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Uranyl citrate forms trimeric species at pH>5.5, but exact
structural characteristics of these important oligomers have
not previously been reported. Crystallization and structural
characterization of the trimers suggests the self-assembly of
the 3:3 and 3:2 U:Cit complexes into larger sandwich and
macrocyclic molecules. Raman spectroscopy and ESI-MS
have been utilized to investigate the relative abundance of
these species in solution under varying pH and citrate
concentrations. Additional dynamic light scattering
experiments indicate that self-assembly of the larger
molecules does occur in aqueous solution.

The uranyl (U(VI)O,)*" cation readily binds to a wide array of
carboxylate ligands, but complexation with the citrate molecule
(H.Cit = CgHgO5) has broad reaching impacts on the environmental
transport of radionuclides, remediation strategies, chelation
therapies, and the development of novel materials. Complexation of
the uranyl cation by citrate in environmental systems results in
higher solubility, increased mobility in surface and subsurface
waters, and enhanced availability for microbial and phytocoenosis
communities.**  Environmental restoration and phytoremediation
strategies have been developed and implemented based upon the
higher solubility of these uranyl species, where the addition of citrate
can enhance plant uptake by over a 1000-fold or photodegrade
readily under UV light.%"® Furthermore, citrate has been identified as
a chelation therapy for human patients with acute exposures to U due
to the stability and mobility of the molecular citrate complexes in
biological systems.® Strong bonding between the multidentate
citrate ligand and the metal centre has also led to its use as an
organic linker for the development of hybrid uranyl materials.”*°

While the importance of uranyl citrate complexation can be
documented across a broad range of disciplines, the basic chemistry
and aqueous speciation of this system is poorly understood. There is
general agreement regarding the formation of a monomeric
UO,(HCit)H™ (n = 0,1,2,3) species and the existence of a
(UO,),(HCit),(OH), ™2 (n = 0,1,2) dimer at pH<6.** The dimeric
species (UO,),(HCit),* is the most dominant species in solution in
this region and has a stability constant of 19.50 +/- 0.01.'% 2
Structural information regarding the uranyl citrate dimer has been
provided by crystallization from hydrothermal systems and EXAFS
studies on aqueous solutions.” ** At near neutral regions, trimeric or
hexameric species have been proposed, but interpretations of the
spectroscopic and potentiometric data vary widely.* > *  The
general interpretation is that there are two species that exist between
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a pH of 5-9 with (UO,)*":Cit ratios of 3:3 and 3:2, but the exact
nature of these species has yet to be determined. Given the
importance of the near neutral pH region to environmental and
biological systems, it is critical to have a clear structural and
spectroscopic understanding of these trimeric uranyl citrate species.
In the current study, the synthesis, crystallization, and spectroscopic
characterization of the 2:2 dimer (UO,),(HCit),)*> (U2), 3:3 trimer
(UO,);0(Cit)3)> (U3), and an unexpected macrocyclic 3:2 species
[(UO,)s(OH);04(Cit)s]** (U9) are described and characterized to
clarify speciation in aqueous solutions.

A dimeric species is observed in U2 and contains two uranyl
pentagonal bipyramids with each HCit molecule located on opposite
sides of the uranyl dimer. Chelation to the metal centres occurs
through a shared deprotonated a-hydroxyl bridge and two
deprotonated carboxylates functional groups. One arm of the citrate
ligand remains protonated and uncomplexed to the uranyl cation,
forming the (UO,),(HCit),)*> molecular unit. Crystallization of the
dimeric species takes place through H-bonding interactions between
the HCit ligand and the charge balancing organic bases (pip, pyr,
en). The U2 compound was formed under ambient conditions, but
the dimer has also been isolated in high-temperature reactions by
Thuery.” A previously reported EXAFS study also suggested
formation of the dimer in aqueous solutions with reported U-U
distances of 3.93 A, which agrees well with the distances obtained
by structural characterization (3.89 — 3.91 A).2 X-ray diffraction
data also provides additional information regarding the absolute
configuration of the ligand for U2 with the free arm of the citrate
molecule occurring in a transoid configuration in all solid state
compounds.

The 3:3 and the 3:2 trimers crystallize in the U3 and U9
compounds, respectively (Fig. 1a and Fig. 1b). In both molecular
components, the uranyl cation is surrounded by five equatorial
ligands to create a pentagonal bipyramidal coordination geometry
with an average equatorial U-O bond distance of 2.348(3) and
2.327(3) A, respectively. Each trimeric species contains a central
us-O atom shared between three uranyl polyhedra with the Cit
ligands bond to the edges of the trimer in a fashion similar to that of
the dimeric species, i.e. shared deprotonated a-hydroxyl bridge and
two deprotonated carboxylate functional groups. The 3:3 complex is
fully chelated, but the 3:2 species contains a p,-OH group on one
edge that serves as a bridging unit. In both cases, the carboxylate
functional groups are deprotonated (as confirmed by IR
spectroscopy) and the absolute configuration of the ligands result in
an overall cisoid configuration for the free carboxylate arm.
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Figure 1. Molecular species isolated from uranyl citrate solutions:
a) the 3:3 trimer (U3); b) the 3:2 trimer (U9); ¢) 6:6 sandwich
complex (U3) and d) the 9:6 uranyl citrate macrocycle (U9). The
UO, polyhedra are shown in yellow and the Na, O, C, and H atoms
are represented by purple, red, black, and grey spheres, respectively.

