
are depicted by orange dotted lines.

Compound 5, [UO,Ag,(terpy)»(3-FBA);][UO,(3-FBA);] * H,O, crystallizes in the space group
P-1 and the asymmetric unit contains two crystallographically unique UO,?* cations, an Ag"
cation, and a lattice water molecule (Figure 9). The UO,?* cation containing U2 adopts a hexagonal
bipyramidal geometry with U=0 bond lengths of 1.776(3) A and 1.772(3) A with a Z0O-U-O of
178.9(1)°. It is coordinated in the equatorial plane by three bidentate 3-fluorobenzoate ligands (via
O11 and O12, O13 and O14, O15 and O16). The other UO,>" cation (containing Ul) adopts a
pentagonal bipyramidal geometry where axial U=O bonds have bond lengths of 1.776(3) A (O1)
and 1.773(3) A (02) with a ZO-U-O of 179.4(1)°. Ul is coordinated in the equatorial plane by
one bidentate and three monodentate 3-fluorobenzate ligands. One of the 3-fluorobenzoate ligands
(containing O9) coordinates to another UO," cation via O10 to form a dimeric unit. The Ag* cation
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is coordinated two tridentate 2,2’;6°,2”-terpyridine ligands (via N1, N2, and N3, and N4, N5, and
N6) and is also bridged to the UO,?* cation containing U1 via a 3-fluorobenzoate ligand (O8)
(Figure 10). The Ag" cation additionally displays a close interaction with the oxo group of the
UO,2* cation containing U1 at a distance of 2.875(2) A and a ZU-O-Ag angle of 115.1(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, [Ag(bypm)][UO,(2,5-diCIBA)(Ox)], crystallizes in the space group P-/ and the
asymmetric unit contains a single crystallographically unique UO,?" cation adopting a pentagonal
bipyramidal geometry as well as one crystallographically unique four-coordinate Ag" cation
(Figure 11). The UO,?" cation is coordinated in the equatorial plane by two crystallographically
equivalent bidentate oxalate ligands (via Ol and O2) and by one monodentate 2,5-
dichlorobenzoate ligand. The oxalate ligands bridge UO,*" cations to form 1-dimensional chains
along the [010] direction. The axial U=0 bonds have bond lengths of 1.769(6) A (02) and 1.773(5)
A (01) with a Z0-U-O of 178.7(2)°. The Ag* cation forms a bidentate coordination with two 2,2’-
bipyrimidine ligands via N1, N2, N3 and N4. The 2,2’-bipyrimidine ligands each coordinate to
other Ag"* cations, forming 1-dimensional chains in the [001] direction (Figure 12). The UO,**
and Ag* chains are held together by close interactions between the Ag* cations and the uranyl oxo
groups (02). These interactions have a distance 0of2.932(7) A and a ZU-O-Ag angle of 141.7(3)°.
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Compound 7, [Ag(bypm)][UO,(3-BrBA)(Ox)], is isomorphous to compound 6 with differences
in the number and positioning of halogens; compound 6 has two chlorine atoms in the 2 and 5
positions, and 7 has one bromine atom at the 1 position. Despite the differences in the halogens,
the two compounds experience similar packing. The UO,?" cation has U=O bond lengths of
1.769(6) A (02) and 1.771(4) A (O1) and an £O-U-O of 178.6(2)° (Figure 13). The Ag-O distance
is 3.093(4) A and has a ZU-O-Ag of 143.0(2)°. (Global structure can be seen in Figure 14).

Brl §

Figure 13. Local representation of compound 7 detailing the metal coordination environments.
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Figure 14. Global structure of compound 7.

