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Uranyl nitrate/extractant complexes form long-range
isotropic pairs and short-range ordered dimeric assemblies
with a unique square configuration comprised of nonco-
valent ligand and acid anion mediated interactions, further
stabilized by organic phase solvation.

Supramolecular assembly of metal-ligand (ML) complexes is
well documented in the synthetic inorganic chemistry literature
and is known to be driven by the geometries of constituent in-
terlocking complexes 12 that maximize noncovalent interactions
(NCIs). The importance of more generalized “aggregation” phe-
nomena of ML complexes is emerging in other domains, including
separations science.37 In the context of solvent extraction, one
of the most significant processes is the Plutonium Uranium Re-
duction EXtraction Process (PUREX) used to recover uranium and
plutonium from spent nuclear fuel. 8 There, the amphiphilic trib-
utyl phosphate (TBP) extracts uranium as U(VI)OZZJr with two
nitrate anions from an acidic aqueous medium into an aliphatic
organic solvent in the form UO,(NO;), (TBP),.1° Yet, speciation
may be more complex depending upon solution conditions, hav-
ing a practical impact upon processing due to unwanted third
phase formation, which is attributed to the aggregation of ex-
tracted ML species at high metal loading.11-14 The structural
and morphological features of those aggregates, informed by
the fundamental driving forces behind their assembly, are yet to
be understood. The degree of aggregation of the uranyl com-
plexes affects their solubility in organic solutions, determining
the metal loading limit before the onset of third phase forma-
tion. In this work, we consider the possibility of self-assembly
of uranyl complexes using only the building blocks associated
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with the organic phase using classical molecular dynamics (CMD)
augmented by cluster-based density functional theory (DFT) cal-
culations and ab initio molecular dynamics (AIMD) simulations.
These data demonstrate the occurrence of supramolecular as-
semblies of uranyl complexes in the organic phase, having well-
defined square structural motifs whose formation is sensitive to
extracting ligand structure and solvation environment.

Simulations of UO,(NO3), (L), complexes were conducted for
combinations of extractant types and solvents (Tables 1 and S3).
Three organophosphorus extractants were examined that probe
the role of ligand alkyl tail length and head group structure:
TBP, triamyl phosphate (TAP) and dibutyl butyl phosphonate
(DBBP), illustrated in Figure S2. In the case of the TBP extrac-
tant simulations, both pure organic solvents and process-like con-
ditions (where there is TBP in excess of the uranyl complexes
and with coextracted water and nitric acid) were studied. The
initial configurations of the organic phase simulations included
preassembled UO,(NO3),(L), (L = extractant) to avoid forma-
tion of metastable complexes persistent over the simulation time
scale. Results were obtained from 250 ns of production time.
Simulation system compositions, methodology and force field pa-
rameterization are discussed in the Supporting Information.

Self-association of the uranyl complexes is quantified by the
U...U radial distribution function (RDF, g(r)) with results for all
CMD simulations provided in Figure S4. Importantly, the RDF
peak positions are consistent across uranyl concentrations and
solution conditions. This indicates the modes of association be-
tween complexes in n-dodecane and their general structural fea-
tures at low concentration are representative of those found in
systems up to the organic phase solubility limit. To isolate the
pairwise interactions between uranyl complexes while still pro-
viding insight into the organization of the concentrated systems,
the results are presented for 0.032 M solutions with concentration
information presented in Supporting Information.

Figure 1 presents the pair distribution function g(r,0), where
r is the U...U distance and 6 is the O=U...U angle observed in
n-dodecane with the TBP extractant. The four O=U...U angles
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Fig. 1 The pair distribution of uranium distances and O=U...U angles, averaged over the entire simulation production length of the equilibrated
trajectories, is plotted for uranyl nitrate/TBP complexes in n-dodecane. Representative snapshots of the two primary uranyl interaction configurations
are depicted, labeled A and B. Populations of each bin were normalized by a factor of 4772 sin 6. The bins were then normalized by the total number of

counts at r for distances up to 30 A.

exhibit symmetric distributions around 90°. Two predominant
species corresponding to peaks in the pair distribution are ob-
served: the first is an ordered dimer having a U...U distance near
6.0 A and the second is a long-range uranyl pair having a corre-
lation peak near 12.0 A. The long-range uranyl pair is isotropic,
associating through the polar cores but without a specific orien-
tation of the uranyl ions. Interestingly, the 12.0 A distance and
isotropic organization of the long-range pair is conceptually sim-
ilar to the hard spheres or ellipsoids that have been employed
to model the experimental SAXS and SANS of process relevant
solutions of uranyl, nitrate, and extractant. 11-13-15 In contrast to
the long-range dimer, the ordered dimer exhibits directed interac-
tions, illustrated by the distinct symmetric peaks in the pair dis-
tribution function for O=U...U angles centered at 30°and 150°.
There, the -yl oxygen of one UO, is positioned in the cleft re-
gion between the equatorial ligands and the -yl oxygen of the
second UO,. Although the equatorial ligands prevent a T-shaped
coordination of the two UO, units!®, the association is instead
mediated by non-covalent ligand interactions. The total scatter-
ing profile for the systems herein, containing both the ordered
and long-range dimers, exhibits very good agreement with the re-
ported SAXS data (Figure S5). This indicates that the structures
and relative concentrations of ordered and long-range dimers are
consistent with experimental scattering data.

