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ABSTRACT 

 

 

Ionic liquids (ILs) are alternatives to conventional molecular liquids or high-melting salts 

which can be used to gain new insight into long-standing scientific questions. The ability to 

access a compositionally variable, purely ionic liquid environment in an IL is particularly 

significant in coordination chemistry, which often involves the manipulation of an ionic metal-

ligand bond. This study aims to demonstrate the potential utility of ILs in coordination chemistry 

by using them to access unusual metal complexes with soft Lewis bases, especially those of f-

elements. Such complexes are particularly important use in studying the nature of f-element 

chemical bonding and the interactions involved in their isolation, propagation through the 

environment, or distribution in living organisms. A number of strategies using ILs and systems 

derived from ILs are explored. 

In reactions of dicyanamide-containing ILs with uranyl salts, the use of an IL as a source 

of nitrogen-containing soft donor ligands led to the isolation of uranyl dicyanamide complexes 

through substitution of oxygen-donor ligands by IL anions. By reacting actinide nitrate hydrates 

with a nitrate-containing IL, anhydrous complexes were obtained which could be used as 

precursors for the formation of nitrogen-donor adducts. The permanent elimination of oxygen-

containing anions from a metal salt was explored through reactions of an acidic azole with metal 

acetate salts, although this approach was found to be limited by side reactions. The use of a 

partially anionic sulfur ligand derived from an IL led to the formation of uranyl and neodymium 

sulfur-donor complexes. The scope of nitrogen-containing ligands which could be incorporated 



iii 

 

into an IL was expanded by demonstrating the use of combinations of acidic and basic azoles as 

liquids for nitrogen donor coordination chemistry. 

These platforms have considerable room for expansion beyond the metal complexes 

already isolated. Future studies will expand the range of soft donors incorporated in the IL 

beyond nitrogen. Combinations of these strategies will also be explored with the aim of 

producing entirely soft-donor ligated complexes from readily available starting materials. 
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CHAPTER 1 

 

 

INTRODUCTION 

 

1.1 Coordination chemistry in ionic liquids 

Ionic liquids (ILs) are a class of low melting ionic compounds, typically distinguished 

from ionic compounds in general by their lower melting points and their applications as liquids 

(rather than solids or solutions).
1,2

 ILs have been investigated for almost any application in which 

a liquid can be useful. ILs are studied as electrolytes,
3
 fuels,

4
 lubricants,

5
 pharmaceuticals,

6
 heat 

transfer fluids,
7
 and magnetic/luminescent liquids

8,9
 or liquid crystals

10
 but are especially well 

known as solvents and reaction media.
11

 The relatively new emergence of ILs as solvents and 

reaction media (compared to molecular solvents and high-temperature molten salts) has allowed 

them to be used to revisit long-standing chemical problems. 

The complementarity of ILs with respect to other solvent systems is particularly useful in 

metal ion coordination chemistry. Molecular solvents typically used in coordination chemistry 

usually dissociate ionic compounds by solvating the ions with strong interactions and therefore 

heavily influence the speciation. ILs allow cation-anion interactions to be controlled in a way not 

possible with molecular solvents, as they can readily dissolve or be mixed with other ionic 

compounds without requiring any neutral molecules that would affect the interactions. ILs tend 

to favor the solubilization of metal complex ions over neutral complexes
12

 and allow weakly 

coordinating anions to coordinate metal ions,
13

 both of which are unusual in molecular solvents 

and indicate the effects of undiluted cation-anion interactions. 
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Certain aspects of coordination chemistry in ILs have been extensively investigated 

throughout the history of the field. One reason for this is the importance of charged metal 

complexes as a source of weakly coordinating ions for IL formation. ILs containing 

tetrachloroaluminate ([AlCl4]
-
) anions were some of the first room temperature molten salts to be 

heavily studied,
14

 and the sensitivity of the speciation of these anions (and group 13 

halometallates in general)
15

 have made them a target of continuing fundamental studies. Many 

other metal cations have since been used as a source of IL-forming halometallate anions.
16

 Metal 

complexes with neutral ligands also form a class of IL-forming cations.
17

 These compounds are 

more unique to low melting salts as well, since neutral ligands can thermally dissociate and 

evaporate at high temperatures. Purely inorganic ILs have also been reported in which 

coordinated water is considered to be part of the structure.
18

 The strategy of using neutral or 

oppositely-charged molecules to form a large, low charge ion has also been extended beyond 

metals to oligomeric ions, where a single acidic proton is bonded to multiple anions,
19

 and deep 

eutectic solvents, where neutral molecules form hydrogen bonds with anions to make an 

effectively larger anion.
20

 

ILs are also used as solvents in the conventional sense, where the focus is on the reaction 

of ligands and metal ions which are not part of the IL itself. For example, neutral ligands are 

used to increase the conductivity of Li ions in IL-based electrolytes,
21

 to form active catalysts 

from dissolved metal ions such as Pd,
22

 and to extract metal ions from aqueous solutions into 

ILs.
23

 Dissolution of metal salts along with other reagents in ILs is also used in the synthesis of 

inorganic materials such as nanoparticles
24

 and coordination polymers
25

 through what has 

become known as ionothermal synthesis.  
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When metal salts are dissolved in ILs, the IL ions typically act as ligands for the 

dissolved metal ions. For ILs with noncoordinating cations, the metal ion typically forms 

complexes with the anion such as the previously discussed halometallates. Cations with basic 

functional groups such as amines, thiols, or nitriles can also coordinate metal ions
26

 and have 

been shown to do so to the exclusion of weakly basic anions such as 

bis(trifluoromethane)sulfonylamide ([NTf2]
-
).

27
 IL ions can also be designed to react with a 

metal compound to yield a more soluble salt, such as carboxylic acid functionalized ILs for metal 

oxide dissolution
28

 and perhalide ILs for reactive dissolution of metals.
29

 Metal compounds with 

molecular character are often poorly soluble in ILs unless they react to form ionic species. For 

instance, HgCl2 is fully liquefied by sub-stoichiometric amounts of phosphonium chloride ILs, 

where it reacts to form complex halomercurates
30

 but dissolves only sparingly in an [NTf2]
-
 IL 

and still forms detectable amounts of ionic [NTf2]
-
 complexes.

31
 Metal carbonyl compounds also 

retain their characteristic high volatility when dissolved in ILs.
32

  

Although the body of research on coordination chemistry in ILs is vast, most of it focuses 

on the use of ligands or functional groups that were previously known to coordinate to the metal 

of interest. Much of the basic coordination chemistry research in ILs has been in support of their 

applications, and perhaps for this reason there has been comparatively little research on the use 

of ILs to force the coordination of normally noncoordinating species. Since dissolution of a 

metal salt in an IL usually forces an interaction between the IL and the metal cation, ILs should 

promote the coordination of weakly coordinating anions. This approach has been used to isolate 

complexes of the weakly coordinating [NTf2]
-
 ion, including the first homoleptic, trivalent 

lanthanide (Ln
3+

) complexes
13

 as well as complexes with Cu
+
 and Ag

+
.
33

 Solvation of metal ions 

by weakly coordinating IL ions should also result in greater reactivity of the metal ions 
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compared to solutions in neutral, coordinating solvents such as water. This approach has been 

suggested to promote metal-metal or halogen-halogen interactions,
34

 leading to the isolation of 

unusual bimetallic clusters
35

 and polybromides.
36

 The crystallization of a complex of the uranyl 

cation ([UO2]
2+

) with 1-methylimdiazole (1-mim) represents the use of this approach in Lewis 

acid-Lewis base chemistry.
37

 Elimination of strong metal-solvent interactions may also allow the 

IL to act as a matrix which stabilizes previously unobserved species. This has been demonstrated 

through the crystallization of an unprecedented, molecular (CrCl3)3 cluster.
38

 

Though it may not be one of their most recognized uses, ILs have been soundly 

demonstrated as tools for capturing unusual coordination chemistry. Their importance in this 

field could be promoted through their application to an appropriate scientific question in 

coordination chemistry. There is a considerable background on the use of ILs as solvents in 

actinide and lanthanide coordination chemistry.
39 

However, much of this research is focused 

around separations,
40

 leaving considerable room to explore ILs as a tool for the isolation of new 

coordination compounds. 