Compound 8, [Ag(bypm)][UO,(3-BrBA);], crystallizes in the space group P2,/c and the
asymmetric unit contains a single crystallographically unique UO,?* cation adopting a hexagonal
bipyramidal geometry as well as one crystallographically unique four-coordinate Ag* cation
(Figure 15). The UO,?" cation is coordinated in the equatorial plane by three bidentate 3-
bromobenzoate ligands forming a monomeric unit. The axial U=O bonds have bond lengths of
1.766(5) A (O1) and 1.752(5) A (02) with a Z0O-U-O of 179.1(3)°. The Ag* cation displays
bidentate coordination with two 2,2’-bipyrimidine ligands via N1, N2, N3 and N4. The 2,2’-
bipyrimidine ligands each coordinate to other Ag* cations, forming 1-dimensional chains in the
[001] direction (Figure 16). Additionally, the uranyl monomers are assembled via halogen bonding
interactions between bromine atoms on adjacent 3-bromobenzoate ligands. The Ag-O distance is
3.314(6) A and the ZU-O-Ag is 171.8(3)°.
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Figure 16. Global structure of compound 8. Halogen bonding between Br atoms on adjacent 3-
bromobenzoate ligands is depicted by the dotted blue lines.
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Compound 9, [Ag(bypm)][UO,(3-CIBA);], is isomorphous to compound 8 with only difference
being the orientation of the halogens. Despite the differences in the halogens, the two compounds
experience similar packing. The UO,** cation has U=0 bond lengths of 1.770(3) (O1) A and
1.759(3) A (02) an £0-U-O of 178.9(1)° (Figure 17). The Ag-O distance is 3.359(3) A and has a

ZU-0-Ag of 170.7(2)°. (Global structure Figure 18).
&.Ci3

N1

Figure 17. Local representation of compound 9 detailing the metal coordination environments.
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Figure 18. Global structure of compound 9. Halogen bonding between CI atoms on adjacent 3-
chlorobenzoate ligands is depicted by the dotted blue lines.

Compound 10, [Ag,(bypm)],[UO,(4-FBA),NOs], crystallizes in the space group Pccn and the
asymmetric unit contains a single crystallographically unique UO,?>" cation, adopting a hexagonal
bipyramidal geometry, as well as three crystallographically unique four-coordinate Ag* cations
(Figure 19). The UO,*" cation is coordinated in the equatorial plane by two bidentate 4-
fluorobenzoate ligands and one bidentate nitrate molecule forming a monomeric unit. The axial
U=0 bonds have bond lengths of 1.778(2) A (O1) and 1.767(2) A (02) with a £O-U-O of
178.5(1)°. Each unique Ag* cations forms a bidentate coordination with two 2,2’-bipyrimidine
ligands. The 2,2’-bipyrimidine ligands each coordinate to additional Ag" cations, forming three
crystallographically unique 1-dimensional chains in the [001] direction. There is also lattice nitrate
anion and a lattice water molecule (O13) which form hydrogen bonds via H2 and O11 on the
nitrate anion and H1 and O10 on another nitrate anion. The UO,?" monomer and the Ag* chains
containing Ag3 are assembled via m-m interactions between the 2,2°-bipyrimidine ligand
coordinated to the Ag* and a 4-fluorobenzoate ligand coordinated to the UO,>" (Figure 20). The
Ag-O distance is 3.518(2) A and the ZU-O-Ag is 113.52(8)°.
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Figure 20. Global structure of compound 10. Hydrogen bonding between water molecules and
nitrate oxygen atoms is depicted by the dotted orange lines. m-m interactions between 4-
fluorobenzoate and 2,2’-bipyrimidine centroids are depicted by red dotted lines.

Compound 11, [Ag(bypm)][UO,(3-FBA)(Ox)], crystallizes in the space group P-/ and the
asymmetric unit contains a single crystallographically unique UO,?" cation adopting a pentagonal
bipyramidal geometry as well as one crystallographically unique four-coordinate Ag* cation
(Figure 21). The UO,?* cation is coordinated in the equatorial plane by two crystrallographically
equivalent bidentate oxalate ligands (vie Ol and O2) and by one monodentate 2,5-
dichlorobenzoate ligand. The oxalate ligands bridge UO,** cations to form 1-dimensional chains
along the [010] direction. The axial U=0 bonds have bond lengths of 1.771(3) A (O1) and 1.770(3)
A (02) with a Z0-U-O of 177.1(1)°. The Ag* cation forms a bidentate coordination with two 2,2’-
bipyrimidine ligands via N1, N2, N3 and N4. The 2,2’-bipyrimidine ligands each coordinate to
other Ag" cations, forming 1-dimensional chains in the [001] direction (Figure 22). There are also
n-1 interactions between the 2,2’-bipyrimidine ligands coordinated to the Ag* cations and the 3-
fluorobenzoate ligands on the UO,2" cations. The Ag-O distance is 4.070(7) A and the ZU-O-Ag
is 156.0(1)°.