To further study the interactions, structure, and stability of the
ordered supramolecular assembly, clusters consisting of the dimer
with 24 solvating n-hexane were taken from the CMD trajectories
and subjected to partial DFT geometry optimization followed by
100 fs of AIMD simulation. Four representative configurations
were chosen having different angular orientations of the ligands
and O=U...U angle (Figure S6 and Tables S4-S7). Given the high
dimensionality of the cluster potential energy surface (PES) it is
impractical to perform full DFT geometry optimization. Thus each
structure was subjected to 50 optimization steps after which the
gradient in energy achieved a value < -0.003 a.u. DFT calcula-
tions employed the M05-2X functional 17 with the Stuttgart basis
set and small-core RECP for U-atoms, '8 the cc-pVDZ basis set1?
for N, O and P-atoms and the 6-31G* basis set2% for C- and H-
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atoms chosen so as to keep double zeta quality while limiting the
total number of basis functions to less than 4,500. The change in
electronic energy upon formation of the ordered dimer was esti-
mated to be -16.2 kcal/mol by the difference in energies between
the DFT geometry of the uranyl dimer and that of the individ-
ual monomers, obtained from single point calculations without
n-hexane solvent. Each cluster was observed to have an approx-
imate square structural motif containing significant NCI of coor-
dinating extractant and nitrate with UO, oxo-atoms, as shown
in Figure 2. Of specific interest are the apical interaction of the
phosphate P...O=U and the nitrate N...O=U. In the CMD, these
are electrostatically attractive, as the P- and N-atoms have charges
of 1.5955 and 0.75 e-, respectively, and the uranyl oxo-atom has
a charge, ¢, of -0.45 e-. Relative to the initial CMD starting con-
figuration, the partial DFT geometry optimization contracts the
Oy ...P distance by 0.1-0.4 A, indicating that the quantum me-
chanical treatment of the cluster fosters additional electrostatic
interactions. The direction of the changes to the Oy...N distance
varied between dimers, but on average also contracted (Table S4
and S5). In comparison to a uranyl nitrate/TBP monomer with
twelve solvating n-hexane, the Mulliken ¢ on the U-atoms for the
four dimer clusters was less positive, with changes between 0.03
and 0.2 e- (the exception being cluster 4 where one U-atom ¢
increased by 0.03 e- and the other decreased by 0.36 e-).

Figure 2 presents the supramolecular assembly with DFT dis-
tances for cluster 1 while those geometric parameters for clusters
2-4 are in Supporting Information. Based upon the geometric
changes to the DFT structure and the Mulliken ¢, the electrostatic
interactions facilitated by the apical extractant and acid anion in-
teractions with the uranyl oxo appear to be a significant contrib-
utor to dimer formation. These conclusions are further supported
by AIMD simulation initiated from the DFT geometry of cluster 1
and performed for 100 fs, where the fluctuations in the local con-
figurations were analyzed. The square structural motif persists
throughout the AIMD trajectory, wherein the various interatomic
distances may fluctuate by up to 0.4 A with different periodicities
over 100 fs. While the trajectory is relatively short, the complex
remains stable during the trajectory with the U...U distance de-
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Fig. 2 Partially DFT optimized structure of an assembled UO,(NO3;),(TBP), dimer with solvating n-hexane molecules taken from the CMD simulation
trajectory. TBP molecules are colored differently to highlight placement around the metal centers. Solvent molecules are shown in transparent gray for
clarity. The structural motif and DFT distances of the square-shaped metal-ligand assembly is illustrated with a schematic overlay.

creasing slightly. The distances reported in Figure 2 are plotted
as a function of time for the AIMD trajectory and provided in Fig-
ures S8 and S9.

Given the electrostatic stabilization of the square dimer, the
choice of both anion and extractant are likely to influence the fa-
vorability of supramolecular assembly in solution. Steric interac-
tions and the ability of the monomeric UO,(NO,), (L), species to
interlock with a second unit is also a contributing factor. To inves-
tigate this, the concentrations of both the ordered and long-range
dimers have been measured as a function of the three extractants
(Table 1). In addition to TBP, TAP and DBBP have been chosen to
investigate the impact of increasing the extractant alkyl tail length
(TAP) and removing a bridging phosphate ester oxygen (DBBP).
Both influence the steric interactions of the monomer ML com-
plex as well as solubility, 12 a topic of discussion in the next sec-
tion. The concentration of the ordered dimers are determined by
those U...U species having separation distances between 0 to 7.2
A and the long-range isotropic dimers by distances between 7.2 to
13.6 A with cut-off distances chosen from the RDF peak positions
given in Figure S4. Changes to the extractant structure signifi-
cantly impact the probability of forming both uranyl dimer types.
The short-range ordered dimer is significantly reduced for DBBP
compared to TBP. Removal of the electron withdrawing bridging
oxygen reduces the positive charge of the phosphorus which in
turn reduces the P...O=U electrostatic interaction. This does not
affect the likelihood of observing the long-range dimer. Interest-
ingly, the 12.0 A correlation peak height is significantly reduced
for TAP compared to TBP, indicating that alkyl tail steric overlap
reduces formation of that type of dimer.

