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12 ABSTRACT: A series of anhydrous acetate salts with uranium
13 {[C2C1im][UO2(OAc)3] (1), [C2C2im][UO2(OAc)3] (2), and
14 [C4C1im][UO2(OAc)3] (3)}, lanthanides {[C2C2im]2[La(OAc)5]
15 (4) and [C2C1im]2[Nd(OAc)5] (5)}, and strontium {[C2C1im]n[Sr-
16 (OAc)3]n (6)} (where C2C1im = 1-ethyl-3-methylimidazolium,
17 C2C2im = 1,3-diethylimidazolium, C4C1im = 1-butyl-3-methylimi-
18 dazolium, and OAc = acetate) have been prepared and structurally
19 characterized. Both lanthanides and strontium are common
20 components of the nuclear fuel waste, and their separation from
21 uranium is an important but still challenging task. A new synthetic
22 approach with dialkylimidazolium acetate ionic liquids (ILs) as the
23 solvent has been developed for the direct synthesis of homoleptic
24 acetates from the corresponding hydrates and, unexpectedly, hardly
25 soluble f-element oxides. Although the group of characterized compounds shows perfect structural variability, all actinide and
26 lanthanide metal ions form monomeric complex anions where the metal cation coordinates to five ligands including two oxygen
27 atoms in the case of uranium, as is commonly observed for uranyl compounds. Crystallographic analyses revealed that the
28 complex [UO2(OAc)3]

− anions possess rather standard D3h symmetry featuring a hexagonal-bipyramidal coordination
29 environment, while the lanthanide anions [Ln(OAc)5]

− are fully asymmetric and the Ln3+ cations are 10-coordinated in the
30 form of a distorted bicapped tetragonal antiprism. This is the first report of lanthanide ions coordinated in this fashion. For Sr2+,
31 9-fold coordination through oxygen atoms in the form of a strongly distorted tricapped trigonal prism is observed. The
32 crystallization of anhydrous, homoleptic, anionic acetate complexes from such a large variety of different metal salts appears to
33 be due to the properties of dialkylimidazolium acetate ILs themselves, including enhanced basicity from the high concentration
34 of free anions and their greater affinity for hydrogen-bonding solutes relative to metal cations.

35 ■ INTRODUCTION

36 Ionic liquids (ILs), which are composed of discrete ions,1

37 extend the capability of controlling metal speciation using
38 variations in the ion concentration beyond what is possible
39 with molecular solvents such as water. ILs allow the use of a
40 wider range of ions and eliminate the mediating influence of
41 solvation by neutral molecules. Manipulations of metal ions
42 that are possible in an IL include forcing the coordination of
43 weakly coordinating anions,2 making ILs of ionic metal
44 complexes with tunable speciation,3 incorporating functional
45 properties of the metal ion, such as luminescence and
46 magnetism, into a soft material,4 stabilizing unusual metal
47 complexes in a noncoordinating ionic matrix,5 activating metal
48 salts toward ligation with neutral organic bases,6 and

49dehydrating metal salt hydrates.7 The full range of this
50chemistry with even simple ligands has yet to be explored.
51Actinides exhibit very interesting physicochemical proper-
52ties, which make them very attractive in the fields of functional
53materials such as magnetism,8 optics,9,10 luminescent sens-
54ing,11,12 photocatalysis,13 adsorption,14 electrochemistry,15

55dehydrogenation,16 etc. Furthermore, in the reprocessing of
56spent nuclear fuels, lanthanide−actinide separation17−20 is a
57very important but complicated task not at least because of
58their similar physicochemical characteristics. Lanthanide−
59actinide separation can be realized by the TRUEX or
60TALSPEAK strategies21 using octyl(phenyl)-N,N-dibutyl-
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61 (carbamoylmethyl)phosphine oxide (CMPO) or di(2-
62 ethylhexyl)phosphoric acid (HDEHP) as extractants. These
63 processes employ large amounts of organic solvents during the
64 solvent extractions and will unavoidably lead to long-term
65 environmental problems. An alternative method has been
66 proposed for lanthanide−actinide separation by the Albrecht-
67 Schmitt and Wang groups.22,23 The authors observed that, in
68 molten boric acid, trivalent lanthanides could be differentiated
69 from actinides via the speciation of lanthanide/actinide
70 borates. This method is very promising, but the crystallization
71 needs high temperature, which is energy consumptive.
72 Compared with boric acid, the crystallization of IL complexes
73 of the f elements can even be achieved at room temperature,
74 thus allowing lanthanide−actinide separation via crystalliza-
75 tion.
76 The coordination chemistry of metals relevant to nuclear
77 fuel separation (particularly trivalent lanthanides, uranium(VI),
78 and some trivalent actinides) in ILs has been explored through
79 spectroscopic studies on their solutions and crystal structure
80 analyses on compounds crystallized from ILs. The ability of ILs
81 to support the coordination of various anions while avoiding
82 neutral solvents has resulted in new coordination numbers,
83 coordination geometries, and the formation of polymeric
84 structures. Examples of this include the coordination chemistry
85 of [UO2]