Figure 21. Local representation of compound 11 detailing the metal coordination environments.
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Figure 22. Global structure of compound 11. n-w interactions between 3-fluorobenzoate and 2,2’-
bipyrimidine centroids are depicted by red dotted lines.

Compound 12, [UO,Ag(bypm),s(3,5-diCIBA);], crystallizes in the space group P-/ and the
asymmetric unit contains a single crystallographically unique UO,?" cation adopting a pentagonal
bipyramidal geometry as well as one crystallographically unique three-coordinate Ag™ cation
(Figure 23). The UO,?* cation is coordinated in the equatorial plane by one bidentate 3,5-
dichlorobenzoate ligand (via O3 and O4) and three monodentate 3,5-dichlorobenzoate ligand (via
05 and O7). Two of the 3,5-dicholobenzoate ligands are crystallographically equivalent and serve
to bridge to another UO,?* cation via the carboxylate group containing O7 and O8. The axial U=0O
bonds have bond lengths of 1.772(2) A (O1) and 1.770(2) A (02) with a ZO-U-O of 178.4(1)°.
The Ag* cation forms a bidentate coordination with one 2,2’-bipyrimidine ligand via N1, and N2.
Additionally, the Ag" is bridged to the UO,>" unit through the carboxylate group of a 3,5-
dicholobenzoate ligand containing O5 and 06, forming doublewide chains alternating UO,%* and
Ag" cations in the [100] direction. These chains are assembled via halogen bond interactions
between chlorine atoms on 3,5-dichlorobenzoate ligands in adjacent chains (Figure 24). The Ag-
oxo distance is 4.287(4) A with a ZU-O-Ag of 83.8(1)°.
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Figure 23. Local representation of compound 12 detailing the metal coordination environments.
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Figure 24. Global structure of compound 12. Halogen bonding between Cl atoms on adjacent 3,5-
dichlorobenzoate ligands is depicted by the dotted blue lines.

Ag* Interactions with Uranyl Oxo atoms. Interaction between closed-shell Pb%* cations and the
UO,?" cation have been investigated by our group in the past to study the effects on bonding and
photophysical properties of the uranyl cation.!” It was found that crystallographically determined
Pb-oxo distances served as an indication of the strength of the interaction, with shorter distances
leading to stronger interactions between the metal and uranyl cations. Here we use the same
indicator in order to study the effects of the closed-shell Ag" cation on U=O bonds. We have
tabulated the shortest Ag-oxo distances in compounds 1-12 in Table 3. These compounds display
arange of values from 2.475(3) A to 4.287(4) A which all fall within the range of Ag-oxo distances
reported in the CSD.?’

A commonly used crystallographic metric when evaluating the strength of an interaction is
the sum of the van der Waals radii (vdW) of the two interacting atoms; this is equal to 3.24 A for
a Ag-O interaction (Ag radius: 1.72 A and O radius: 1.52 A).5° This value is generally presented
as a percentage of their overlap and is commonly used to look at non-covalent interactions such as
halogen bonds where it serves as a relative measure of the strength of the interaction. Generally,
an interaction falling within 100% of the sum of the van der Waals indicates a significant
interaction and values >100% indicate a weaker or no interaction. The Ag-O %vdW are also
tabulated in Table 3 and the values range from 76% to 132% with 1-7 having values that fall within
the sum of the vdW and 8-12 displaying values >100%.

Previous work by Arnold et. al. has shown that close interaction of a metal cation with the
uranyl oxo group can lead to U=O bond asymmetry, and in extreme cases even cause reduction of
U(VI) to U(V).>*12 However, these effects on bonding decrease with more polarizable metals.
There is no evidence of significant bond asymmetry in most of 1-12, indicating that Ag™ does not
have a substantive effect on strength of the U=0O bonds as compared to Pb?* in our previously
reported Pb?*/UO,** complexes,'” as well as the heterometallic complexes reported by Arnold et
al. This is in agreement with Arnold et. al.’s conclusion that more polarizable metals do not have
a strong an effect on the uranyl cation.>*!2 It is of note however that compound 1 which has the
shortest Ag-O interaction distances has the highest degree of bond asymmetry with a difference in
U=0 bond lengths of 0.02 A.