 

1.2 Coordination chemistry of f-elements with soft donor ligands 

The coordination chemistry of f-elements, lanthanides and actinides (An), is of 

importance in several areas of society. The lanthanides are used to synthesize a variety of 

technologically important materials,
41

 while the actinides are primarily of interest due to their use 

as nuclear fuel and their presence as pollutants in spent nuclear fuel. The actinides are also of 

fundamental interest to chemists as they are the only elements in which f-electrons are likely to 

play an important role in chemical bonding under ordinary conditions.
42

 Interactions of ligands 

and f-orbitals have been invoked to explain phenomena such as the formation of polyatomic, 
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linear dioxo cations (actinyls)
43

 or the formation of An
4+

-bis(cyclooctatetraenyl) sandwich 

compounds (actinocenes)
44

 which are unique to elements in this series. However, it is accepted 

that the understanding of actinide chemistry has been hampered by a lack of experimental studies 

due to the scarcity and radioactivity of most of the elements in the series.
45

 

The differences between actinide and lanthanide chemistry are particularly relevant due 

to the importance of actinide-lanthanide separations in the permanent disposal by transmutation 

of long-lived radioactive actinides in spent nuclear fuel.
46

 The lanthanides and several of the 

actinides form stable trivalent cations in aqueous solution, and these cannot be separated 

effectively on the basis of size to charge ratio.
47

 However, certain elements show a greater 

affinity for actinide ions than lanthanides. This was first reported by Seaborg and Street, who 

found that HCl reversed the order of elution of actinides from a citrate column with respect to the 

lanthanides.
48

 Since then, a number of actinide-selective complexants have been used in a variety 

of actinide-lanthanide separations, with diethylenetriaminepentaacetic acid (DTPA),
49

 

octyl(phenyl)-N,N-diisobutylcarbomoylmethylphosphine oxide (CMPO),
50

 and 2,9-bis(1,2,4-

triazin-3-yl)-1,10-phenanthroline (BTPhen)
51

 being especially well-studied examples (Fig. 1.1).  

 

Figure 1.1. Structures of actinide-selective ligands DTPA (left), CMPO (center), and BTPhen 

(right). 

In their original report, Seaborg and Street suggested that the enhanced affinity of 

actinides for Cl
-
 could arise from additional contributions of the actinide 5f orbitals towards 
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covalent bonding.
48

 Currently, the difference in actinide-lanthanide bonding is interpreted as a 

difference in their chemical hardness
52

 according to the Pearson hard-soft acid base concept.
53

 

Selectivity of ligands for actinides is hypothesized to arise from the presence of atoms are softer 

bases than oxygen, such as the nitrogen atoms of the ligands in Fig. 1.1. It should be noted that 

chemical hardness is correlated with electronegativity, and nitrogen is classically considered a 

hard acid, ranked just below oxygen in hardness (Fig. 1.2). However, both actinides and 

lanthanides are hard Lewis acids and prefer to bond with hard bases.
54

 Hence, the selectivity of 

N-donors for actinides rests on a small difference in hardness, and the differences in actinide and 

lanthanide complexation energies for actinide selective ligands such as polyaminocarboxylates 

are correspondingly small, usually around 10 kJ/mol
55

 (similar in magnitude to the dissociation 

energy of a classical hydrogen bond
56

). 

 

 

Figure 1.2. Comparison of the qualitative ranking of donor atoms by electronegativity (left) and 

Lewis bases containing some of those atoms in terms of increasing hardness (right). 

Since softer acids and bases are associated with bonding of a more covalent character, 

studies on the differences between actinide and lanthanide metal ligand bonds often investigate 

potential differences in covalency. The ability of actinides to form covalent bonds such as those 

in the actinyl ions
43 

would appear to support this argument. Metal-ligand single bonds in trivalent 

f-elements are considered to be primarily ionic with a small covalent contribution.
57

 While 

experimental methods are often sufficient to detect differences between ionic and covalent 

bonding in transition metals, the correlations are less clear in f-elements.
58

 For instance, U
3+
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complexes with functionalized cyclopentadienyl ligands and CO show a red shift of the CO bond 

stretch IR frequency, which is a classical indicator of metal-to-ligand back bonding,
59

 but 

calculations later showed that the effect was due to through-bond interactions between the 

ligands themselves and involved no contribution from uranium orbitals.
60

 Bonds between Ln
3+

 or 

U
3+

 with group 13 metals have been used as experimental models of covalency, where the 

electropositive donor atom forces electron sharing between the ligand and the f-element ion.
61,62

 

These studies showed a stronger U-metal bond and very weak Ln-metal bonds. However, in a 

recent X-ray absorption study of [LnCl6]
3-

 ions it was suggested that Ce
3+

 may still engage in 

more covalent bonding than some of the actinides.
63

  

With the relationship between covalency and metal-ligand bonding proving complicated 

even in the limit of these soft Lewis bases, one could argue whether covalency need even be a 

factor in the selectivity of the much harder N-donor ligands. Indeed, it has also been proposed 

that the covalency is merely assumed to be the origin of selectivity for N-donor ligands based on 

the absence of any obvious differences between analogous actinide and lanthanide complexes in 

most cases, while selectivity in other cases could arise from differences in coordination mode or 

number which may be attributed to other phenomena such as hydrogen bonding.
64

 

The experimental study of f-element coordination compounds with moderately soft 

donors such as nitrogen thus has an important role in bridging studies of model compounds with 

the applied challenge of f-element separations. Complexes featuring a large number of metal-

nitrogen bonds would be especially interesting, since ligand symbiosis may exaggerate the 

differences between Ln-N and An-N interactions. However, isolating such complexes is a 

synthetic challenge. As f-elements are highly electropositive metals, they are typically found in 

the form of oxides or hydrated salts. Since the f-elements strongly prefer to bond to oxygen,
54
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and the actinides can hydrolyze readily in the presence of bases such as N-donors,
65

 N-donor 

complexes are difficult to isolate directly from these starting materials. 

A wide number of synthetic intermediates have been developed to facilitate the vast 

amount of non-aqueous f-element chemistry that is already known. For Ln
3+

, the 

cyclopentadienyl salts are exceptionally useful.
66

 UI3(THF)3 is frequently used for 

organouranium chemistry.
67

 UO2I2(THF)4
68

 and triflate salts of [UO2]
2+, 69

 have proven useful for 

studying U
6+

. A number of transuranic synthetic intermediates are also known, including aprotic 

solvates of the halides of Pu
3+

,
70

 Pu/Np
4+

,
71

 and [PuO2]
2+,72

 as well as An
3+

 silylamides.
73

 

However, there is still a reason to investigate a way to make N-donor complexes directly from 

hydrated O-donor starting materials, since these reactions would be more similar to the ligand 

exchange reactions which occur in solvent extractions. 

The use of readily available starting materials instead of intermediates would also help to 

overcome the difficulty of working with transuranic isotopes. While chemical research can 

fortunately make use of the safest or most abundant isotopes of an element, even the most stable 

transuranic isotopes have specific activities thousands of times greater than natural uranium. 

Dedicated facilities, shielded glove boxes, and in some cases remotely operated hot cells with 

pneumatic transfer lines are necessary to work with large quantities of transuranics.
42

 In the 

United States, licenses for possession of transuranic isotopes are overseen by the Nuclear 

Regulatory Commission which requires, among other things, emergency response plans for 

accidental releases of comparatively minute quantities of material
74

 and even armed security for 

quantities over 350 g of certain isotopes (including all isotopes of Pu).
75

 If small enough 

quantities are used (on the order 1 mCi of activity), the radiation hazard is reduced to where 

fairly standard containment equipment such as glove boxes and sealed ampoules are sufficient. 
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However, this drastically limits the amount of material that can be handled. 
242

Pu, the longest 

lived plutonium isotope, for instance, has an activity of around 1 mCi/mmol, thus restricting the 

inventory of a conventional laboratory to less than a gram. In light of these challenges, academic 

groups are developing synthetic strategies for obtaining novel transuranic complexes without 

using intermediates, such as high-temperature solid state synthesis
76

 and the use of molten boric 

acid as a reaction medium.
77

 

f-Element complexes with moderately soft bases such as N-donors have a unique role as 

experimental targets for bridging fundamental studies on f-element covalency and separations 

challenges. They are also synthetically challenging targets. However, it seems that synthetic 

tools for isolating these complexes from readily available starting materials are still in need of 

development. 

 

1.3 Research plan and purpose of project 

Coordination chemistry of f-elements in ILs has received significant attention owing to 

the possible use of ILs as nonaqueous phases in nuclear fuel processing.
40

 A number of f-element 

complexes have been identified in solution in ILs
78-80

 and crystallized from ILs in the course of 

developing this research.
81-83

 ILs have even been designed specifically to promote crystallization 

of f-element complexes,
84-86

 but these typically use O-donor functional groups which are known 

to bind f-elements. Little attention has been given to the coordination chemistry of the wide 

range of known ILs functionalized exclusively with N-donor coordination sites (Fig. 1.3). 