2+ with zwitterionic carboxylate betaine24 and the
86 pseudohalide ions thiocyanate25 and dicyanamide,26 where
87 multiple coordination modes of the ion from the IL were either
88 directly observed in the crystal structure or inferred from the
89 behavior of the metal-containing ILs themselves.
90 Many structural studies involve ILs with simple inorganic
91 ions such as halides6,27,28 and nitrates29,30 that, because of the
92 limited range of interactions that these ions are capable of,
93 form complexes similar to those obtained from other solutions.
94 The anion bis(trifluoromethanesulfonyl)amide has been
95 investigated because of its presence in the most commonly
96 studied water-immiscible ILs and is capable of coordinating to
97 lanthanide ions5 but appears to be easily substituted by water
98 or more basic anions in solution.31,32 Other ILs, sometimes
99 called task-specific ILs,33 include more elaborate ions with
100 functional groups designed to be selective for specific metal
101 ions [e.g., bis(trifluoro)acetylacetonate34 or amidoxime35].
102 Because these ions have predesigned metal binding sites,
103 they also tend to show predictable coordination chemistry. In

f1 104 this light, dialkylimidazolium acetate ILs (Figure 1) appear

105 particularly interesting because their ability to dissolve
106 inorganic salts has already been observed;36−38 however,
107 their potential as crystallization media to generate metal-
108 containing solids is completely unexplored.
109 Here we build upon our previous investigations of the
110 coordination chemistry of elements relevant to the nuclear fuel
111 cycle in ILs39 by investigating the reactions of salts of Sr2+,
112 trivalent lanthanides (Nd3+ and La3+), and [UO2]

2+ with the
113 ILs [C2C1im][OAc], [C2C2im][OAc], and [C4C1im][OAc],
114 where C2C1im = 1-ethyl-3-methylimidazolium, C2C2im = 1,3-
115 diethylimidazolium, C4C1im = 1-butyl-3-methylimidazolium,
116 and OAc = acetate, and determining the structures of the

117resulting crystalline complexes by single-crystal X-ray dif-
118fraction (SCXRD). Each of these elements is especially
119important in a conventional nuclear fuel cycle. Uranium
120accounts for the bulk of a spent fuel element and is recycled
121through solvent extraction while strontium contributes a major
122fraction of the radioactivity in spent fuel,40 and lanthanide
123elements build up as fission products and must be separated in
124order to transmute the trivalent actinides.41 These ions have
125also been selected because of their high coordination numbers
126and flexible geometries, which allow great structural variability
127already observed among their known [OAc]− complexes. In
128this work, various starting materials and synthetic pathways
129toward the isolation of anhydrous metal-containing ILs have
130been investigated including the use of metal salts, aqueous
131solutions, and even metal oxides. The different behavior of the
132investigated elements and diversity of the products suggest a
133new promising route for selective separation of the nuclear
134waste components.

135■ EXPERIMENTAL SECTION
136Caution! Standard safeguard procedures should be followed during the
137handling of uranium-containing materials.
138Materials and Instruments. All of the reagents were purchased
139from commercial sources. Elemental analyses were carried out on a
140Vario EL III elemental analyzer (Elementar Analysen systeme, Hanau,
141Germany). Powder X-ray diffraction (PXRD) data were collected on a
142D8 Advance diffractometer (Bruker AXS, Karlsruhe, Germany) using
143Cu Kα radiation (Figures S1 and S2). IR spectra were recorded in the
144range of 4000−400 cm−1 on a Nicolet iS-10 Fourier transform
145infrared spectrometer (Thermo Fisher Scientific, Bremen, Germany)
146with a Diamond attenuated-total-reflection mode. Thermogravimetric
147analysis (TGA) was carried out on a STA 449C unit (NETZSCH,
148Selb, Germany) at a heating rate of 10 °C/min under an air
149atmosphere. Phase transition behaviors were measured by differential
150scanning calorimetry (DSC-60Plus, Shimadzu, Kyoto, Japan) at a
151heating rate of 10 °C/min in sealed aluminum pans with a nitrogen
152flow rate of 20 mL/min. Solid-state emission spectra were recorded
153on a F-7000 FL spectrophotometer (Hitachi, Chiyoda, Japan) with
154the Ex and Em slits set at 5 nm and the photomultiplier-tube voltage
155set at 400 V. The solid-state UV−vis absorption spectra of
156compounds 1, 3, and (UO2)(OAc)2·2H2O were recorded on a U-
1573900 spectrophotometer (Hitachi, Chiyoda, Japan).
158Single-Crystal Structure Determination. The crystal structural
159measurements of compounds 1, 2, 4, and 6 were carried out on a
160Bruker SMART APEX II CCD diffractometer (Mo Kα radiation; λ =
1610.71073 Å) at room temperature. Compounds 3 and 5 were analyzed
162on a Bruker D8 Venture diffractometer equipped with a Photon 100
163CMOS detector and a IμS microfocus source using Mo Kα radiation.
164The intensity data of the reflections and scaling were integrated using
165SAINT within the APEX3 software package.42 SADABS43 was used for
166the absorption corrections. The crystal structure solution was
167performed by direct methods using SHELXT.44 SHELXL-9745 and
168SHELXL-201346 were used for subsequent difference Fourier analyses
169and least-squares refinement. All non-hydrogen atoms were refined
170anisotropically, whereas hydrogen atoms were assigned geometrically
171using a riding atom model.