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

26

Page 26 of 40



Page 27 of 40

Dalton Transactions

Compound Ag---Ol1 Y%vdW U=01 U=02 Ag---0O1=U
A) A) (deg)

1 24753) A 76% 1.781(3) 1.761(3)A  127.0Q2) A
2 2.6453) A 82% 1.7672)  1.7672) A 137.12) A
3 2.6473) A 82% 1.773(1)  1.773(1) A 1359(1) A
4 2.742(2) A 85% 1.7722)  1.7782) A 140.7(1) A
5 2.8752) A 89% 1.776(3)  1.7733) A 115.1(1) A
6 2.932(7) A 90% 1.769(6)  1.773(5) A 141.73) A
7 3.093(4) A 95% 1.7694)  1.771(4) A 143.02) A
8 3.314(6) A 102% 1.766(5)  1.752(5)A  171.8(3) A
9 3.359(3) A 104% 1.770(3)  1.759(3)A  170.7(2) A
10 3.5182) A 109% 1.778(2)  1.767(2) A 113.5(1) A
11 4.070(3) A 126% 1.771(3)  1.770(3) A 156.0(1) A
12 4.287(4) A 132% 1.772(2)  1.770Q) A  83.8(1)A

Spectroscopic Properties.

It is well-known that interaction with the uranyl unit, whether in the equatorial plane or at the
axial oxo groups, can lead to changes in the bonding construct of the cation, which in turn lead to
changes in the electronic structure of the compound.’>61213.51-53 Tn order to investigate these
changes, we used luminescence and Raman spectroscopy to study the electronic structure of the
uranyl cation in these compounds.

Uranyl-containing compounds typically display a bright green luminescence signature.
Generally, the emission band ranges from 450 nm to 650 nm and has five or more finger-like peaks
while the excitation profile features two bands centered around 420 nm and 340 nm. The unique
excitation profile occurs due to an electronic transition between uranium 5f 6, and ¢, orbitals and
the ground state uranyl bonding orbitals (36, 36, 17, 2m,) and vibronic coupling with the 855cm!
U=0 symmetric stretch results in the vibrationally resolved peaks.’* Compounds 3-6 and 8-12 all
display the characteristic emission peaks and two excitation bands while the luminescence
signatures for 1, 2, and 7 are quenched.

We had noted previously that Pb?* cations are able to quench uranyl luminescence in compounds
with Pb-oxo contacts at 87% of the vdW or lower.!” In the Ag" containing compounds reported
herein, we note that 1 and 2 (vdW% of 75% and 82% respectively), which feature the closest Ag-
oxo distances, do not display any uranyl emission. That said, compounds 3 and 4 do not display
any noticeable quenching despite having vdW% of 82% and 85% respectively. This suggests that
compared the Pb-oxo interactions, the Ag" cation requires much closer interactions to be able to
induce quenching. It is of note that 7 displays reduced emission despite having a longer Ag-O
interaction. As such it is unlikely that this quenching occurs as a result of interaction with the Ag"
cation, this suggests that another quenching mechanism may be at play.
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Figure 25. Luminescence spectra of compounds 3-6, 8-12 at 298K with photoimages under a 340
nm UV light. 1, 2, and 7 did not display luminescence signatures.

Raman spectroscopy. The uranyl cation has three vibrational modes: the symmetric stretch (v,
Raman active), the asymmetric bend (v,, IR active), and the asymmetric stretch (v3, IR active). The
Raman active symmetric stretch is the mode of interest as it is generally more easily identifiable
and is sensitive both to coordination in the equatorial plane of the uranyl cation and also to
interaction at the —yl oxo groups. Both equatorial coordination and axial interactions have a
tendency to lead to red-shifting of the U=0O symmetric stretch peak, corresponding to weakening
of the bond. Generally, values for this peak are observed in the 860-880 cm-! region but have been
observed across the range of 900 to 750 cm-!.>!