Attempting f-element coordination chemistry in these ILs would allow competition from O-

donor solvents to be eliminated and would take advantage of the ability of ILs to enhance the 

coordination of normally noncoordinating ions. 
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Figure 1.3. A few examples of IL-forming, N-donor functionalized cations and anions. 

This project aims to demonstrate the utility of ILs as tools for exploring novel and 

fundamentally interesting coordination chemistry through the isolation of f-element complexes 

with soft donor ligands. This particular area is of high interest in both fundamental and applied 

directions. Furthermore, coordination chemistry in this area is less heavily studied than with 

transition metals, increasing the area which can be explored with a new IL-based methodology. 

Here, methods have been devised by which ILs can be reacted with readily available metal salts 

in order to generate soft donor complexes. Crystallization and structural characterization of 

crystalline complexes were the primary experimental tools for verifying the targeted reactions. 

The IL based platforms were tested using reactions with Ln
3+

, Th
4+

, [UO2]
2+

, and transition and 

main group metals with high affinity for N-donors as controls. 

The most basic IL-based strategy would be reacting a metal salt hydrate with an entirely 

N-donor functionalized IL. This method is discussed in Chapter 2, where ILs containing the 

dicyanamide ion ([N(CN)2]
-
) were reacted with hydrated uranyl salts. The ability to access high 
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concentrations of [N(CN)2]
-
 at low temperatures was found to be critical to the isolation of novel 

uranyl dicyanamide complexes through this approach.  

The approach in Chapter 2 is not necessarily extensible to ILs of all ions in Fig. 1.3, as 

most of those are stronger bases than [N(CN)2]
-
 and therefore more susceptible to hydrolysis. 

Chapter 3 focuses on the use of O-donor ILs to dehydrate f-element hydrates. The approach 

could be used to prepare and isolate anhydrous f-element compounds for dissolution and reaction 

in an N-donor system, or the IL itself could be used as the medium for a reaction between an f-

element salt and an N-donor ligand. 

The approaches in Chapters 2 and 3 led to the isolation and crystallographic 

characterization of novel N-donor complexes, but the O-donor anions of the starting material 

remained coordinated throughout. Chapter 4 investigates a method for using the low volatility of 

the IL to eliminate the coordinating anions through neutralization and volatilization. There was 

evidence for the success of this approach with Pb
2+

, which has a high affinity for N-donor 

ligands. However, attempting the approach with [UO2]
2+

 led to the isolation of a product which 

indicated coordination of the N-donor ligand was prevented by an interfering and presently 

unavoidable side reaction. 

An alternative way to deal with the presence of anions which was not explored in 

Chapters 2 and 3 would be to use a neutral, rather than anionic, ligand to displace water. This 

approach is discussed in Chapter 5, where 1,3-diethylimidazole-2-thione (C2C2ImT) was used as 

a zwitterionic soft donor ligand for the dehydration of f-element hydrates. The approach led to 

the isolation of anhydrous soft donor complexes which are intriguing intermediates for further 

substitution of the anions. 
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The research in Chapters 2-4 was focused on developing methodologies which allowed 

the isolation of soft donor complexes from ILs, while Chapter 5 looked at derivatization of an IL 

to make a soft donor ligand. The synthesis of ILs themselves is explored in Chapter 6, where a 

family of soft donor ILs were prepared by reactions of amphoteric and basic azoles and used to 

synthesize transition metal N-donor complexes. This demonstrated a way to easily incorporate 

any of a wide range of amphoteric N-heterocycles into a low temperature, liquid, exclusively N-

donor functionalized system. 
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CHAPTER 2 

 

 

ISOLATION OF URANYL DICYANAMIDE COMPLEXES FROM N-DONOR  

IONIC LIQUIDS 

 

Taken as part of a published manuscript: Kelley, S. P.; Rogers, R. D. Inorg. Chem. 2015, 54, 

10323-10334; DOI:10.1021/acs.inorgchem.5b01699. 

 

2.1 Introduction 

We are interested in applying ILs (generally defined as salts which melt below 100 
o
C)

1
 

as tools for studying fundamental f-element chemistry. ILs have been the subject of much basic 

and applied research, with inorganic chemistry developing into a particularly promising area of 

study.
2
 The extraction of metal ions from aqueous solutions into hydrophobic ILs was 

demonstrated
3,4

 following the discovery of non-volatile and non-flammable, hydrophobic ILs
5
 

and has become a particularly vigorous area of IL research. Extractions involving actinides and 

lanthanides are especially well studied due to the importance of liquid-liquid extractions in spent 

nuclear fuel reprocessing.
6
 Enough studies of fundamental f-element chemistry in ILs have been 

conducted to warrant several reviews on the subject,
7-11

 many with the aim of advancing the 

application of ILs towards actinide and lanthanide separations. Some of these studies have 

revealed unusual chemistry in ILs, but they seem only to scratch the surface of the full potential 

of ILs for new discoveries in f-element chemistry. 

The goal of our research is to study the nature of f-element bonds to moderately soft 

donor atoms such as nitrogen. This has relevance for the separation of trivalent actinides and 

http://dx.doi.org/10.1021/acs.inorgchem.5b01699
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lanthanides, which appear together in spent nuclear fuel and are nearly impossible to separate on 

the basis of size-to-charge ratio.
12

 Ligands containing soft donor atoms show a greater affinity 

for trivalent actinides over lanthanides, and promising solvent extraction methods for separating 

actinides from lanthanides, such as TRUEX
13

 and TALSPEAK,
14

 usually use ligands containing 

soft donor atoms such as phosphorous and nitrogen as actinide-selective extractants or holdback 

reagents.  

A greater degree of covalent bonding in trivalent actinide metal-ligand bonds was first 

put forward in the 1950s by Street and Seaborg as a possible reason for the actinide selectivity of 

soft donors.
15

 Studies on phenomena unique to the actinide series, such as the formation of 

actinyl ions
16

 and the discovery of An(IV) bis(cyclooctatetraene) complexes,
17

 further cemented 

the idea of unique actinide-ligand covalent interactions. However, the degree of covalency in f-

element bonds, the orbitals involved, and even whether covalency is behind soft-donor 

selectivity for actinides have all been debated for decades.
18-20

 Efforts have been made to 

combine experimental extraction studies with structural studies such as computational 

modeling
21-22

 or X-ray crystallography
23

 in order to determine the nature of the extractant-metal 

interaction in demonstrably actinide-selective ligands where metal coordination occurs through 

soft donor atoms. 

The reason for this ongoing debate is due at least in part to a lack of experimental data on 

soft donor complexes of actinides. Not only are the transuranic actinides very rare and difficult to 

work with, actinides and lanthanides are hard Lewis acids and strongly oxophilic,
24

 making 

isolation and characterization of f-element soft donor complexes a challenge. While an 

impressive array of novel f-element soft donor complexes have been discovered in areas such as 

organoactinide chemistry
25

 or actinide-ligand multiple bonding,
26

 classical Werner-type 
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complexes of f-elements with exclusively N-donor ligands are very rare because of the rigorous 

conditions often required to prevent O-donor ligands from bonding. Recent studies, including the 

isolation of anhydrous uranyl isothiocyanate
27

 and dithiocarboxylate,
28

 do show that is possible 

to obtain soft donor complexes from hard-donor ligated starting materials for the uranyl ion 

([UO2]
2+

), at least. A powerful and versatile tool for preparing a wide range of f-element N-donor 

complexes in the presence of interferences such as water and air would greatly facilitate their 

experimental study. 

There are a number of ILs which contain only basic nitrogen atoms for coordination, such 

as those containing the ([N(CN)2]
-
) ion

29
 or ions based on N-heterocycles.

30-31
 These liquids 

should be ideal for forcing the coordination of a hard f-element cation to a soft nitrogen donor 

because of the high concentration of essentially uncoordinated N-donor ions, even under ambient 

conditions and in competition with ligands such as water. Indeed, high ionic strength media such 

as concentrated inorganic acids have already been successfully exploited for novel uranium 

coordination chemistry.
32

 However, for the organic N-donor anions of interest here, ILs may be 

the only medium in which such high ionic strengths are accessible.  

Studies of f-element speciation in ILs, often conducted to advance applied separations 

research, have given a glimpse of the types of novel chemistry possible in ILs. The low volatility 

and high ion concentration in ILs allows neutral molecules to be volatilized and normally 

noncoordinating ions to coordinate. For instance, anhydrous halometallates of lanthanides
33-35

 

and uranium
36-39

 have been isolated and structurally characterized starting with aqueous solutions 

of these metals, and homoleptic lanthanide complexes of normally weakly coordinating anions 

such as [NTf2]
-
 and iodide have been isolated from ILs with these anions.