172■ RESULTS AND DISCUSSION
173Reactions of Metal Ions with ILs. We attempted a range
174of reactions between metal salts and oxides and [OAc]− ILs
175 s1(Scheme 1) to estimate the boundaries of the complexation
176space. Reactions 1, 2, 4, and 8 were conducted by heating
177metal salt hydrates directly with 1 mol equiv of the neat IL at
178100−110 °C overnight in unsealed containers in an oil bath. In
179most cases, fusion of the reaction mixture to form a liquid
180phase the same color as the metal salt was observed, and these

Figure 1. General structure of dialkylimidazolium acetate ILs.
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181 liquids proceeded to solidify partially or completely at
182 temperatures above room temperature. Single crystals were
183 selected directly out of the crude reaction mixtures and
184 analyzed by SCXRD. The reaction mixtures of 1 and 8
185 contained noncrystalline solid, polycrystalline, and liquid
186 phases in addition to the identifiable crystalline products,
187 none of which were characterized. Reactions 2 and 4 gave
188 homogeneous yellow powders composed of well-formed
189 prismatic crystals.
190 In reaction 6, aqueous solutions of LaCl3·7H2O were
191 prepared, and the IL was subsequently dissolved in these
192 solutions at varying amounts (from 1 to 8 mol equiv). Heat
193 was liberated when they were combined (although this is
194 observed whenever aqueous solutions of [C2C1im][OAc] or
195 [C2C2im][OAc] are made), but no other changes were
196 observed. The reaction mixtures were placed unsealed in an
197 oven at 90 °C and allowed to evaporate over the course of
198 several days. The reactions containing 5 equiv of IL yielded the
199 largest amount of crystalline solid, and crystals were isolated
200 from these reactions for analysis by SCXRD. Lower IL ratios
201 led to different yet unidentified polycrystalline products,
202 suggesting that a further detailed investigation of the entire
203 Ln3+ series is necessary.
204 In reactions 3 and 7, the metal oxide powder was combined
205 with [C2C1im][OAc] and an amphoteric molecule (2,5-
206 diamino-1,2,4-triazole in reaction 7 and water in reaction 3).
207 Total dissolution did not occur, but crystals grew sponta-
208 neously from reaction 7 after several days of heating and from
209 reaction 3 after approximately 2 weeks of standing under
210 ambient conditions. Finally, in reaction 5, a longer carbon

211chain IL reacted at 80 °C gave yellow block crystals under slow
212cooling to room temperature.
213Crystal Structures. Crystal Structures of Salts of
214[UO2(OAc)3]

−: [C2C1im][UO2(OAc)3] (1), [C2C2im][UO2(OAc)3]
215(2), and [C4C1im][UO2(OAc)3] (3). The reactions of
216[UO2(OAc)2]·2H2O with equimolar amounts of [C2C1im]-
217[OAc], [C2C2im][OAc], and [C4C1im][OAc] (Scheme 1)
218gave rise to large yellow block crystals with each IL. The
219structural chemistry of uranyl acetates strays slightly away from
220the other above-considered salts because the strong axial U−O
221bonds restrict the coordination space for other ligands to the
222equatorial plane, therefore hindering the structural variability.
223 f2In fact, identical [UO2(OAc)3]

− anions (Figure 2) have been
224obtained from different precursors ([UO2(OAc)2]·2H2O or
225[UO2(NO3)2]·6H2O) and with different cations. Therefore, all
226structural differences in these three compounds come from the
227size/shape of the cation. It is worth noting that the chemistry
228of uranyl carboxylates has been intensively investigated, and
229the [UO2(OAc)3]

− fragment is not rare overall (∼250 entries
230in CCDC).47 The range of strictly acetate complexes is,
231however, limited almost exclusively to salts with simple
232inorganic cations (Cs+, [NH4]

+, [Mg(H2O)6]
2+, etc.).48−51

233The only published representative that can be considered to be
234directly related to the topic of this paper is the salt with 2-
235methylimidazolium as the counterion, [2-C1imH]-
236[UO2(OAc)3].