The Raman spectra for compounds 1-12 are reported in Figure 26. All compounds display peaks
in the 800-900 cm! region. Compounds 1, 6, 7 and 10-12 display only one sharp peak in this region
which we attribute to the U=0 symmetric stretch with values of 829 cm!, 837 cm’!, 838 cm!, 830
cm!, 838 cm!, 870 cm’!, 843 cm™!, and 840 cm™!, respectively. Compounds 2 and 3 both display
peaks at 839 cm™! and 838 cm! with notable shoulders. These shoulders likely occur as a result of
two crystallographically unique uranyl centers in each compound which have different U=O bond
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lengths. In 2, the uranyl cation interacting closely with the Ag" cation has equivalent U=O bond
lengths of 1.767(2) A while the UO,2* cation that is not interacting closely with the Ag* has U=0O
bond lengths of 1.774(3) and 1.760(3) A. In 3, the U=O center interacting closely with the Ag*
cation has equivalent U=O bond lengths of 1.773(1) A and the U=0 cation that is not interacting
closely with the silver has bond lengths of 1.774(3) and 1.763(3) A. The overlap of the U=O
symmetric stretch peaks corresponding to each of these different cations would explain the
presence of the shoulders. Compound 4 also displays two peaks despite not having a secondary
metal center but the peak at 850 cm™! has been attributed to the 4-fluorobenzoate ligand in the
structure.> As such we can attribute the remaining peak at 870 cm™! to the U=0 symmetric stretch.
Compounds 5 displays two peaks in the 800-900 cm™' range at 833 and 851 cm™. While this
compound does have two crystallographically inequivalent uranyl centers, the bond lengths of
these centers (1.776(3), 1.772(3) A and 1.776(3), 1.773(3) A) are very similar and therefore we
would not expect such a large difference in the energy of the symmetric stretches corresponding
to these uranyl units. A comparison of the above peak values with the Raman spectra of the organic
ligands in the structure did not match either of the values of the peaks. As such, we have not been
able to accurately assign the U=0O symmetric stretch for this complex and this spectrum has been
excluded from the analysis.
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Figure 26. Raman spectra of compounds 1-12 at 298 K.

Previous work done by our group and others have reported that close interaction of metal cations
at the oxo group can lead to shifting of the Raman U=0O symmetric stretch values.!332-3* Overall
we do not observe such a trend of Raman red-shifting with Ag-oxo distance, though it is worth
noting that compound 1, which experiences the closest Ag-oxo interaction, does have the most
red-shifted symmetric stretch peak by 7 cm ! as compared to the next lowest energy peak value in
compound 3. This red-shifting indicates a bond weakening in this compound as compared to the
other compounds and is supported by the higher bond asymmetry displayed by 1 as compared to
the other compounds. Additionally, compound 1 displays quenched luminescence which suggests
the Ag® cation only has significant effects on the bonding and photophysical properties of this
compound with contacts at <80% of the %vdW.
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Characterizing Uranyl Second Sphere Interactions and Inner Sphere Bonding

Second Sphere Interactions. Whereas the Raman and luminescence spectroscopy can give
insight on the U=0O bonds, the second-sphere interactions between the Ag™ and the uranyl-oxo
group require second order perturbation theory based (SOPT) NBO calculations. These
calculations determine orbital pairs and provide an additional stabilization energy in kcal/mol
afforded to the structure as a result of these interactions as a function of the orbital overlap and
energy difference as described in Equation 1.

F(i)?
E(2) = AE; = QiﬁFour different types of donor/acceptor orbital pair (1

interactions between orbitals on the Ag" cation and the uranyl unit were determined by SOPT for
each M-oxo interaction (Figure 27). The four types are: 1) electron donor Ag s valence orbital and
an acceptor empty U 5f orbital, (2) a donor Ag s valence orbital and a UO, ¢* antibonding orbital
acceptor, (3) a donor O sp* lone pair and an empty acceptor Ag d orbital, and (4) a donor UO; o

bonding orbital and an empty acceptor Ag d orbital.
Type 1: Type 2: Type 3: Type 4:
Agd+US5f Agd+U=0c* Ospr+Ags U=Oc+Ags

Figure 27. Isodensity renderings of representative orbitals involved in Ag-oxo interactions using
compound 1 as a model.