33,40-41
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The weakly solvating IL ions can enhance the basicity of normally noncoordinating 

ligands, as observed in the isolation of the first N-methylimidazole complex of uranyl,
42

 or allow 

the stabilization of reactive species such as divalent rare earth cations.
43

 f-Element complexes 

can even be made into ILs, some with melting points below room temperature,
44-46

 representing 

some of the most highly f-element-loaded liquids that can be obtained at low temperatures. These 

interesting findings are made using ILs with simple, well-studied ions or weakly coordinating 

ions. The even greater potential for new chemistry with ILs that are designed to coordinate to f-

elements is beginning to be explored,
47-49

 and there is much room for new approaches including 

ILs designed to force the coordination of N-donors to f-elements.  

In this study, we report reactions of two hydrated uranyl salts, UO2(NO3)2∙6H2O and 

UO2(OAc)2∙2H2O, with salts of the N-donor anion [N(CN)2]
-
. Nitrile groups have been used as 

ligands for transition metals for many years,
50

 and [N(CN)2]
-
 has been well-studied as a bridging 

ligand in magnetic coordination polymers.
51

 However, there are very few reported complexes of 

the [UO2]
2+

 ion with nitrile-containing ligands, with the only structurally-characterized uranyl 

dicyanamide complex reported in 2010.
52

  

Here, we report that two room temperature ILs, 1-ethyl-3-methylimidazolium 

dicyanamide ([C2mim][N(CN)2]) and N-butyl-N-methylpyrrolidinium dicyanamide 

([C4mpyrr][N(CN)2]) shown in Fig. 2.1 (top), are able to substitute all O-donor ligands bound to 

a [UO2]
2+

 center through solventless reactions with UO2(NO3)2∙6H2O. In the slower, solvent-

assisted reaction of UO2(OAc)2·2H2O with another IL, 1-(4-cyanobutyl)-3-(2-

cyanoethyl)imidazolium dicyanamide ([(C4CN)(C2CN)Im][N(CN)2], Fig. 2.1 bottom), strongly 

coordinating O-donor anions are generated through hydrolysis and are not displaced by N-

donors, although water molecules are still substituted by [N(CN)2]
-
 to give a dicyanamide-
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bridged uranyl coordination polymer. Lastly, we show through reactions of [UO2]
2+

 salts with 

inorganic Na[N(CN)2]
-
 salts that the [N(CN)2]

-
 ion is not stable to acidic aqueous solutions at 

high temperatures or for extended times, and only the use of the IL enables the use of gentle 

enough conditions for the isolation of uranyl dicyanamide compounds. 

 

 

Figure 2.1. The ILs [C2mim][N(CN)2] (top left), [C4mpyrr][N(CN)2] (top right), and 

[(C4CN)(C2CN)Im][N(CN)2] (bottom).  

 

2.2 Experimental 

2.2.1 Materials and methods. UO3 was obtained from Strem Chemical (Newburyport, 

MA). UO2(OAc)2∙2H2O was obtained from Alfa-Aesar (Ward Hill, MA). UO2(NO3)2∙6H2O was 

either obtained from Alfa-Aesar or prepared by a reaction of UO3 with nitric acid, where UO3 

was dissolved in an excess of ~3M nitric acid (prepared from concentrated nitric acid, Sigma-

Aldrich, St. Louis, MO) with mechanical stirring and evaporated to dryness in a sand bath at 

80 
o
C yielding a yellow powder. Deionized water (from a house deionized water system, typical 

resistivity 17.8 MΩ∙cm, Culligan International Co., Rosemont, IL) was very slowly added to this 

powder at room temperature until a wet slurry formed. UO2(NO3)2∙6H2O was obtained from this 

slurry by partially liquefying it at ca. 70 
o
C and decanting the liquid from the solid. Upon cooling 

to room temperature, the isolated liquid completely crystallized into long, prismatic, yellow-
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green crystals of UO2(NO3)2∙6H2O. [C4mpyrr][N(CN)2] was obtained from Iolitec, Inc. 

(Tuscaloosa, AL) and used as received. [C2mim][N(CN)2] was either used as received from 

Iolitec or prepared by the procedure reported by MacFarlane et al.,
29

 where solutions of silver 

dicyanamide (97%, Alfa Aesar) and [C2mim][Cl] (Iolitec) in anhydrous acetone (Alfa-Aesar, 

dried by distillation over CaSO4) were combined, the precipitated AgCl washed off, and the 

resulting liquid dried under high vacuum at 70 
o
C. The preparation of 

[(C4CN)(C2CN)Im][N(CN)2] is reported elsewhere.
53

  

FT-IR spectra were measured using a Bruker ALPHA FT-IR spectrometer with a 

diamond ATR sampling accessory (Bruker Optics, Billerica, MA). SCXRD data were collected 

using a Siemens SMART diffractometer equipped with a Bruker APEX II CCD camera (Bruker-

AXS, Madison WI). The crystals of [C2mim]2[(UO2(NO3)2N(CN)2)2], 

[C4mpyrr]2[(UO2(NO3)2N(CN)2)2], and (UO2(SO4)(biuret)(OH2))2 were cooled during data 

collection using an Oxford N-Helix cryostat (Oxford Cryosystems, Oxford, UK). Crystals of 

[(C4CN)(C2CN)Im]2n[{(UO2)4(O)2(OAc)2(N(CN)2)2}n] were cooled using a Siemens LT-2 

Cryostat (Bruker AXS). Powder X-ray diffraction (PXRD) was measured with a Bruker D2 

Phaser powder X-ray diffractometer (Bruker-AXS). 
13

C NMR were measured on a Bruker 

Avance 500 MHz NMR spectrometer. Water content was measured using a Mettler-Toledo C20 

coulometric Karl-Fischer titrator (Mettler-Toledo, Columbus, OH) with Aquastat KF reagent 

(Sigma Aldrich). 

2.2.2. Reactions of UO2(NO3)2∙6H2O with [C2mim][N(CN)2] and [C4mpyrr][N(CN)2]. 

Single crystals of [C2mim]2[(UO2(NO3)2N(CN)2)2] and [C4mpyrr]2[(UO2(NO3)2N(CN)2)2] were 

obtained as follows. The ILs were weighed into a tared, empty vial and one molar equivalent of 

UO2(NO3)2∙6H2O was calculated, weighed onto a tared sheet of weighing paper, and added to the 
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IL. The vials were capped and stored in a dark drawer. Single crystals of 

[C2mim]2[(UO2(NO3)2N(CN)2)2] were isolated after 2 days and characterized by SCXRD. Single 

crystals of [C4mpyrr]2[(UO2(NO3)2N(CN)2)2] were isolated and analyzed by SCXRD after 19 

days. 

In the preparation of [C2mim]2[(UO2(NO3)2N(CN)2)2] in bulk, [C2mim][N(CN)2] was 

first weighed into a tared agate mortar. The appropriate amount of recrystallized 

UO2(NO3)2∙6H2O (one molar equivalent) was calculated and weighed directly into the IL. The 

mixture was ground by hand for at least 2 min, timed with an electronic watch. The resulting 

waxy, yellow solid was scraped off the mortar with a steel spatula. The tare weight of an empty 

20 mL borosilicate glass vial was recorded, the reaction product was added to this vial, and the 

total mass was recorded. The sample was placed in a programmable muffle furnace set to 70 
o
C, 

and the mass was recorded at 1 to 2 h intervals. The sample was removed when dried to constant 

weight, resulting in a bright yellow, friable powder. The FT-IR spectrum of the dried sample was 

recorded. Over-heating of the sample resulted in a mass increase, a change in consistency from 

dry and friable to tacky, and a change in color from bright yellow to yellow-orange. 

For the IR experiments, each combination of either UO2(NO3)2∙6H2O or 

[C2mim]2[(UO2(NO3)2N(CN)2)2] with [C2mim][N(CN)2] or [C4mpyrr][N(CN)2] was weighed 

into a separate tared borosilicate glass culture tube. The appropriate grinding time for the 

reactions was determined by grinding approximately 50 mg of UO2(NO3)2∙6H2O with two 

equivalents of [C2mim][N(CN)2] for a total of 5 min, with aliquots being measured by IR after 

every 30 sec of grinding. It was found that 2 min of grinding time was sufficient for total 

homogenization as no evolution of the spectra was observed with further grinding. The reaction 

mixtures were prepared by first weighing the ILs followed by calculating and weighing the 
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appropriate mass of uranyl salt onto a piece of tared weighing paper and then combining it with 

the IL. The water contents of the ILs were measured to ensure the masses of the ILs were 

accurate and found to be approximately 0.5 wt% of each. Masses used for each combination are 

given in the Appendix (Tables 2.2-2.4). 