52

2371 and 2 crystallize in the monoclinic system P21/n (Z = 4),
238and their structures appear to be governed by similar effects.
239Because of their different space requirements, [C2C1im]+ and
240[C2C2im]+ could not be accommodated within the same
241structure type, leading to unit cell evolution. The latter is

Scheme 1. Summary of Reactions That Led to the Isolation of Anhydrous Salts of Anionic Metal [OAc]− Complexesa

aReaction product numbers are indicated in parentheses.
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242 combined with rather significant expansion (12%), leading to
243 the conclusion of considerably more efficient packing of
244 [C2C1im]+ with the [UO2(OAc)3]

− anion (68.7 vs 64.0 in
245 terms of the Kitaigorodski packing index53).
246 The packing observed in 3 is governed by effects that differ
247 significantly from 1 and 2 as a result of longer carbon chains
248 and stronger separation of their polar and nonpolar parts in a
249 quite original way. This compound crystallized in P1̅ with Z =
250 6 and contains three cations from the IL and three anions in
251 the asymmetric unit (Figure 2c). [C4C1im]+ ions form two
252 kinds of tunnels, smaller between three methyl groups and
253 larger surrounded by six butyl groups of the neighboring

f3 254 cations (Figure 3). [UO2(OAc)3]
− ions also form hexagonal

255 rings partially overlapping with the imidazolium rings in the
256 projection on the bc plane.

257The metal centers in all three compounds are 8-coordinate
258with hexagonal-bipyramidal coordination geometry, and all
259[OAc]− ions are in the chelating mode. The anions have
260approximate C3h symmetry, with one mirror plane including all
261[OAc]− ligands and three others bisecting one of them and
262relating the remaining two. There are unique symmetrically
263independent cations and anions in 1 and 2, while all three
264symmetrically independent [C4C1im]+, as well as
265[UO2(OAc)3]

−, ions in 3 are nearly superimposable. This is
266in good agreement with the hexagonal shape of the unit cell,
267indicating minor distortion from the higher-symmetric
268packing. Despite the different cations, all anions show similar
269coordination, where each of them is surrounded by five
270counterions (Figure S1).
271The cationic environments in all three structures are
272surprisingly similar and are represented by five [UO2(OAc)3]

−

273anions in a slightly different manner: all represent square-
274pyramidal coordination, with the only difference in their
275orientation with respect to each other and the pyramidal base
276(Figure S2). Surprisingly, the most regular polyhedra are
277observed in 3, albeit it crystallizes with the lowest symmetry.
278The main difference between the three crystallographically
279independent cations in the latter is the angle between the
280imidazolium ring and the alkyl chain that varies between 30°
281and 48°. For comparison, the ethyl and methyl groups in
282[C2C1im]+ and [C2C2im]+ form angles of 18° and 75−80°,
283respectively, with the imidazolium rings.
284The hydrogen bonds between the anions and cations are,
285however, relatively weak. All cations donate hydrogen bonds
286mostly from the ring but also from both α- and β-methyl/ethyl

Figure 2. 50% probability ellipsoid plots of basic repeating units of 1 (a), 2 (b), and 3 (c).

Figure 3. Overall packing diagrams of 1 (a), 2 (b), and 3 (c). The
crystallographic axes are color-coded: b, blue; c, red.
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287 −CH groups. A few cations are usually involved in rather
288 strong C−H···π, as well as lone pair−π (lp−π) interactions
289 with the anionic acetate groups. In the case of [C4C1im]+, C−
290 H···π and lp−π (or lp−π*54) interactions play an even more
291 important role because some of the cations do not have any
292 (short) O···H contacts. All anions are well separated and are
293 checkered with the cations in the bc plane. The alkyl groups of
294 the anions and cations in 1 and 2 form nonpolar six-membered
295 channels along the a axis.
296 Crystal Structures of Salts of [Ln(OAc)5]

2−: [C2C2im]2[La-
297 (OAc)5] (4) and [C2C1im]2[Nd(OAc)5] (5). Structural variability
298 and isomerism are typical among the different salts of the
299 lanthanides. This is reflected in the different structures of the
300 anhydrous Ln(OAc)3 salts, which include the different 3D
301 network structures of La(OAc)3