Each of these four types of interactions has a stabilization energy calculated in kcal/mol where
higher energy values are indicative of a stronger interaction. These values for 1-12 are tabulated
in Table 4. In all compounds, the highest stabilization energy corresponds to the Type 3 interaction
between the oxo group lone pair electrons and the empty Ag d orbitals. This likely due to the closer
proximity of the orbital centered on the oxo group and the silver leading to more orbital overlap.
The Type 4 and Type 2 interactions are generally similar in strength. These interactions are of note
as they involve donation into U=O o* anti-bonding orbitals and out of U=O ¢ bonding orbitals.
This would suggest that strong interactions between these orbital pairs would lead to a subsequent
weakening of the U=0 bond. The relatively low stabilization energy values of Types 2 and 4 would
explain why this U=0 bond weakening is not seen in the structural or spectroscopic data for most
compounds. Only 1 which has a Type 4 interaction strength of 2.01 kcal/mol and a Type 2
interaction strength of 0.98 kcal/mol (which are double almost all other values for these orbital
interaction types in the other compounds herein) shows changes in the spectroscopy and bonding.
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Table 4. Second Order Perturbation Theory calculated NCI stabilization energies (kcal mol!') and

orbitals involved in charge transfer.

Agt— U0 U0, —> Agt
Ag-O Type 1 Type 2 Type 3 Type 4 Total
Distance Agd—>US5f Agd—>UO,06* | Osp*—> Ags UO,6 —> Ags | (kcal/mol)
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
1 2475 A 0.64 0.98 7.40 2.01 11.03
2 2.645 A 0.06 0.18 5.37 0.88 6.49
3 2.647 A 0.12 0.41 6.04 0.48 7.05
4 2.742 A 0.00 0.31 5.79 0.28 6.38
5 2.875 A 0.19 0.47 4.61 1.59 6.86
6 2932 A 0.00 0.22 3.62 0.20 4.04
7 3.093 A 0.00 0.13 243 0.12 2.68
8 3314 A 0.00 0.11 0.96 0.07 1.14
9 3359 A 0.00 0.11 0.86 0.06 1.03
10 3518 A 0.06 0.00 1.01 0.00 1.07
11 4.070 A 0.00 0.00 0.13 0.00 0.13
12 4.287 A 0.06 0.00 0.18 0.10 0.34

By combining the values of the four different interaction types we can determine the overall

strength of the interaction between the Ag" cation and the uranyl-oxo group. When plotting these
combined values against the Ag-oxo distance (Figure 28), we see that the stabilization energy
value increases exponentially with decreasing Ag-oxo distance. The highest stabilization energy
(compound 1) is 11.03 kcal/mol after which there is a sharp decrease in compound 2 to 6.49

kcal/mol.
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Figure 28. First-order exponential fit of Ag-oxo distance versus total uranyl-cation interaction
stabilization energy highlighting the relationship between distance and interaction strength
between the UO,*" and the Ag™ units.

Inner Sphere U=0 Bonding. We use Quantum Theory of Atoms in Molecues (QTAIM) to
determine bond critical points (BCP) between close atom pairs and calculate their electron
densities which we then use to measure the strength and covalency of these bonds. Higher electron
density values indicate a stronger, more covalent bond. We summarize the electron density (p)
values as calculated by QTAIM for the Ag-O interactions and the U=0O bonds in the interacting
uranyl cation for 1-12 in Table 5. The highest Ag-O electron density value is 0.034 in 1 which
displays the closest Ag-O contact. As with the stabilization energy values, the bond critical point
electron densities display an exponential increase with decreasing Ag-O distance (Figure S23).
Additionally, there is a linear correlation between the Ag-O bond critical point electron density
and the total stabilization energy calculated with SOPT (Figure S24).