Each combination was homogenized by grinding the chemicals by hand against the 

container walls with a glass stirring rod for at least 2 min. A portion of each mixture was taken 

immediately after grinding and smeared against the ATR diamond, and the FT-IR spectrum was 

recorded. Crystallization of reactions of UO2(NO3)2∙6H2O with [C2mim][N(CN)2] was attempted 

by adding 1 mL of acetonitrile (Alfa-Aesar) to each sample. The acetonitrile was allowed to 

evaporate under ambient conditions yielding bright yellow, amorphous solids in all cases.  

13
C NMR experiments were conducted under solventless conditions using deuterated 

chloroform as an external lock. A Kontes 235 NMR tube (Kimble-Chase LLC, Rockwood, TN) 

was loaded with a flame-sealed glass capillary tube containing deuterated chloroform. Mixtures 

of UO2(NO3)2∙6H2O and [C2mim][N(CN)2] were made by adding UO2(NO3)2∙6H2O to an NMR 

tube containing a known mass of [C2mim][N(CN)2] and completely dissolving the solid with 

vortex mixing and occasional heat from a heat gun. The 
13

C NMR spectrum was measured, and 

then more UO2(NO3)2∙6H2O was weighed into the same NMR tube to reach the next desired 

concentration. Mixtures of [C2mim]2[(UO2(NO3)2N(CN)2)2] and [C2mim][N(CN)2] were made 

the same way except the total mass of [C2mim]2[(UO2(NO3)2N(CN)2)2] was added first, and the 

IL was then added in increments following each measurement. To keep the NMR sample height 

near the optimized value of 50 mm, it was occasionally necessary to remove some of the solution 

from the sample tube. When this was done, the sample tube was weighed before and after 

removal to determine how much mass was removed. The mass percentages of both components 
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of the mixture were calculated and used to determine how much uranium salt and IL were 

removed, respectively. Subsequent additions of UO2(NO3)2∙6H2O or [C2mim][N(CN)2] were 

made based on the adjusted masses. The exact masses of each component in the NMR tube are 

given in the Appendix (Tables 2.6-2.7).  

After analysis, the samples from both NMR experiments were retained and stored in their 

NMR tubes in a dark drawer. The UO2(NO3)2∙6H2O system was observed to form a large amount 

of yellow solids while the [C2mim]2[(UO2(NO3)2N(CN)2)2] system remained a transparent 

solution over a period of at least several months. 

2.2.3. Crystallization of [(C4CN)(C2CN)Im]2n[catena-{(UO2)4(O)2(OAc)4(N(CN)2)2}n]. 

50.9 mg of UO2(OAc)2∙2H2O (0.120 mmol) and 22.7 mg of [(C4CN)(C2CN)Im][N(CN)2] (0.084 

mmol) were weighed into a borosilicate glass test tube with a threaded top. The chemicals were 

ground for ca. 1 min with a glass rod forming a homogeneous yellow paste. 1 mL of acetonitrile 

was added to the container. The mixture was capped, swirled by hand, vortexed for several 

minutes, and then stored in a dark drawer. 27 days later, a clump of bright yellow crystals were 

removed from the mixture and examined with an optical polarizing microscope (Nikon 

Instruments, Inc., Melville, NY). A suitable crystal was selected for SCXRD analysis. 

2.2.4. Reaction of UO2(NO3)2∙6H2O with NaN(CN)2. 78 mg of freshly recrystallized 

UO2(NO3)2∙6H2O were weighed into a tared borosilicate glass culture tube. The tube was capped 

and heated in a sand bath at 70 
o
C, and UO2(NO3)2∙6H2O was observed to melt. 28 mg 

NaN(CN)2 were weighed onto a tared sheet of weighing paper, the reaction vessel was opened, 

and the NaN(CN)2 was added directly to the hot UO2(NO3)2∙6H2O. The vessel was capped, and 

the mixture continued to be heated with no stirring at 70 
o
C. The reaction was stopped after 
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several hours when the mixture had completely solidified and was not observed to change any 

more with time. The resulting solid product was analyzed by PXRD and FT-IR. 

2.2.5. Crystallization of (UO2(SO4)(biuret)(OH2))2. To a tared 20 mL borosilicate glass 

vial 0.163 g UO3 and 1 mL DI water were added. Next, 0.30 mL of concentrated sulfuric acid 

(Sigma-Aldrich, 96 wt.%) were added dropwise from a 1 mL syringe under continuous stirring. 

All solids had completely dissolved by the end of the addition. One molar eq. of Ba(N(CN)2)2 

was weighed into a separate 20 mL vial and completely dissolved in a small amount of water. 

This solution was added to the uranyl sulfate solution, resulting in the immediate formation of a 

white precipitate. The solution was filtered twice by gravity filtration through Whatman No. 6 

filter paper. One molar equivalent of [C2mim][N(CN)2] was weighed directly into this solution. 

The solution was allowed to evaporate under ambient conditions. After 2 days, a white powder 

coated the walls of the vial, and the solution was decanted into a clean vial. After ca. one month, 

the solution had evaporated almost completely yielding bright yellow, blocky crystals, one of 

which was selected for SCXRD analysis. 

2.2.6. Crystal structure determination. Single crystals were mounted on glass fibers using 

silicone grease and cooled to their respective temperatures under a cold nitrogen stream. 

Diffraction was measured using graphite-monochromated Mo-Kα radiation (0.71073 Å). Data 

was collected in 0.5
o
 frames using a strategy of scans about the omega and phi axes. Data 

collection, unit cell determination, data reduction and integration, absorption correction, and 

scaling were performed using the Apex2 software suite from Bruker.
54

  

A single crystal of [C2mim]2[(UO2(NO3)2N(CN)2)2] measuring 0.22 x 0.18 x 0.09 mm 

was analyzed by single crystal X-ray diffraction at -173 
o
C. The appropriate location of the 

uranium atom could not be found using direct methods or Patterson refinement. The structure 
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was ultimately solved by intrinsic phasing, which assigned the structure to the space group P21/c 

and was able to locate the uranium atom and most of the non-hydrogen atoms correctly. The 

correct elements were assigned to the non-hydrogen atoms, and they were refined anisotropically 

by full-matrix least squares refinement against F
2
. 

The crystal structure of [C4mpyrr]2[(UO2(NO3)2N(CN)2)2] could not be determined at  

-173 
o
C due to twinning. Data collection at room temperature gave a smaller, high-symmetry unit 

cell than that obtained at low temperature. The low temperature phase change of 

[C4mpyrr]2[(UO2(NO3)2N(CN)2] was studied by mounting a crystal on the diffractometer at 0 
o
C 

and determining its unit cell. The crystal was then cooled in increments of 10 
o
C, and a single 

diffraction photograph was taken across a 0.5
o 

width. On cooling from -123 
o
C to -133 

o
C, the 

diffraction pattern was observed to change dramatically. Unit cell determination at -133 
o
C 

indicated that the crystal had lost its single crystallinity and suggested that the unit cell was 

approximately 4 times larger than the higher temperature unit cell. The reversibility of the phase 

change on warming was not investigated. Attempts to de-twin the low temperature structure or 

model the disorder in the high temperature structure were unsuccessful. The best model was 

obtained by refining against data collected on a single crystal measuring 0.10 x 0.10 x 0.05 mm 

at 0.0 
o
C. The structure was solved by intrinsic phasing, and all non-hydrogen atoms could be 

anisotropically refined by full-matrix least squares refinement against F
2
. The unresolved 

disorder leads to large thermal parameters and deviating carbon-carbon bond distances in the 

cation as well as difference map peaks and holes around the metal center. However, it is clear 

from the comparison of the structure with the more well-behaved 

[C2mim]2[UO2(NO3)2N(CN)2)2] structure that the atom positions have been correctly assigned. 

Additionally, the structure contained 3 outlying reflections with Iobs/Icalc > 10σ. Removing these 
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reflections from the refinement seemed to negatively affect the positions of the atoms in the 

disordered cation, so they were ultimately kept in the refinement. The deviation may actually 

reflect inaccuracy in Icalc due to the unresolved disorder rather than errors in the measured 

intensity of these reflections. 