55 and Pr(OAc)3,
56 the layer

302 structure of Nd(OAc)3,
57 and the catemeric structure of

303 Eu(OAc)3.
58 For anionic Ln3+-[OAc]− complexes, the

304 potentially variable formulas open up yet more possibilities
305 for different structures.
306 Both salts 4, obtained by reacting LaCl3·7H2O with
307 [C2C2im][OAc] in water (Scheme 1, reaction 6), and 5,
308 obtained by reacting Nd2O3 with [C2C1im][OAc] and 3,5-
309 diamino-1,2,4-triazole (Scheme 1, reaction 7), contain the

f4 310 mononuclear [Ln(OAc)5]
2− anion (Figure 4). There are no

311 prior examples of crystallographically characterized mononuclear
312 lanthanide pentacarboxylato complexes. Such a structure is, in
313 fact, rare altogether. The Cambridge Structural Database
314 (CSD) contains only two examples of structures where any
315 atom is bonded to five chelating carboxylate ligands, both of
316 which have Bi3+ as the central atom with trifluoroacetate59 or
317 2-(4-hydroxyphenyl)ethanoate60 as the ligands. A mixed-metal
318 network structure in which La3+ is chelated by six carboxylate
319 groups has been reported,61 indicating that, although the
320 structures are unusual, their coordination numbers are not
321 exceptionally high. It is possible that the high concentration of
322 free anions in the IL can promote the coordination of large
323 numbers of anions to a single metal ion at the expense of
324 bridging. We previously observed this behavior in ILs
325 composed of amphoteric and basic N-heterocycles, where
326 mononuclear metal complexes of an N-heterocyclic anion that
327 is nearly always bridging were isolated.62

328 The [Ln(OAc)5]
2− anions have C1 symmetry not at least

329 due to the axial acetate groups, forming an 85.4° (La) and an
330 77.7° (Nd) angle with respect to each other and the resulting
331 geometric frustration of the equatorial ones. The metal centers
332 are 10-coordinate with bicapped square-antiprismatic coordi-
333 nation geometries, and all [OAc]− ions are again solely in the
334 chelating mode.

335Both structures crystallize in P1̅ with Z = 2 and contain two
336cations from the IL and a single anion in their asymmetric
337units, but they are not isostructural. The [C2C1im]+ ions in 5
338are nearly superimposable, while the [C2C2im]+ cations in 4
339have different conformations (one with mirror symmetry
340bisecting the ring and one with 2-fold rotational symmetry
341running along the C2A−H bond axis). Despite the differences
342in the cations, 4 and 5 have effectively isomorphous packing.
343The cations each make short contacts to three anions, and the
344anion makes short contacts to six cations (Figure S3). The two
345unique cations engage in similar interactions; each donates
346hydrogen bonds from the ring and α-methyl/ethyl −CH
347groups to oxygen atoms on the anion and engage in an
348electrostatic interaction between C2 of the imidazolium ring
349and one of the anions. The main difference between the
350environments of the two cations is the location and angle
351formed by the plane of the three anionic centers with the plane
352of the imidazolium ring. For cation A, these planes practically
353overlap, while for cation B, they form an angle of ∼10°.
354The cation A−anion interactions form ribbons that run
355along the b axis, while those between cation B and the anions
356form ribbons that run along the a axis. The 3D network is held
357together by the anions, which act as nodes that connect the
358 f5orthogonal ribbons (Figure 5, left). The cations are well

359separated and do not appear to interact, but the alkyl groups of
360the cations and the methyl groups of the coordinated [OAc]−

361form nonpolar channels as in [C2C1im]n[{Sr(OAc)3}n] (see
362below), which can be seen when packing is viewed along the b
363axis (Figure 5, right).
364Crystal Structure of [C2C1im]n[{Sr(OAc)3}n] (6). The
365reaction of Sr(NO3)2 with neat [C2C1im][OAc] gave rise to
366colorless crystals of 6 that grew spontaneously from the hot
367reaction mixture. 6 crystallized in the orthorhombic space
368group P212121 with Z = 4. The compound consists of a linear,
369polymeric anion composed of repeating [Sr(OAc)3]

− units
370 f6balanced by [C2C1im]+ cations (Figure 6. All [OAc]− ions

Figure 4. 50% probability ellipsoid plots of the formula units of 4 (left) and 5 (right).

Figure 5. Packing diagrams showing orthogonal hydrogen-bonded
ribbons (left) and 2 × 2 × 2 unit cells viewed along b (right) for 5.
The crystallographic axes are color-coded: a, red; c, blue.
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371 adopt the chelato-bridging coordination mode. Each Sr2+ center
372 is coordinated to nine oxygen atoms, six from three chelating
373 [OAc]− ions and three extra bridging oxygen atoms.
374 There is only one symmetry-independent Sr2+ ion, and all of
375 the Sr−O bonds are unique, so the coordination sphere cannot
376 be reduced through any crystallographic symmetry. The Sr2+