Table 5. Quantum Theory of Atom in Molecules calculated bond critical point electron densities

(P

Ag-0O U=0 (Ag) U=0
1 0.034 0.297 0314
2 0.024 0.307 0.311
3 0.023 0.303 0.307
4 0.020 0.301 0.302
5 0.016 0.301 0.305
6 0.014 0.304 0.305
7 0.010 0.304 0.307
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8 0.007 0.309 0.322
9 0.006 0.306 0.316
10 0.000 0.300 0.311
11 0.000 0.303 0.307
12 0.000 0.306 0.308

Similar treatment of UO,2"/Pb?* has demonstrated that close Pb-oxo interactions lead to a relative
decrease in electron density in the U=0O bond as compared to the U=0O bond not interacting with
the metal, resulting in bond asymmetry.!” In these Ag-containing compounds we do not see a
similar trend with the exception of 1 where the Ag-interacting U=O bond has a BCP electron
density values of 0.297 while the other U=O bond has a value of 0.314. The asymmetry and lower
BCP electron density value displayed by compound 1 is supported by the structural data, which
has the highest bond asymmetry with a difference of 0.02 A between U=0 bond lengths displayed
in the structural data. The increased effect of Ag* on the U=0 bonds in this compound is supported
by the significantly higher stabilization energy calculated for this interaction by SOPT as compared
to the other compounds with longer Ag-oxo interactions. The effects of this stronger interaction
and increased bond asymmetry are also supported by the spectroscopy where compound 1 displays
the most red-shifted U=0 symmetric stretch value, as well as quenched luminescence emission.

One additional observation of interest is the relationship between the M-oxo stabilization
energy and the BCP electron density value in the Ag/UO,?>" materials as compared to the
previously reported Pb/UO,?" materials. In both groups of compounds there is a linear correlation
between increasing stabilization energy and BCP electron density. Of interest, however, is that, at
similar %vdW values, the Ag-oxo interactions have lower stabilization energies as compared to
Pb-oxo interactions, but the BCP electron density values at those %vdW are higher for the Ag-oxo
interactions. For the Pb-oxo interaction, the highest BCP electron density value was 0.020
corresponding to an interaction distance of 2.812 A (80% VdW) and a stabilization energy of 17.05
kcal/mol.!” For the silver-containing compounds, 1-3 all have higher Ag-O BCP electron densities
despite the much lower stabilization energies (11.03, 6.49, and 7.05 kcal/mol respectively) and
similar vdW values (76%, 82%, and 82% respectively). The markedly higher electron density
within these bonds suggests that despite the weaker interactions, there is still more electron density
being shared in the interaction as compared to the Pb-containing compounds. This suggests that
the Ag-oxo interaction is more covalent in nature as compared to the Pb-oxo interaction which,
due to higher charge density, may experience a greater electrostatic component of the interaction.

Conclusion

We report the synthesis and characterization of 12 novel Ag"/UO,?" heterometallic
complexes. Structural data revealed Ag-oxo interactions ranging from 76% to 132% of the sum of
the Van der Waals radii for these atoms. Unlike with previously reported Pb?>*/UO,?" materials
which displayed the effects of Pb-oxo interactions even at vdW% distances of 87%, only
compound 1 (at 76%) displayed quenched luminescence emission, red-shifting in the U=0O
symmetric stretch, and bond asymmetry displayed both structurally and in the computed BCP
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electron density values as a result of the Ag-oxo interaction. This change in behavior was observed
through. SOPT analysis revealed that the orbitals with the most significant contribution to the Ag-
oxo interaction to be the O sp* = Ag d but that smaller interactions involving U=O bonding and
antibonding orbitals also contributed albeit weakly (U=0 ¢ 2 Ag d and Ag s = U=0 c*). The
overall stabilization energies for these interactions were relatively low though with only 1
displaying a stabilization energy above 8 kcal/mol. The smaller relative energies associated with
these interactions is supported by the lack of bond weakening in U=0O bonds seen in both the
spectroscopy and the structural data 2-12. We attribute the smaller effects of the Ag* on the uranyl
cation to its high polarizability. Despite the overall weaker effects of the Ag* cation as compared
to the Pb?*, comparison of the BCP electron density values calculated with QTAIM indicated that
the Ag-oxo interaction has more covalent character than the Pb-oxo interaction. A continued study
including other metal cations is underway in order to characterize further trends and lead to a more
in-depth understanding of interactions occurring at the terminal uranyl oxo.
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