The structure of [(C2CN)(C4CN)Im]2n[{(UO2)4(O)2(OAc)4(N(CN)2)2}n] was determined 

from SCXRD data collected on a crystal measuring 0.07 x 0.04 x 0.03 mm at -100 
o
C. The 

crystal structure was solved by direct methods and refined by full-matrix least squares 

refinement against F
2
. The final model shows oblate thermal parameters for some of the light 

atoms. In some cases this can indicate problems such as disorder or incorrect element 

assignment. Here, however, they are likely due to problems with the empirical absorption 

correction which are in turn caused by weak high-angle data and domination of the scattering by 

the heavy atom. The accuracy of the crystal structure reported here is strongly supported by its 

similarities to the published structures referenced in the discussion. Selection of a better crystal 

was not possible due to the manner in which the crystals were grown.  

The structure of (UO2(SO4)(biuret)(OH2))2 was determined from data collected at -173 
o
C 

on a single crystal measuring 0.04 x 0.04 x 0.13 mm. The structure was solved by direct methods 

and refined anisotropically by full-matrix least squares refinement about F
2
. Hydrogen atoms 

bonded to nitrogen and oxygen were located from the difference map, their coordinates were 

allowed to refine freely, and their thermal parameters were constrained to ride on the carrier 

atom. The presence of an electron density peak near the biuret nitrogen atom triggered a 

checkCIF alert, but charge balance forbid this site from being further protonated. All hydrogen 

atom positions refined without restraint to give realistic bond distances and hydrogen bonds, and 

the bond angles about all nitrogen sites are consistent with –NR2 groups of amide character.  
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Space group determination, structure solution and refinement, and generation of ORTEPs 

were carried out using the Bruker SHELXTL software package.
55

 Structures were refined using 

SHELX v. 2013.
56

 Intrinsic phasing by dual space methods were done using SHELXT.
57

 CSD 

searches were performed using ConQuest (CCDC, Cambridge, UK).
58

 Short contact analysis and 

packing plots were made using Mercury (CCDC).
59

 Hydrogen atoms bonded to carbon were 

placed in calculated positions, and hydrogen atom coordinates and thermal parameters were 

allowed to ride on the carrier atom. Hydrogen atoms on methyl groups were refined using a 

riding-rotating model. 
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Table 2.1. Summary of SCXRD data. 

 

  

 

 

[C2mim]2 

[(UO2(NO3)2-

N(CN)2] 

[C4mpyrr]2 

[(UO2(NO3)2-

N(CN)2] 

[(C4CN)(C2CN)Im]2n 

[{(UO2)4(O)2(OAc)4-

(N(CN)2)2}n] 

(UO2(SO4)(biuret)-

(OH2))2 

Formula C16H22N14O16U2 C22H40N12O16U2 C17H42N14O18U4 C4H14N6O18S2U2 

Crystal system Monoclinic Monoclinic Triclinic Monoclinic 

Space group P21/c P21/c P-1 P21/n 

Lattice 

constants: 

    

a (Å) 10.7642(3) 9.6612(5) 10.0087(8) 7.9627(2) 

b (Å) 14.3103(4) 16.9016(7) 10.6432(8) 10.9246(3) 

c (Å) 10.9061(3) 12.2183(5) 12.424(1) 10.9120(3) 

α (
o
) 90 90 102.123(5) 90 

β (
o
) 110.4520(10) 105.331(3) 96.577(6) 90.037(1) 

γ (
o
) 90 90 103.460(5) 90 

Cell volume 

(Å
3
) 

1574.07(8) 1924.12(2) 1239.6(2) 949.23(4) 

Z 2 2 1 2 

μ (mm
-1

) 10.367 8.485 13.106 17.366 

Total 

reflections 

36317 16578 16262 46293 

Unique 

reflections 

6854 5813 4509 4081 

Observed 

reflections  

(I > 2σ) 

5905 3566 3060 3735 

Rint 0.0372 0.0643 0.0769 0.0345 

Completeness 

to 2θ 

99.8% to 

69.766
o
 

98.3% to 

61.136
o
 

97.5% to 51.168
o
 99.8% to 65.434

o
 

GooF 0.967 0.991 1.014 1.200 

Final R indices  

observed/total 

0.0192/0.0262 0.0431/0.0878 0.0337/0.0692 0.0202/0.0239 

wR
2 
all 

reflections 

0.0443 0.1128 0.0731l 0.0417 
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2.3 Results and discussion 

2.3.1 Solventless reactions of UO2(NO3)2∙6H2O with equimolar amounts of IL. 

UO2(NO3)2∙6H2O is one of the most important uranyl starting materials, and its structure, in 

which uranyl ions are bonded to both anionic and neutral O-donors,
60

 makes it a useful test of the 

coordinating ability of [C2mim][N(CN)2] and [C4mpyrr][N(CN)2]. Two methods of reacting 

UO2(NO3)2·6H2O with one eq. of either IL were explored. Allowing UO2(NO3)2·6H2O to come 

into contact with one eq. of either IL at room temperature in a glass vial with no mixing caused it 

to react slowly with the IL, forming single crystals over several days. UO2(NO3)2·6H2O also 

reacted with one eq. of either IL when hand-ground in a mortar and pestle at room temperature 

for 2 min. During grinding, both mixtures first completely liquefied and then re-solidified to give 

waxy, yellow solids. 

The crystals obtained from slowly reacting UO2(NO3)2·6H2O with [C2mim][N(CN)2] or 

[C4mpyrr][N(CN)2] were identified by SCXRD as [C2mim]2[(UO2(NO3)2N(CN)2)2] and 

[C4mpyrr]2[(UO2(NO3)2N(CN)2)2], respectively (Fig. 2.2). Both compounds are adducts of 

UO2(NO3)2 and either IL formed through the substitution of water by the IL anion (Eq. 2.1):  

UO2(NO3)2·6H2O + [C2mim][N(CN)2]  

  ½[C2mim]2[(UO2(NO3)2N(CN)2)2]+ 6H2O 

 

UO2(NO3)2·6H2O + [C4mpyrr][N(CN)2]  

  ½[C4mpyrr]2[(UO2(NO3)2N(CN)2)2] + 6H2O (2.1) 

 

The [UO2]
2+

 complex found in both structures is an anionic, centrosymmetric dimer with two 

[UO2]
2+

 ions bound to two bidentate [NO3]
-
 anions and bridged to each other by two terminally-

coordinating [N(CN)2]
-
 anions, forming the same 12-membered cycle found in the [UO2]

2+
 

complexes reported by Crawford et al.
52

 In both structures, the anions are balanced by two 

cations from the IL. In the case of [C4mpyrr]2[(UO2(NO3)2N(CN)2)2], the thermal ellipsoids of 
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the atoms in the [C4mpyrr]
+
 ions were much larger than those of the anion (Fig. 2.15, appendix), 

indicating disorder. However, the atomic positions were consistent with the expected structure. 

The crystal of [C4mpyrr]2[(UO2(NO3)2N(CN)2)2] was also found to undergo a phase transition 

upon cooling (Fig. 2.14, appendix) to give a larger, lower-symmetry unit cell, likely indicating a 

disorder-to-order transition. The low temperature phase of [C4mpyrr]2[(UO2(NO3)2(N(CN)2)2] 

could not be determined due to loss of single crystallinity following the transition. 

  

Figure 2.2. Ball-and-stick plots of formula units of [C2mim]2[(UO2(NO3)2N(CN)2)2] (left) and 

[C4mpyrr]2[(UO2(NO3)2N(CN)2)2] (right). Dashed lines indicate shortest cation-anion contacts. 

The structural parameters and crystal packing (Fig. 2.3) were examined to better 

understand the strength and nature of the U-[N(CN)2]
-
 interactions. The U-N bonds are the 

shortest equatorial bonds, and one of the [NO3]
-
 ions is deflected significantly out of the 

equatorial plane while the coordinating nitrogen atoms have nearly ideal positions. Together, 

these suggest that the [N(CN)2]
-
 ions are interacting as strongly as, if not stronger than, the 

[NO3]
-
 ions, and U-[NO3]

-
 interactions are weakened in order to accommodate the [N(CN)2]

-
 

ring. Additionally, the nitrile nitrogen atoms, which are considered to carry most of the negative 

charge of the [N(CN)2]
-
 ion,

61
 do not show any of the interionic short (less than the sum of the 



34 

 

Van der Waals radii) contacts to positively charged atoms seen for coordinated and 

noncoordinating [NO3]
-
 oxygen atoms. This could indicate that these atoms are donating more of 

their negative charge to the U atom than the [NO3]
-
 oxygen atoms.  

  

  
Figure 2.3. Top: Ball and stick plots of uranium coordination environments and bond distances 

in Å for [C2mim]2[(UO2(NO3)2N(CN)2)2] (left) and [C4mpyrr]2[(UO2(NO3)2N(CN)2)2] (right). 

