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ABSTRACT: The extraction of actinides, specifically uranyl and TR TR
other actinyl ions, from fission products is a critical aspect of spent | Q@? Qg? Q? N\
nuclear fuel reprocessing. In this study, ionothermal syntheses were | <" “&" © /A
conducted to control the formation of uranyl (UQ,)*" salt %%% : N\
complexes generated by exposure to a selection of ionic liquids ‘§ G o
(ILs). The high-thermal stability and ligation potential of ILs were % % % UO,(NO,), UO,(OTH),
exploited in a multifaceted approach toward uranyl salt complex- % @ ® 3

ation by enabling ligation of the IL anionic component while |==7, =7+
simultaneously providing polar reaction media to promote ?é@@@?@
speciation. Furthermore, an evaluation of uranyl complex -
templating by the IL cation revealed that small, heterocyclic
cationic molecules resulted in more densely packed anionic clusters. The uranium source was also varied to determine the oxidizing
effect of nitrate on the ILs and the propensity for nitrate and acetate byproduct formation. Uranyl triflate was found to be the
optimal uranium source for the production of pure uranyl complexes. The degree to which nitrate oxidizes the ILs was investigated
to determine what oxidation products form and subsequently coordinate to the uranyl ion. Finally, it was shown that a uranyl
succinate framework can be synthesized in high yield from an IL that contains succinate as the anion.

B INTRODUCTION synthesis approach involves no water, removing these issues to
provide better control of the coordination environments of
uranium by reducing the likelihood of hydrolysis reactions.
Ionothermal synthesis consists of the employment of ionic
liquids (ILs) as both solvent and structure directing template
in the presence of a reactive partner.” While ionothermal
synthesis often parallels hydrothermal synthesis, in which water
is the solvent, the former benefits from leveraging both the
cationic and anionic components for the formation of metal—
metal or metal—organic frameworks. ILs have emerged as new
solvents for synthesizing metal complexes owing to their low
vapor pressure and high tunability."” Defined as molten salts,
ILs exist in a liquid state at temperatures <100 °C, with many
liquid at room temperature.'’ The low vapor pressure of ILs
makes them superior candidates for large-scale processes,
especially when high temperatures (>100 °C) are required."”
However, the low vapor pressures and often high viscosity of
ILs can render traditional crystallization methods (e.g., slow
evaporation, liquid diffusion, etc.) problematic. Thus, higher

The structural chemistry of uranium has expanded greatly over
the last two decades as advances in X-ray diffraction techniques
have allowed faster and more robust determination of crystal
structures.” Compounds synthesized under aqueous conditions
are dominated by the (UO,)*" uranyl ion, a linear molecule
with two triply bound oxygen atoms. These strong bonds result
in linear hybridization and often limit the growth of the uranyl
structures to two dimensions. The dimensionality of uranyl
structures can be increased with the addition of organic
ligands, transition metals, and/or peroxide to produce
frameworks and cage clusters.”

The structural hierarchy of inorganic uranyl complexes
emphasizes repeating building units that occur across different
compounds.” Efforts have sought to understand the impact
that ligands and counterions have on the coordination
chemistry and basic subunits of uranyl compounds.”* Targeted
synthesis conditions range from room-temperature self-
assembly reactions, as for uranyl peroxide clusters,”® to
hydrothermal syntheses,” to high-temperature flux-based —
syntheses.” Higher temperatures often promote hydrolysis Received: ~August 15, 2023 € e

and the formation of sheet and chain structures. While small Revised:  September 22, 2023
Published: October 10, 2023

molecule organics are known to serve as effective ligands under
hydrothermal conditions to generate previously unreported

structures, uranyl coordination is difficult to control as
hydrolysis and pH offer many variables.” An ionothermal
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Table 1. Uranium Source and Ionic Liquid Used for Each Reported Structure

structure
1] (UO,)(S0;C4H,CO0)(NO,)P(C,Hy),
2] (Uoz)(503C6H4C00)(C2H302)P(C4H9)4
3] (UO,)(SO4CH,CO0),(C4H, N,), (H,0)
4] (Uoz)402(503H0.5C5H4COO)4(CsHl1N2)2(H20)4
5] (U0,),0,(SO;HCH,CO0),(SO;HCE),(H,0),
6] (UOZ)Z(OH)Z(N03)4(C4H7N2)2
7] (Uoz)z(czo4)(N03)4(CsH11N2)2
8] (U0,)(C,H,0,)(H,0)
9] (U02)3OCI(C204)(C2H03)2(C6H11N2)2