Crystallization of solid phase also provides information
regarding possible interactions between the molecular units. The U3
trimeric species interacts with a Na* cation in the solid state structure
to form a sandwich complex with a U:Cit ratio of 6:6 (Fig. 1c). The
Na* cation in this case sits directly between the pz-O atom on each
trimer and bonds to the six uranyl oxo atoms at an average distance
of 2.352(3) A. Self-assembly of a large molecular unit also occurs in
U9, but forms a nanoscale macrocycle (Fig. 1d). The uncomplexed
edge of the 3:2 trimer provides an ideal binding site for the
deprotonated O atoms of the carboxylate on the neighbouring Cit
ligand and the cis-confirmation, combined with the overall
stereochemistry of the ligand provides the needed curvature. Overall,
the molecular formula within U9 is [(UO,)s(OH)305(CeH407)s]™>
with additional Na® cations observed on the interior of the
macrocycle, stabilizing the highly charged molecular species in
solution.

Self-assembly of larger oligomers is quite prevalent for metal
cations that readily undergo hydrolysis and nanoscale clusters have
previously been reported for U(IV).!> '® The uranyl cation does not
hydrolyze as readily, and often forms extended sheet topologies due
to the anisotropic nature of the bonding.’® Identity of the ligand in
the equatorial plane is the largest driver of self-assembly and
provides important control over the extent of curvature.'’” The most
notable system that demonstrates this principle is the uranyl peroxide
nanoclusters, in which the peroxide molecule influences the
curvature, leading to a multitude of fullerene and cage topologies.*®
1 Organic ligands have also been utilized to provide this type of
self-assembly forming large cage cluster, such as the those created
through linkages with calix[4,5]arene.’ Solid state characterization
of the 3:3 and 3:2 trimers also suggests that there could be additional
self-assembly in solution, but we turn to additional spectroscopic
and scattering tools to address this issue.

Raman spectroscopy is an excellent technique to investigate
U(VI) speciation, given the strong stretching mode associated with
the uranyl, and has been utilized previously to investigate uranyl
citrate speciation.”? The U=O symmetric stretching band (vy) is
generally observed at 870 cm™ for the pentaaqua uranyl complex and
the peak will red shift 30-60 cm™ depending on the complexing
ligand and the degree of oligomerization. Solid state Raman
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spectroscopy was used to provide a basis for studies on the aqueous
solution. In U2, the uranyl stretching band was located at 825 cm
with a red shift to 800 and 790 cm™ observed for the 3:3 (U3) and
the 3:2 (U9) trimers, respectively. A secondary peak located at
approximately 814 cm™ was also observed in all three spectra and
was assigned to a C-O stretch of the complexed Cit molecule.
Definitive assignment of vibrational bands in the solid state is
important because it can be difficult to assign peaks in the related
aqueous solutions, where several species can exist simultaneously.
For example, Pasilis and Pemberton utilized Raman spectroscopy to
provide information on the uranyl citrate speciation in aqueous
solutions and assigned the band for the dimeric species at 826 cm™,
but the 3:2 species was postulated to occur at 812 cm™.?* Based
upon our solid state analysis, the 812 cm™ was likely associated with
the citrate molecule and the third observed band at 795 cm’
represented a trimeric species.

Solution based Raman spectroscopy experiments have been
performed with U:Cit ratios of 1:1 and 1:2 ([0.5 mmol (UO,)(NO3),:
0.5mmol or 1.0mmol Cit], pH adjusted with 1M NaOH) with peak
fitting utilizing the nitrate band at 1047 cm™ to normalize the
spectra. Ata pH 3, the dimeric peak is dominant as seen by the large
band at 826 cm™. With increasing pH, the band associated with the
dimer decreases and peaks at 793 and 797 cm™ are observed.
Fitting the Raman bands for the two trimeric species presented some
difficulties due to the high degree of overlap and broadness of the
peaks. The peak at 812 cm™ was also analysed (see supplemental
information for additional details), providing information on the
relative ratio of U:Cit. For the 1:1 solution, the band at 793 cm™
suggests the presence of the 3:2 species and is confirmed by the
U:Cit ratio. The band at 797 cm in the 1:2 solution suggests the 3:3
species is favoured, but the intensities of the peaks suggest a 2:1
U:Cit ratio. As the peak at 814 cm™ only occurs upon complexation
of Cit by the metal, the observed deviation from the expected value
could be due to changes in the Raman cross-section or presence of
other species in solution, but additional investigations are necessary
to confirm these hypotheses.