As demonstrated in Figure 3, the four TBPs position themselves
into quadrants to avoid steric overlap of the alkyl tails. Consider-
ing the distribution between 0°and 180°of the six possible angles
between pairs of the four TBP phosphorus atoms (see Supporting
Information), the peak from oppositely facing TBP coordinated to
the same UO, occurs at 165°to 170°. There is a broad peak cen-
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Fig. 3 The distribution of angles between pairs of extractant ligands in
assembled complexes (see inset) plotted for TBP, TAP and DBBP in
n-dodecane and TBP in n-hexane.

tered around 90°from TBP molecules coordinated to the other
UO,. The inter-extractant angle distribution is similar for DBBP,
however the five carbon tail length extractant, TAP, has a bimodal
distribution for adjacent quadrants with peaks near 55°and 110°.
This is the result of a steric interaction of the longer alkyl tail
of TAP with a nitrate from the other UO, complex, forcing the
extractants to rotate slightly from the orthogonal orientation pre-
ferred by TBP. This may account for the modest reduction in or-
dered dimers for TAP compared to TBP. The combination of steric-
based extractant orientation and the electrostatic driven square
metal-ligand geometry demonstrates the multiple contributions
associated with ligand structure to uranyl supramolecular assem-
bly.

The final force that influences UO,...UO,, association is the or-
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Table 1 The total uranyl concentrations and number of short-range ordered dimers and long-range isotropic dimers per uranyl are given for each
system. Process solvation environment corresponds to excess TBP and coextracted water and nitric acid for a 20% by volume TBP organic phase.

Extractant Solvation Uranyl Ordered Isotropic
Type Environment Conc. [mol/L] Dimer per U Dimer per U
TBP n-dodecane 0.032 0.10 0.253
DBBP n-dodecane 0.032 0.012 0.239

TAP n-dodecane 0.032 0.036 0.163

TBP n-hexane 0.032 0.079 0.243

TBP n-dodecane/process 0.032 0.031 0.197

TBP n-hexane/process 0.032 0.014 0.145

TBP toluene 0.032 0.006 0.119

TBP n-dodecane/process 0.23 0.16 1.29

ganic phase solvation environment. In this case, the extracting
ligands are known to have varying solubility and that in turn may
alter the relative free energies of solvation of the supramolecu-
lar species. The concentration of each is presented in Table 1 as
a function of organic solvent and the corresponding U...U RDFs
are plotted in Figures S4 for TBP in n-dodecane and n-hexane,
both as process-like and pure solvents, as well as pure toluene.
Compared to n-dodecane solvent, n-hexane reduces the correla-
tion peak near 6.0 A without substantially impacting correlations
at larger U...U distances. Within simulations having a process-
like solution with n-dodecane and n-hexane, the ordered dimer at
6.0 A is decreased, while the 12.0 A long-range dimer is not as
substantially impacted. The decrease in ordered dimer concen-
tration in n-hexane compared to n-dodecane is consistent with
the increased ML solubility limit for shorter chain length alkane
solvents.2! The shorter solvent chain length could more effec-
tively overlap with and “wet” the extractant nonpolar tail region,
which increases their solubility and reduces association in solu-
tion. Figure 3 also shows that the distribution of adjacent TBPs in
the dimer which arrange into quadrants is broader for n-hexane
compared to n-dodecane, indicating increased flexibility of the
arrangement of extractants around the closely packed dimer for
better wetting solvents. Lastly, in toluene uranyl association is
most effectively suppressed, with g(r) values less than unity until
becoming uncorrelated at U...U distances larger than 13.0 A.

In conclusion, UO,(NO3),(L), complexes form two dimeric
species in organic solvents: long-range isotropic pairs and short-
range ordered supramolecular assemblies that are stabilized by
organic solvation, the ability of uranyl monomeric species to in-
terlock, and electrostatic interactions via the ligand and acid
anion. Nonpolar regions of the extractant exposed to the or-
ganic solvent arrange in a quadrant configuration while the linear
uranyl dioxocations form a square assembly through direct elec-
trostatic interaction with nitrate and phosphate ligands of the op-
posing uranyl. Extractant and solvent molecular structure directly
affect the formation of the supramolecular assemblies. ML asso-
ciation is expected to be different for other classes of extractants,
such as multidentate or acidic extractants, than for the family of
solvating organophosphorus extractants considered in this study.
These results, which identify the molecular scale interactions that
enable association of uranyl nitrate/extractant complexes in or-
ganic solvents, may inform the design of extraction systems to
control interactions between metal-ligand complexes to increase
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metal solubility while inhibiting third phase formation.
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