(
[
[
(
[
(
[
(
[
[10] (U0,),(C,0,),(CO,)(NH,(CH,),)

uranium source

40 mg uranyl nitrate
40 mg uranyl acetate
40 mg uranyl acetate
40 mg uranyl acetate
30 mg uranyl triflate
40 mg uranyl nitrate
40 mg uranyl nitrate
40 mg uranyl triflate
40 mg uranyl nitrate

40 mg uranyl nitrate

ionic liquid
tetrabutylphosphonium 2-sulfobenzoate [P,4,][2-SB]
[P,][2-5B)
1-ethyl-3-methylimidizolium 2-sulfobenzoate [emim][2-SB]
[emim][2-SB]
[emim][2-SB]
tetrabutylphosphonium benzoate [P,,,,][PhCO,]
[emim][2-SB]
[ ]J[C1]/(ethylene glycol),
[emim][Cl]/(ethylene glycol),
[emim][

emim

emim][Cl]/f-p-glucopyranose
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Figure 1. (2) Uranyl dimer in 1. The stronger coordination of the carboxylate group can be seen as compared to 2. (b) Uranyl dimer in 2. Here, the
carboxylate is monodentate to each uranyl. (c) Uranyl dimer in 3 with the z-bonding distance between an [emim]* and the cluster shown. The
yellow spheres are uranium, red are oxygen, gray are carbon, blue are nitrogen, orange are sulfur, and white are hydrogen atoms. Some or all of the

cations were excluded from each illustration for clarity.

temperatures are used to increase the solubility of reactants in
ILs before a slow cooling process promotes crystallization.
Furthermore, many ILs are now commercially available, and
the vast range of cation—anion combinations allows for the
design of task-specific ILs in order to identify those critical
structure—function relationships between actinyl crystal
growth and IL structure." """

Due to their ready availability, the ILs used to synthesize
uranyl compounds are largely imidazolium based. Earlier
studies have produced monomeric and dimeric structures built
from uranyl ions,">”*' chains and sheets,"”™*’ isolated
clusters,*>***! and a few metal—organic frameworks.”* Existing
methods use complex mixtures of ligands or additional metals
in combination with the IL and uranium, which renders the
predictability of starting material and product solubility
challenging.”” In particular, the addition of solutes to ILs can
impact the relative solubilities of other solutes and the
properties of the IL itself.**>°

Here, we investigated the complexation of the anions of task-
specific ILs with uranyl ions to promote crystallization during
ionothermal syntheses. The templating role of the IL cation
was investigated. Uranium in different starting compounds was
used to determine the effect of the salt anion on the final
structure and purity of solids. Structures containing formate,
glycolate, and oxalate were obtained, and illustrate the
propensity for oxidation when nitrate is present. Formulas
and crystallographic information for each compound are
provided in Table SI.

B METHODS

Synthesis. Compounds reported here were synthesized (Table 1)
using either uranyl nitrate hexahydrate (International Bio-Analytical
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Industries, Inc.), uranyl acetate dihydrate (99.3% MV Laboratories,
Inc.), or uranyl triflate, which was synthesized according to a reported
method.* The IL was then added to the uranyl salt with a syringe in a
4 mL Savillex vial. The vials were sealed and placed inside of a 125
mL Teflon lined Parr vessel, placed in an oven at 130 °C for 24 h, and
then cooled at 0.1 °C/min to 30 °C. Crystals were stored in the ionic
liquid until needed.