Given the inherent difficulties in distinguishing between the two
trimeric species using spectroscopy, ESI-MS was utilized to try to
provide additional evidence on the exact trimer present in buffered
solutions. In the initial studies, solid state crystals were dissolved in
aqueous solutions buffered with NH,OH. Both the dimer [2UO,—
2Cit]* at m/z = 459 and the 3:3 trimer [3UO,-0-3Cit + 6H]* at m/z
= 698 were present upon dissolution of the solid material, but two
fragments were found for U9 [3UO,~O—-OH-2Cit-3H]* at m/z = 610
and [3UO,~O-OH-2Cit + 2Na]* at m/z = 422. Similar ESI-MS
experiments were performed on the 1:1 and 1:2 aqueous solution,
but only pH 3 provided a simple fragmentation of the molecular
species where a [UO,-20H-3HCit-5H*-2NH,]* monomer at m/z =
456 dominated the spectrum. This fragmentation is more apparent
with the higher pH solutions, which contained monomers, dimers,
and trimeric forms with only the 3:3 trimer being observed under
these conditions. The inability to observe the 3:2 species in solution
is surprising, but could be due to increased fragmentation, or the lack
of Na* in solution. Initially, the solutions used in the ESI-MS
experiments were prepared using NaOH, but the formation of Na
clusters in the spectra prevented accurate data analysis.

Formation of the uranyl citrate species in aqueous solutions has
also been previously investigated by potentiometric techniques and
NMR spectroscopy. Berto et al., observed the 2:2 dimer dominates
when the pH was between 2.5 and 5 under a wide range of ionic
strengths.™* In all studies, including the current one, the 2:2 dimer is
observed under acidic conditions. Berto et al. also found that a 3:2
trimeric species was the dominate species after a pH 6, and the 3:3
trimer was not considered a major species when the pH>6.'! This is
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in agreement with the *C NMR data collected by Nunes et al.,
which found that the 3:2 species was the dominant species under
alkaline conditions.**> The 3:3 complex may have also been
observed in the NMR spectra from pH 5.5 to 8, but is absent at pH
values higher than 8, Based upon these previous studies and our
current work, the data suggests that the 3:2 and 3:3 trimers can both
exist in solution simultaneously and that the equilibrium between the
two species can be controlled by pH and ligand concentration.
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Figure 2. Raman spectra of aqueous solutions containing a) 1:1 and
b) 1:2 U:Cit indicates a shift from a dominant dimeric species to a
trimer with increasing pH. Peaks were normalized based upon the
NO; peak at 1047 cm™ and the dashed line indicates the expected
location of the v, associated with the [(UO,)(H,0)s]** species.

Missing from the spectroscopic and ESI-MS studies is the
evidence of the larger, self-assembled macrocyclic and sandwich
complexes, which cannot be observed based upon these techniques.
Formation of the 3:2 macrocyclic unit was previously suggested by
the 3C and 'H NMR data because the signal for the ligand was
equivalent, all coordinating sites were involved with metal bonding,
and the structure remained rigid, as demonstrated by no change in
the spectra from 275-320 K.> NMR data provides the relative ratios
of the constituent as 3:2, but this ratio is maintained when the 9:6
macrocycle is formed.  To provide additional evidence of the self-
assembly of the trimeric species, dynamic light scattering studies
were performed on the solutions with U:Cit concentrations of 0.2 M,
resulting in an average hydrodynamic diameter of 1.76 nm observed
in solution. Structural characterization of the U9 9:6 macrocycle
provides an overall diameter of 1.36 nm based upon diametrically
opposed points on the molecular unit and a slightly larger
hydrodynamic diameter would be expected for this cluster based
upon additional interactions with the Na* cations and first-shell H,O
molecules. A similar radius could be observed for the 3:3 sandwich
complex, but is reliant on interactions with one Na* cation. This
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bonding will be weaker than those observed for the macrocycle
resulting in limited stability and likely only to exist with high Na*
concentrations. From the DLS experiments, we propose that the 9:6
macrocycle can exist in solution from the self-assembly of 3:2
trimeric building units.

Conclusions

Crystallization and structural characterization of uranyl
citrate molecules provides crucial information regarding the
dominant species that exist in aqueous systems and provides a
strong foundation to explore these systems further with
spectroscopic and scattering techniques. Providing absolute
configurations and coordination modes of these species will
lead to a deeper understanding of metal-ligand complexes,
while providing essential information to studies investigating
enhanced mobility in the environment and uptake by biological
systems. Additional studies are necessary to provide a more
robust understanding of the solution phase equilibrium between
the two trimeric species, but the formation and self-assembly of
these large, soluble oligomers has far reaching impacts on the
complete picture of uranyl citrate speciation.
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