377 ion is a chiral center. The coordination polyhedron is a
378 distorted tricapped trigonal prism, and the distribution of the
379 [OAc]− ligands makes any of the potential improper symmetry
380 operations for this polyhedron impossible. The anionic
381 complex itself is a coordination polymer that resides on the
382 crystallographic 2-fold screw axes parallel to the a axis, and
383 adjacent units of the polymer are related to each other by a
384 single 21-screw operation. The Sr2+ ions are slightly offset from
385 the screw axis, so the polymeric anion is helical.
386 Each cation makes short (less than the sum of the van der
387 Waals radii) contacts with three neighboring anion chains, and
388 each repeating unit of the anion makes short contacts with nine
389 cations (Figure S4). There are no cation−cation or anion−
390 anion short contacts. The cation interacts especially strongly
391 with the anion by donating hydrogen bonds from the
392 imidazolium C2, α-methyl, and α-ethyl positions to two
393 OAc− oxygen atoms. The cation also donates a hydrogen bond
394 from the imidazolium C4 position and a α-methyl group to a
395 second anion and from the other hydrogen atom on the α-
396 ethyl group to a third anion. The hydrogen bonding between
397 the cations and anions links the neighboring anionic chains
398 into a 3D network, and the cation ethyl groups are positioned
399 among the acetate methyl groups to form nonpolar channels

f7 400 between the anions (Figure 7).
401 ILs with unsymmetrical dialkylimidazolium cations are often
402 used as templating agents in the synthesis of coordination
403 polymers,63 but this is an interesting example of the effect of
404 working in reverse, where the structure of the coordination
405 polymer templates the packing of the IL counterion. The
406 structure of 6 is quite similar to a previously reported salt of an
407 anionic Sr2+ trifluoroacetate coordination polymer with
408 pyridine (C5H5N) lattice solvent molecules and [C5H5NH]

+

409 counterions, [C5H5NH]n[{Sr(CF3COO)3}n]·nC5H5N.
64 Both

410 structures have helical, polymeric anions propagating along
411 screw axes, and both pack in orthorhombic unit cells with
412 similar dimensions and grossly similar packing. However, 6
413 packs in a chiral space group, P212121, whereas the
414 [CF3COO]

− complex packs in the acentric but achiral space
415 group Pna21. It can be seen in the packing of [C2C1im]n[{Sr-

416(OAc)3}n] that, because of the way in which the ethyl groups
417dock into hydrophobic parts of the coordination polymer, the
418cations cannot be related to each other by mirror symmetry.
419The pyridinium counterions in the other structure, by contrast,
420have internal symmetry and thus cannot translate the chirality
421of the coordination polymer into the overall packing.
422The range of neutral, anionic, and mixed-ligand structures
423that are already known suggest that ILs could be used to
424explore the coordination chemistry of mixed-ligand complexes,
425for instance, by reacting Sr(OAc)2 with ILs of different anions.
426The CSD47 contains only four Sr2+ complexes with [OAc]−:
427Sr(OAc)2·0.5H2O,

65 the mixed hydrate/acetic acid solvates
428Sr(OAc)2(HOAc)2(OH2)2

66 and Sr(OAc)2(HOAc)(OH2)2·
429HOAc,67 and the mixed nitrate/[OAc]− complex
430Sr2(OAc)2(NO3)2(OH2)3.

68 Although the [OAc]− complexes
431all contain mixed ligands in the inner coordination sphere,
432homoleptic [CF3COO]

− salts including the aforementioned
433pyridinium salt69 and neutral Sr(CF3COO)2

70 can be obtained
434from conventional solvents. The use of the IL, in contrast to
435the latter, led to ready isolation of the anhydrous polymeric 6
436in the chiral space group.
437Characterization. Two compounds, 1 and 3, were
438obtained without any impurities (Figures S5 and S6), allowing
439further characterization of their physical properties, particularly
440thermal behavior and luminescence. The thermal behavior and
441 f8stability of 1 and 3 have been examined by means of DSC and

Figure 6. Polymeric chain and 50% probability ellipsoid plot of the basic repeating unit of 6.

Figure 7. Packing diagram of 6 (2 × 2 × 2 unit cells). The
crystallographic axes are color-coded: b, green; c, blue.
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f8 442 TGA (Figure 8). Both compounds are qualitatively similar,
443 exhibiting melting upon heating and glass transition upon

444 cooling. Compound 3 melting at 90 °C (peak value) can still
445 be formally assigned to the metal-containing ILs, while
446 compound 1 melts at 133.3 °C. As can be expected for the
447 ILs with longer aliphatic chains, compound 3 exhibits a lower
448 degree of crystallinity and, consequently, a very broad melting
449 peak. After the first heating cycles, all compounds stay liquid at
450 room temperature and below for at least a couple of hours, and
451 no further melting points can be observed. Although their
452 melting points are relatively high, significant supercooling
453 yields low solidifying points (45 °C in 1 and 22 °C in 3).
454 TGA of compounds 1 and 3 was performed in the
455 temperature range of 30−800 °C, revealing very similar
456 stability thresholds. No obvious changes could be detected
457 below 230 °C. Then, dramatic weight losses are observed in
458 the temperature range of 250−300 °C, suggesting decom-
459 position of the salt. Finally, at 500 °C, the weight losses are
460 determined to be 50.48% for 1 and 55.23% for 3, suggesting
461 mainly UO3 residues in good agreement with the calculated
462 values (48.77% for 1 and 51.22% for 3).
463 The UV−vis absorption spectra of 1 and 3, as well as
464 (UO2)(OAc)2·2H2O, exhibit a broad band in the range of
465 200−350 nm and a series of fine peaks in the range of 350−