While the above are the syntheses from which the reported crystal
structures were from, two compounds were synthesized in different
solvents. Structure 7 was also observed when uranyl nitrate was added
to [emim][Cl]/(glycerin),. Structure 10 was observed when uranyl
nitrate was added to [P,u,][N-(trifluoroacetyl)leucine], [bmim]
[bis[ (trifluoromethyl) sulfonyl]azanide], [choline][Cl]/(ethylene
glycol),, and [choline][Cl]/f-p-glucopyranose.

The reported compounds were mostly synthesized through
differences in the cation of the ionic liquid and the anion of the
uranyl salt. The larger [P,,,] cation led to the formation of uranyl
dimers 1 and 2 that contain nitrate and acetate as well as [2-SB]™.
Using [emim]" allowed for a tighter packing of the [2-SB] anion in
the structures and led to full coordination of uranyl by [2-SB]™ asin 3
as well as formation of the uranyl tetramer seen in 4 and S. Using
uranyl triflate led to the isolation of just the tetramer in S. Nitrate was
found to oxidize many of the ionic liquids during the thermal
treatment leading to the glycolate and oxalate seen in some of the
reported products.

Single crystal X-ray diffraction data were collected and processed in
one of two ways. Some data were collected using a Bruker APEX II
Quazar X-ray diffractometer with graphite-monochromated Mo K,
radiation from a microfocus source usin% an @w—6 scanning mode.
These data were processed using SAINT>” and were scaled, merged,
and corrected for Lorentz, polarization, and absorption effects using
SADABS.*® Other data were collected using a Rigaku XtaLAB
Synergy X-ray diffractometer equipped with a PhotonJet microfocus
sealed X-ray tube producing Mo K, radiation and a HyPix-6000HE
detector. These data were processed using CrysAlisPro> and were
scaled, merged, and corrected for Lorentz, polarization, and

https://doi.org/10.1021/acs.cgd.3c00976
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Figure 2. (a) Uranyl tetramer in 4 shown from the top and at an angle. [emim] cations are excluded. The hydrogen sites on the sulfonate groups
are all half occupied. (b) Uranyl tetramer in 5 shown from the top and at an angle. Triflic acids are excluded for clarity. The yellow polyhedra are
uranium, orange are sulfur, red spheres are oxygen, white are hydrogen, and gray are carbon.

absorption effects using SCALE3 ABSPACK. Data were then
imported into either Jana 2006 or Olex2 for analysis.

Powder X-ray diffraction data were collected using a Malvern Aeris
instrument with a step size of 0.1° and count time of 5 s.

B RESULTS AND DISCUSSION

The first system explored used the tetrabutylphosphonium 2-
sulfobenzoate [P44,][2-SB] IL. Using uranyl nitrate afforded
crystals of 1 that contains clusters composed of two uranyl
ions, each of which is chelated by a nitrate and carboxylate of
one [2-SB]™ as well as monodentate by the carboxylate and
sulfonate of the other [2-SB]~ (Figure 1a). This type of uranyl
coordination by the carboxylate and sulfonate of a [2-SB]~
ligand is hereafter designated as SB-chelation. The cluster in 1
contains two uranium polyhedra coordinated as hexagonal
bipyramids that share a polyhedral edge, forming a dimer.
Structures with similar dimers of uranyl polyhedra have been
published*' ™ although with citrate or 2-hydroxybenzoate-
based ligands and were synthesized hydro- or solvothermally.
Alongside 1, multiple uranyl-bearing side products containing
oxalate and acetate crystallized in the same vial (these
byproducts are discussed in the Supporting Information). It
is hypothesized that oxalate and acetate were generated in situ
via the oxidative degradation of the alkyl chains present in the
[P,444] cation.

To determine if nitrate, from the uranyl nitrate reactant,
oxidized the alkyl chains on the [P,44,] cation to form oxalate/
acetate byproducts, separate reactions were conducted employ-
ing uranyl acetate. This resulted in crystals of 2 that exhibit a
ligand coordination nearly identical to 1. The main difference,
aside from nitrate being substituted by acetate, is the
coordination of [2-SB]™. Acetate coordinates more strongly
to uranyl than nitrate causing the carboxylate group of [2-SB]~
to only be monodentate to each uranyl ion (Figure 1b)
resulting in 7-coordinate instead of 8-coordinate uranium
atoms. This placed the uranium atoms in 2 at a separation of
5.51 A compared to that of 4.37 A in 1. Using uranyl acetate
resulted in no side products, supporting a mechanism involving
nitrate-promoted oxidative degradation of the [P4,,] cation.