Bottom: All anion-anion and cation-[N(CN)2]
-
 short contacts (shown as dashed green lines) to a 

single anion (shown as ball-and-stick) for [C2mim]2[(UO2(NO3)2N(CN)2)2] (left) and 

[C4mpyrr]2[(UO2(NO3)2N(CN)2)2] (right). 

The counterion appears to affect the structures of the [(UO2(NO3)2N(CN)2)2]
2-

 ions both 

directly and indirectly. [C2mim]2[(UO2(NO3)2N(CN)2)2] has significantly shorter U-N bond 

distances than [C4mpyrr]2[(UO2(NO3)2N(CN)2)2]. While the structures were determined at 

different temperatures, this does not seem to be the source of the differences in the U-N bonds as 

there is no corresponding lengthening for the U-O bonds. Noncovalent interactions such as 

hydrogen bonding, on the other hand, have been implicated to have a significant enough effect 

on [N(CN)2]
-
 coordination to completely change the coordination mode

62
 and could conceivably 

affect this bond distance. The [C2mim]
+
 ion in [C2mim]2[(UO2(NO3)2N(CN)2)2] makes a short 
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contact to the [N(CN)2]
-
 amide nitrogen (Fig. 2.3, bottom left), which is characteristic of the 

main Coulombic interaction between an imidazolium ring and its counterion.
63

 By contrast, the 

[N(CN)2]
-
 ions in the [C4mpyrr]

+
 salt are involved in a short contact (Fig. 2.3, bottom right) that 

has no obvious interaction as its source and, given the disorder of the cation, may not represent a 

true short contact at all. The counterion also appears to affect the U-O bond distances indirectly 

through differences in packing. The [C2mim]
+
 salt has anion-anion short contacts involving the 

axial [UO2]
2+

 oxygen atoms which are not present in the [C4mpyrr]
+
 salt and appear to result 

from the greater overlap of the anions due, in turn, to the smaller size of the cation. 

As mentioned earlier, the reaction of either IL with UO2(NO3)2∙6H2O could also be done 

in bulk by grinding to give a solid product. For [C2mim][N(CN)2], 

[C2mim]2[(UO2(NO3)2N(CN)2)2] was found to be the major crystalline phase by powder X-ray 

diffraction (PXRD, Fig. 2.10, Appendix). IR spectroscopy measured on the material immediately 

after grinding showed no detectable remnants of unreacted IL (Fig. 2.4 a and b). The solid was 

dried by careful heating (ca. 2 h in an oven at 70 
o
C followed by storage in a desiccator for 

several hours at room temperature), resulting in a decrease of IR absorption in the O-H stretching 

region to below the threshold of detection but with no other major changes to the spectrum (Fig. 

2.4 c). The compound degraded when heated for too long, causing it to change in consistency 

from dry and powdery to sticky with concurrent changes to the IR spectra and PXRD pattern. 

Isolation of the product of the 1:1 reaction of [C4mpyrr][N(CN)2] and UO2(NO3)2·H2O was not 

attempted, but it can be inferred from the IR spectra (discussed later) that the reaction is likely 

analogous to [C2mim][N(CN)2].  
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Figure 2.4. FT-IR spectra showing (a) [C2mim][N(CN)2], (b) the product obtained immediately 

after grinding UO2(NO3)2∙6H2O with 1 eq. [C2mim][N(CN)2], (c) dried 

[C2mim]2[(UO2(NO3)2N(CN)2)2]. 

Because neither starting material could be detected by IR or PXRD, the spectrum in Fig. 

2.4c should correspond to pure [C2mim]2[(UO2(NO3)2(N(CN)2)2]. The [UO2]
2+

, [NO3]
-
, and 

[N(CN)2]
-
 groups all have absorptions in the mid-IR range that would be expected to differ the 

most from the starting materials due to the change in structure. The three peaks between 2400-

2000 cm
-1

 have been previously assigned, from lowest to highest energy, as the [N(CN)2]
-
 C≡N 

asymmetric stretch, the C≡N symmetric stretch, and a combination band from C-N symmetric 

and asymmetric stretching modes.
61

 It is apparent from Fig. 2.4c that both C≡N stretching modes 

are shifted to higher energies by 60 cm
-1

, while the combination band is shifted to higher energy 

by 111 cm
-1

. The [NO3]
-
 N-O and [UO2]

2+
 U=O stretching modes were identified by comparison 
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to the IR spectrum of UO2(NO3)2·6H2O. The N-O stretching modes become sharper, less 

structured, and are shifted farther apart from each other by 67 cm
-1

.
 
These changes are consistent 

with stronger interactions between the [NO3]
-
 ions and the metal center, possibly because the 

strong hydrogen bonding from lattice water molecules (which would weaken the metal-ligand 

interactions) is no longer present. On the other hand, the U=O stretching mode at 933 cm
-1

 shows 

virtually no shift relative to UO2(NO3)2∙6H2O (934 cm
-1

). 

2.3.2. Solventless reactions of UO2(NO3)2 with 2 or more equivalents of [N(CN)2]
-
. 

Having shown that water molecules in UO2(NO3)2·6H2O are substituted essentially 

quantitatively by [N(CN)2]
-
, reactions of UO2(NO3)2·6H2O with [N(CN)2]

-
 ILs at higher ratios of 

[N(CN)2]
-
 to [UO2]

2+
 were investigated to determine whether or not [NO3]

-
 ions could also be 

substituted. Reactions of UO2(NO3)2·6H2O with different amounts of either [C2mim][N(CN)2] or 

[C4mpyrr][N(CN)2], at approximately integer molar ratios from 2 to 10, were conducted by hand 

grinding for at least 2 min at room temperature. To determine if the liberated water molecules 

had any effect on the reaction, anhydrous [C2mim]2[(UO2(NO3)2N(CN)2)2] was also reacted with 

increasing amounts of [C2mim][N(CN)2]. In all cases, reactions with 2 or more eq. of either IL to 

[UO2]
2+

 produced liquids at room temperature which we were unable to crystallize and were 

therefore investigated by IR and NMR spectroscopy. 

IR spectroscopy was used to look for any shifts, especially in the C≡N and N-O 

stretching bands, which could indicate substitution of [NO3]
-
. Similar changes were observed in 

the spectra of all three systems as the amount of IL increased. Due to the similarities, the 

discussion here will focus on the IR spectra of reactions of [C2mim][N(CN)2] with 

UO2(NO3)2·6H2O (Fig. 2.5), while spectra of the other systems are available in the appendix 

(Figs. 2.11 and 2.12). 
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Figure 2.5. (a) FT-IR spectra of UO2(NO3)2∙6H2O and [C2mim][N(CN)2] vs. reaction products at 

varying stoichiometric additions (1-10 molar eq.). (b) Comparison of nitrile stretching regions of 

[C2mim][N(CN)2] (dashed line) and UO2(NO3)2·6H2O with 6 eq. of [C2mim][N(CN)2] (solid 

lines). (c) Comparison of N-O stretching regions of [C2mim][NO3] (dashed line) and 

UO2(NO3)2·6H2O with 6 eq. of [C2mim][N(CN)2] (solid line). 

The C≡N stretching band at ca. 2100 cm
-1

 changes in shape as the amount of IL is 

increased, first becoming asymmetric and then splitting into two clearly resolved sets of peaks, 

which likely indicates the presence of both free and coordinated [N(CN)2]
-
 ions (Fig. 2.5 (b)). 

The lower energy peak increases in intensity as the amount of IL increases, which is consistent 
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with an increase in free [N(CN)2]
-
 ions as their IR stretch is red-shifted relative to coordinated 

[N(CN)2]
-
 ions.

50
 

The higher energy [NO3]
-
 N-O stretching band decreases in intensity as IL is added, while 

the lower energy band increases in intensity and shifts to slightly higher energy. This is indicative 

of non-coordinated [NO3]
-
 ions, which only show one IR absorption band in this region due to 

degeneracy of the symmetric and asymmetric stretching modes. Furthermore the IR spectrum of 

this region closely matches the spectrum of [C2mim][NO3] (Fig. 2.5 (c)), which would be formed 

as the product of anion exchange between UO2(NO3)2 and [C2mim][N(CN)2].  

Together, these shifts indicate that the IL is being consumed at ratios of greater than 1:1, 

and that [NO3]
-
 ions are non-coordinating in the presence of excess IL. Furthermore, the IL 

cation and the presence of water have little effect on the coordinating ability of [N(CN)2]
-
 in 

these ILs.  