f9 466 500 nm (Figure 9), which are characteristics of uranyl species.
467 The former broad band can be ascribed to ligand-to-metal
468 charge transfer (LMCT) of the uranyl moiety, whereas the fine
469 absorption peaks correspond to the vibrational-coupled
470 electronic transitions.71−73 The emission spectra of com-
471 pounds 1 and 3 were recorded upon excitation at 365 nm.
472 Both compounds show the typical emission fine structures of
473 uranium(VI)-containing compounds, with maxima lying at
474 about 482.8, 502.6, 524.6, 548.2, 572.2 nm and 482.4, 502.4,
475 524.2, 547.8, 572.6 nm, respectively, corresponding to the
476 electron vibronic transitions of S11−S00 and S10−S0ν (ν = 0−
477 4).74−78 The emission spectrum of UO2(OAc)2·2H2O was
478 recorded for comparison (490.0, 511.0, 534.6, 560.4, 588.6,
479 and 619.8 nm). Compared with the emission spectra of

480UO2(OAc)2·2H2O, blue shifts of about 8−12 nm are observed
481for 1 and 3.
482Discussion. Each class of metal ion (Sr2+, Ln3+, or
483[UO2]

2+) resulted in distinct anionic metal [OAc]− complexes,
484although showing either structural (for the f elements) or
485compositional (for the 2+ cations) relationships. The most
486common structural feature along the series is mononuclear
487complexes of the metal ions coordinating five bidentate ligands
488including two oxygen atoms in the uranyl cases. [Ln(OAc)5]

2−

489anions certainly make an analogy with [UO2(OAc)3]
−; even

490the number of bonds to the neighboring oxygen atoms is
491identical, and the only difference is the mutual orientation of
492the ligands. Both [UO2]

2+ and Ln3+ ions chelated by [OAc]−

493ligands show substantial sensitivity to the IL cations and,
494consequently, major crystal structure changes with even minor
495alkyl group modification. Although complete separation of the
496polar and nonpolar parts is common in the long-carbon-chain
497ILs,79,80 the formation of hydrophobic tunnels with relatively large
498solvent-accessible volume (350 Å3/cell) is remarkable. Sr2+,
499expectedly, exhibited a noticeably different behavior: polymeric
500chains with a chelato-bridging mode of the [OAc]− ligands.
501Very similar structural motifs have been observed in, e.g.,
502Nd(OAc)3·H2O without ILs,81 while polymeric motifs, in
503general, are quite common in both Sr2+ and Ln3+ acetates and
504their hydrates.57,65−67

505The ability of dialkylimidazolium [OAc]− ILs to lead to the
506isolation of anhydrous, homoleptic acetate complexes under all
507of these conditions (particularly for [UO2]

2+, where the
508counterion and reaction conditions were both varied) is
509unusual for ILs. Although crystallization of anionic metal
510complexes from ILs is typical, it is usually affected by both the
511presence of water and the identity of the counterion. For
512instance, the IL 1-butyl-3-methylimidazolium chloride can
513dehydrate LnCl3 hydrates in some conditions but cocrystallize
514with them in others,7 [UO2]

2+ nitrate salts in ILs tend to
515hydrolyze to give hydroxide-bridged dimers rather than
516homoleptic nitrate complexes,29,82 and UO2(NO3)·6H2O can
517be dehydrated by ILs containing the [N(CN)2]

− ion at low
518temperature but reacts hydrolytically with them at elevated
519temperature.

Figure 8. DSC and TGA curves of 1 (red) and 3 (blue). Red arrows
indicate heating and blue cooling.

Figure 9. Solid-state absorption and emission spectra of 1 (red), 3
(blue), and UO2(OAc)2·2H2O (black).
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520 Isolation of anhydrous metal acetate complexes was also
521 observed in reactions 7 and 3, where insoluble metal oxides
522 were reacted with [C2C1im][OAc] in the presence of an
523 additional weak acid. Ln3+ oxides and UO3 are known to
524 dissolve in ILs with carboxylic acid functional groups to give
525 metal carboxylate complexes,83 but the use of a neutral acid in
526 addition to the IL provides two anions that could potentially
527 coordinate and even form metal−organic frameworks.84 UO3
528 has been shown to form hydrates upon reaction with pure
529 acetic acid85 or with H2O itself.69 However, reactions 7 and 3
530 show that [OAc]− from the IL is able to exclude all other ions
531 from the metal coordination sphere under all conditions
532 investigated.
533 These results suggest that salts of anionic metal [OAc]−