8313

Potential structure templating effects of the IL cations were
investigated by replacing the [P,,] cation with I1-ethyl-3-
methylimidazolium [emim]*. This resulted in crystallization of
a similar cluster (3) as in 1 and 2 except in place of nitrate or
acetate there are two additional [2-SB]™ ligands coordinating
to the two uranyl cations (Figure 1c). Exclusion of acetate in 3
occurs because [emim]* has a charge density higher than that
of [P,444]", allowing for tighter packing of the cation with the
anionic cluster. This tighter packing is needed as the two
additional 2-SBs give the cluster an additional 2— charge. It is
conceivable that a smaller phosphonium cation may aid in the
formation of larger clusters or frameworks. However, the size
and asymmetry of the cation are key factors in reducing the
melting point and viscosity of the IL, presenting future design
parameters for task specific ILs to facilitate the purification of
actinides.*

The anionic cluster in 3 has been described previously with a
4,4'-bipyridinium countercation but was produced under
hydrothermal conditions.”” However, in 3, disorder of two of
the 2-sulfobenzoate ligands occurs because of the SB-chelation
to the uranyl ion. This allows the [2-SB]™ ligand to rotate 180°
when bonding to the uranyl ion (Figure S1), and the
diffraction data revealed a split 74/26 occupancy of the two
sites. This is due to the proximity of one of the [emim]*
cations to the disordered site. Where the sulfonate is on the
side closest to the [emim]*, there are H---A distances of 3.09 A
between H8 and O14, and 1.74 A between H28 and O14. This
latter distance is short for hydrogen bonds of the C—H:--O
type and causes strain on the structure.”*’ This can be seen
not only via the disorder of the [2-SB]™ but also in the
displacement parameters of the nearby [emim]*. The displace-
ment ellipsoids are considerably larger than those of the other
[emim]* in the structure (Figure S2) as the cation must shift to
accommodate the additional oxygen of the sulfonate. When the
sulfonate is in the more occupied site, the C—H---O distances
are more common at 2.52 A between H8 and 013, and 2.63 A
between H28 and O13 thus making it the favored position.

Compounds 1—-3 show no evidence of hydrolysis. However,
the coordinated water in the uranium source could promote

https://doi.org/10.1021/acs.cgd.3c00976
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hydrolysis in the reaction that produced 4, which is a tetramer
of uranyl ions capped by four [2-SB]~ ligands (Figure 2a). The
tetramer of uranyl ions in 4 contains two p3;—O bridges
connecting two hexagonal and two pentagonal bipyramids.
The uranyl ions of the hexagonal bipyramids are chelated by
the carboxylate of the [2-SB]™ ligands whereas the uranyl ions
of the pentagonal bipyramids are SB-chelated (Figure 2a). The
cluster is charge balanced by two [emim] cations with the
space between occupied by water. There are no x interactions
between the [2-SB]™ and [emim]* rings. Instead, the [emim]
cations hydrogen bond to the uranyl ions and sulfonate groups
of the clusters. The anionic cluster has been reported before™
with 2—carboxybenzoate,sl_54 but, again, were synthesized
hydrothermally.

The products that provided crystals of 3 and 4, whose
structures lack acetate or nitrate contained significant amounts
of side products that incorporate nitrate, acetate, or oxalate. To
probe the strength of ligand coordination of the uranium stock
on the reaction outcome, additional reactions were conducted
using uranyl Triflate (UO,SO5CF;, UOTY). triflate does not
coordinate uranyl as strongly as nitrate or acetate due to
inductive effects. This produced § that contains an isomeric
cluster similar to that seen in 4. The key difference is in the
protonation and conformation of the ligands on the cluster.
The sulfonates on 4 are only half protonated (i.e., only two are
protonated locally), whereas in the structure of §, all four are
protonated, resulting in an electroneutral cluster. The different
protonation states impact how the ligands coordinate to the
cluster and how the clusters pack into the extended structure.
In the case of 4, the phenyl rings of the 2-SBs on the short side
of the cluster are oriented in the same direction, either above
or below the cluster (Figure 2a). However, the phenyl rings of
the ligands on the long side of the cluster in § are oriented in
the same direction (Figure 2b). The clusters in § are z-bonded
to each other through two of the 2-SB ligands with a centroid-
to-centroid distance of 3.76 A (Figure 3a). The rings define
infinite planes that are almost parallel (they are inclined to
each other by 3°). These two rings form “tubes” through
weaker 7-stacking with 2-SBs of other clusters (Figure 3b).
The structure contains triflic acid surrounded by water

Qs K :
b &Y A
B\
é [@ \7'\0 Y }}
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Figure 3. (a) Uranyl tetramers of § showing the 7-bonding between
the benzene rings of the 2-SB ligands. The ligands with opposite
corners participate in one strong 7— interaction and one weak 7—x
interaction. The other two ligands participate in two weak 71—z
interactions. (b) Benzene rings of the ligands arrange in one
dimension to form “tubes” which can be looked down as shown
here. The yellow polyhedra are uranium, orange are sulfur, red
spheres are oxygen, white are hydrogen, and gray are carbon.
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molecules that in turn are H-bonded to the tetramers. The
conformation and high protonation of the tetramer in $ has
not been previously reported. Instead, all published structures
of this uranium tetramer with benzoate ligands take on the
conformation of 4.

The various side products obtained in the previously
reported reactions presented interesting structures and
provided insights into the mechanistic pathways accessed
when utilizing task-specific ILs. Many of these products
contained fragments of IL, most of which had been oxidized.
When [emim]” is broken down, the ethyl group is oxidatively
cleaved as in 6, which contains an isolated methyl imidazole
cation (Figure 4a).” The detached ethyl group from [emim]*
oxidizes to form an oxalate ion that can bridge uranyl ions,
such as in 7 (Figure 4b). However, oxalate could also be
contributed from [P,44,]" as its "butyl chains are susceptible to
oxidation by nitrate at elevated temperatures. The oxalate ion
strongly bonds to uranyl to form a variety of structures ranging
from truncated clusters to extended sheets. Compound 7
contains a dimer of uranyl ions bridged by an oxalate and
capped by four nitrate groups. This dimer has been reported
with multiple organic counter cations, and in all cases, the
oxalate was %enerated from oxidation of an organic as in our
structure.”® " Many of the syntheses also contained crystals of
uroxite, a uranyl oxalate mineral made up of extended sheets,”’
or a uranyl oxalate hydrate chain reported by Giesting et al.’’
‘When complexation by the anion of the IL did not occur, there
were often crystals of [emim] uranyl triacetate/trinitrate®>** or
the dimer in 6 (Figure 4a) with [emim] as the cation.®* The
exact conditions leading to the formation of these side
products are reported in the Supporting Information.

Considering oxalate was the most prevalent product of
imidazolium oxidative cleavage observed, we determined the
effect of time on oxidation as well as the complexation of less
oxidized two-carbon chains to uranyl. To that end, [emim][Cl]
and ethylene glycol (2 equiv) were used in conjunction with
uranyl triflate and afforded crystals of 8, containing the uranyl
ethylene glycol water chain (Figure 4c). Ethylene glycol is fully
deprotonated, forming a bidentate chelation with one uranyl
while serving as a bridge to the second and third uranyl ion in
the chain.

If uranyl nitrate is used in place of uranyl triflate, oxidation
produces oxalate and the intermediate glycolate. Structure 9 is
a uranyl oxalate glycolate sheet consisting of uranyl trimers,
each with a central y;-O, which are bridged by one oxalate and
four glycolate groups and capped with a chloride (Figure Sa).
Pairs of trimers are bridged by oxalate that causes them to lie
parallel to each other. These pairs alternate directions, causing
corrugation, via the glycolate ligands that do not form such
rigid planar bridges with uranyl as we observed with oxalate.
The sheets are separated, and charge balanced, by [emim]
cations that H-bond to the oxygen atoms of the uranyl cations
and one oxygen of a glycolate (Figure Sb). A ball and stick
model of the uranyl trimer and its coordinating ligands are
shown in Figure Sc.