534 complexes may be, in general, poorly soluble in dialkylimida-
535 zolium [OAc]− ILs. In a spectroscopic investigation of the
536 interactions of Na+ and [NH4]

+ salts in [C2C1im][OAc], it was
537 found that dissolution was dominated by the basicity of
538 [OAc]− and that hydrogen bonding to [NH4]

+ was stronger
539 than interactions between [OAc]− and Na+.86 It stands to
540 reason that the hydrated metal ions, either present in the
541 starting materials or formed through slow hydrolysis of the
542 metal oxides, can dissolve readily in the ILs. However, any
543 anionic [OAc]− complexes that are formed through ligand
544 exchange are weak bases rather than hydrogen-bond donors or
545 Lewis acids. They are unable to remain dissolved and thus
546 crystallize as [R1R2im]+ salts. It should be noted that the
547 anhydrous salts of [OAc]− complexes were identified because
548 they formed isolable single crystals in all cases. This suggests
549 that they crystallize first, while products of other reactions (ion
550 exchange, hydrolysis, etc.) either remain liquid or precipitate
551 rapidly without forming large crystals as the IL is consumed in
552 the formation of the crystalline [OAc]− complexes.

553 ■ CONCLUSIONS
554 In the reprocessing of spent nuclear fuels, lanthanide−actinide
555 separation is a very important but complicated task not at least
556 because of their similar physicochemical characteristics.
557 Therefore, the coordination chemistry of metals relevant to
558 nuclear fuel separations particularly uranium, neodymium,
559 lanthanum, and strontium has been further explored to obtain
560 new insights in this process. A series of anhydrous metal
561 acetates have been obtained from the corresponding hydrates
562 using a new synthetic approach with dialkylimidazolium
563 acetate ILs. Although the crystallization of anionic metal
564 complexes from ILs is typical, it is usually affected by both the
565 presence of water and the identity of the counterion. The use
566 of dialkylimidazolium acetate ILs led to the isolation of
567 anhydrous, homoleptic acetate complexes under various
568 conditions and multiple counterions, particularly without an
569 inert atmosphere. Isolation of anhydrous metal acetate
570 complexes was also observed in reactions with insoluble
571 metal oxides reacted with [C2C1im][OAc] also in the presence
572 of other coordinating agents.
573 The discovered compounds unravel structural tendencies
574 between the different components of nuclear waste. The
575 investigated lanthanide complexes showed a closer than
576 expected structural resemblance to the uranyl complexes,
577 uncovering the possibility of unique, never observed before
578 pentabidentate coordination of some light rare-earth elements
579 by carboxylic groups. All f elements ended up in monomeric
580 complexes, although with different amounts of counterion ILs
581 because of charge balance: [R1R2im][UO2(OAc)3] and

582[R1R2im]2[La(OAc)5]. Mutual orientation of [C1C4im]+ in 3
583leads to a quite unusual segregation of the hydrophobic part,
584[UO2(OAc)3], and large solvent-accessible tunnels. A behavior
585completely different from that of the entire series (formation of
586polymeric anionic chains with a solely chelato-bridging
587coordination mode) has been observed in [C2C1im]n[Sr-
588(OAc)3]n. This is very promising in light of the successful
589separation of the most common nuclear waste component.
590The success of this work provides a new solution for precise
591control of the synthesis of actinide-containing ILs, which is
592very important for the development of functional actinide-
593containing ILs or lanthanide−actinide separation. The readily
594available chemicals and routine syntheses used here suggest
595that a more detailed investigation of the entire lanthanide
596series with the main focus on the intralanthanide separations
597would be fruitful.
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Figure S1. Short contact environments around anions in [C2C1im][UO2(OAc)3] (left), 

[C2C2im][UO2(OAc)3] (center), and [C4C1im][UO2(OAc)3] (right).

Figure S2. Short contact environments around cations in [C2C1im][UO2(OAc)3] (left), 

[C2C2im][UO2(OAc)3] (center), and [C4C1im][UO2(OAc)3] (right).
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Figure S3. Short contact environments around cation A (left) cation B (center), and the anion 

(right) for [C2C2Im]2[La(OAc)5] (top) and [C2C1im]2[Nd(OAc)5] (bottom).

Figure S4. Packing diagrams of [C2C1im]n[{Sr(OAc)3}n] showing environment around cation 

(left) and anion (right). Dashed green lines indicate short contacts.
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Figure S5. Experimental and simulated PXRD patterns of [C2C1im][UO2(OAc)3]. 
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Figure S6. Experimental and simulated PXRD patterns of [C4C1im][UO2(OAc)3] .
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Figure S7. IR spectra of [C2C1im][UO2(OAc)3] (1) and [C4C1im][UO2(OAc)3] (3).
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