Compound 10 was crystallized with the deep eutectic
solvent [choline][Cl]/f-p-glucopyranose. The structure in 10
consists of a uranyl oxalate chain bridged by formate to form
sheets that yield a hexameric ring charge balanced by
dimethylammonium cations (Figure 6). These cations, as
well as oxalate and formate, arise from the degradation and
oxidation of [choline]. The cations are located next to an
inversion center and are disordered, facing both above and
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Figure 4. (a) Structure 6 that contains methyl imidazolium. (b) Structure 7, which is similar to the cluster of 6 but with an oxalate bridging the
uranyl ions instead of two hydroxides. [emim] cations were removed. (c) Structure 8 which is composed of uranyl cations connected by 1,2-
ethanediol and capped with water. The yellow spheres are uranium, red are oxygen, blue are nitrogen, white are hydrogen, and gray are carbon

atoms.

Figure S. (a) Top-down view of the sheet in 9. Two of the chloride anions are circled in red. [emim] cations are omitted for clarity. (b) Stacking of
the sheets and interlayers of 9 as viewed down the c-axis with [emim] cations filling the interlayers. (c) Ball and stick representation of the trimer in
9 showing the coordination of ligands. The yellow spheres are uranium, green are chloride, red are oxygen, blue are nitrogen, gray are carbon, and

white are hydrogen atoms.

below the sheets. The formate ion is also disordered as the
carbon atom can face either toward or away from the
dimethylammonium. This structure is similar to that of alkali
metal uranyl oxalate hydrates synthesized by Giesting et al.,’!
which contains a hydroxide bridge instead of a formate bridge.

Subsequent to parameter optimization of the ionothermal
syntheses for pure product formation, a uranyl succinate
framework was chosen to test the viability of this method.®®
The framework is electroneutral with a 1:1 uranyl:succinate
ratio that is optimal for precipitation from the IL. Ionothermal
treatment of uranyl Triflate in [P,4])[succinate] produce
elongated diamond-shaped crystals that have the same unit cell
as the reported synthesis® and powder X-ray diffraction
showed it to be pure aside from a small succinic acid impurity
(Figure S3). Curiously, uranium failed to precipitate from
[emim][succinate] after ionothermal treatment. When addi-
tional uranyl triflate was added after the second ionothermal
cycle, the resulting ternary IL solidified. This suggests that
larger bulker cations would be better suited for framework
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syntheses using this method as the resulting products would
likely form a room-temperature ionic liquid.

Bl CONCLUSIONS

This work presents an alternative preparation of actinide
clusters, whereby ILs are capable of serving as both solvents
and ligands in a bifunctional fashion during ionothermal
assembly. The aforementioned methodology simplifies the
reaction protocol by minimizing the number of oxidizing
agents and superfluous reagents and promotes isolation via
crystallization directly from the reaction media. Examination of
various uranyl salts revealed that uranyl triflate proved to be an
optimal source of actinide in the formation of metal clusters/
sheets in high purity. In contrast, employing uranyl nitrate led
to oxidation of the parent IL to generate glycolate and oxalate
byproducts, along with new and unusual structures such as 9.
Many of the ILs used were designed specifically to incorporate
anions known to coordinate with uranyl centers. Additionally,
the developed ionothermal synthesis avoids the need for
modulators, which are often used in metal—organic framework
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Figure 6. Sheets in 10, as viewed down the c-axis, are composed of
repeating hexameric “rings” of uranyl, oxalate, and formate. The
disorder of the formate and dimethylammonium is shown. The yellow
polyhedra are uranium, red are oxygen, gray are carbon, blue are
nitrogen, and white are hydrogen atoms.

syntheses. Future efforts will focus on the synthesis and
implementation of designer ILs containing alternative anionic
components for the production of uranyl clusters and
determining the role of the cation to identify the stereo-
electronic factors that contribute to the formation of these
unusual extended frameworks.
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