As the [N(CN)2]
-
 ions contain carbon atoms which will undergo a chemical shift change 

upon coordination to uranium, 
13

C NMR was also used to investigate the speciation of the liquid 

reaction products. UO2(NO3)2∙6H2O (Fig. 2.6, left) or [C2mim]2[(UO2(NO3)2N(CN)2)2] (Fig. 2.6, 

right) were reacted with [C2mim][N(CN)2] in NMR tubes to give liquid products which were 

measured solventless using deuterated chloroform as an external reference. Ratios of 

[C2mim][N(CN)2] to [UO2]
+
 of approximately 2.94 to 1 for UO2(NO3)2∙6H2O and 3.87 to 1 for 

[C2mim]2[(UO2(NO3)2N(CN)2)2] were the most concentrated systems which could be prepared in 

NMR tubes and remain totally liquid at room temperature. The [N(CN)2]
-
 carbon peak was 

observed to be extremely broadened, indicating coalescence of multiple NMR peaks. This 

suggests that there are at least two inequivalent [N(CN)2]
-
 ions that are exchanging at an 

intermediate rate on the NMR timescale. The change in water concentration appears to have a 
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small effect on peak shape and position which, interestingly, is greatest when the concentration 

of UO2(NO3)2·6H2O (and therefore water itself) is smallest. Overall, NMR suggests that uranyl 

dicyanamide complexes are exchanging ligands with each other and with the excess IL, a 

phenomenon which is observed in low melting mixtures of imidazolium halide and metal halide 

salts.
64

 Dynamic equilibria between uranyl species in an IL has been put forward as an 

explanation for thermochromism in solutions of [UO2]
2+

 ions in thiocyanate ILs.
45  

 
 

Figure 2.6. Left: 
13

C NMR of UO2(NO3)2∙6H2O with 2.94 (green), 5.79 (red), 8.67 (blue), and 

11.5 (pink) equivalents of [C2mim][N(CN)2]. Right: 
13

C NMR of 

[C2mim]2[(UO2(NO3)2N(CN)2)2] with 2.87 (green), 3.79 (blue), and 5.09 (red) equivalents of 

[C2mim][N(CN)2].  

The substitution of water molecules is probably driven by the negatively charged anion 

displacing the neutral water ligands. However, modeling studies on the speciation of actinide 

ions (including [UO2]
2+

) in wet and dry ILs have shown that water can out-compete particularly 

weakly coordinating IL anions, such as [NTf2]
-
, for binding to the metal center,

65
 while for more 

coordinating ions such chloride,
66

 the anionic complex is stable in the presence of water. 
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Therefore this reaction also shows that the [N(CN)2]
-
 ion has a significant affinity for [UO2]

2+
. It 

is also possible that the liberated water molecules play a catalytic role by helping to dissolve the 

reactants and allowing the complex to form and recrystallize (small amounts of solvent are 

known to greatly accelerate room temperature mechanochemical reactions
67

).  

The IR study also shows evidence for a soft donor ion coordinating in direct competition 

with solvated hard donor ions, and considerable variation of the solvation properties of the 

system showed little effect on the reaction. This suggests that the driving force of the reaction is 

greater stability of the uranyl [N(CN)2]
-
 complex relative to the uranyl [NO3]

-
 complex, as 

opposed to solvation of the [NO3]
-
 ions. 

2.3.3. Solvent-assisted reactions of UO2(OAc)2∙2H2O and UO2(NO3)2∙6H2O with 

[N(CN)2]
-
 salts. The cation of an IL can also be functionalized for coordination chemistry. Metal-

selective functional groups have often been tethered to imidazolium cores to create ILs with high 

affinities for particular metals.
68

 Our group has synthesized and used cyanoalkylimidazolium ILs 

with [N(CN)2]
-
 counterions as nitrogen-rich ILs for energetic materials.

53
 Because these ILs 

contain coordinating nitrogen groups on both the cation and anion, we hypothesized that they 

would be useful for isolating a [UO2]
2+

 complex with an N-donor IL ion as well.  

The IL [(C4CN)(C2CN)Im][N(CN)2] was reacted with UO2(OAc)2∙2H2O by grinding the 

two together with a stirring rod in a glass test tube for about 1 min. The reactants combined to 

form a yellow paste, and acetonitrile was added to attempt to dissolve the mixture so that single 

crystals could be grown. There was no visible sign of dissolution, and the mixture was stored in a 

dark drawer for several weeks, after which a few bright yellow lumps had formed among the rest 

of the solid. One of these lumps was removed and upon examination under an optical polarizing 

microscope was found to be made of single crystals. The crystal structure was determined from 
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one of these crystals to be [(C4CN)(C2CN)Im]2n[catena-{(UO2)4(O)2(OAc)4(N(CN)2)2}n] (Fig. 

2.7). 

 

 

 

Figure 2.7: (Top) 50% probability ellipsoid plot of one cation and one monomeric unit of the 

anion of [(C4CN)(C2CN)Im]2n[catena{(UO2)4(O)2(OAc)4(N(CN)2)2}n] (heavy dashes indicate 

extension of the coordination polymer). (Middle) Ball-and-stick plot showing bond distances for 

the anion. (Bottom) Packing diagram of the anion chain with counterions. 

[(C4CN)(C2CN)Im]2n[catena-{(UO2)4(O)2(OAc)4(N(CN)2)2}n] crystallized in P-1. The 

compound is an anionic, 1-dimensional coordination polymer with non-coordinating 
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[(C4CN)(C2CN)Im]
+
 counterions. The asymmetric unit contains one unique cation and one half 

of one monomer. The anionic polymer is an infinite 1-dimensional chain of clusters of four 

[UO2]
2+

 ions bridged through O
2-

 and [OAc]
-
 ions. The clusters are linked to other clusters 

through the same [N(CN)2]
-
 bridges observed in [(UO2(NO3)2N(CN)2)2]

2-
. The most important 

difference compared to the structures obtained from UO2(NO3)2·6H2O is the formation of the 

clusters themselves, which are analogous to that of a previously reported compound grown by 

the hydrolysis of UO2(OAc)2 in acetonitrile, [NH4]2[(UO2)4(O)2(OAc)4(UO2(OAc)3HOAc)2].
69

 It 

is also worth noting that the anhydrous conditions used by Crawford et. al.
52

 required bulky, 

hydrophobic ligands which may inhibit the formation of an infinite coordination polymer. 

Because the complex was a minor product in a reaction mixture that appeared to continue 

to evolve with time, no other characterization beyond single crystal X-ray diffraction was 

successfully conducted. However, the hydrolysis reaction in Eq. 2.2 is plausible based on the 

crystal structure and the reagents present: 

4UO2(OAc)2·2H2O + 2[(C4CN)(C2CN)Im][N(CN)2] 

 
1
/n[(C4CN)(C2CN)Im]2n[{(UO2)4(O)2(OAc)4(N(CN)2)2}n] + 4HOAc + 6H2O (2.2) 

 

Eq. 2.2 is supported by the previous report of hydrolysis of anhydrous UO2(OAc)2 with 

traces of water in acetonitrile.
69

 In UO2(OAc)2∙2H2O, half of the water molecules are 

coordinated,
70

 and the reaction equation implies the substitution of the coordinated water 

molecules on two [UO2]
2+

 centers by [N(CN)2]
-
 ions to give the coordination polymer. The 

increased basicity of [OAc]
-
 compared to [NO3]

-
, decreased acidity of the imidazolium cation 

due to cation-cation interactions involving the nitrile groups,
71

 and dilution of the IL by 

acetonitrile could all contribute to a decrease in activity of the IL towards the [UO2]
2+

 cation and 

could account for the inability of the IL to substitute the anions.  
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At this point, it appeared that bis(dicyanamide)-bridged multinuclear [UO2]
2+

 complexes 

are especially favorable, having been conserved across the three compounds reported here, as 

well as the one reported by Crawford et al.
52

 The formation of such similar products across a 

wide range of conditions raised the question as to whether the formation of [N(CN)2]
-
 complexes 

with [UO2]
2+

 is possible with any salt. Since UO2(NO3)2∙6H2O has a fairly low melting point of 

65 
o
C, the solventless reactions done with [C2mim][N(CN)2] and [C4mpyrr][N(CN)2] can be 

mimicked by reacting high-melting [N(CN)2]
-
 salts with molten UO2(NO3)2·6H2O. We decided 

to investigate this reaction using NaN(CN)2, a common starting material in the preparation of 

metal dicyanamide complexes.
51

  

NaN(CN)2 was added to 1 molar eq. of molten UO2(NO3)2∙6H2O at 70-75 
o
C, and the two 

were allowed to react for several hours. The mixture turned red-orange soon after addition but 

returned to its original yellow-green color with time. After several hours of heating the mixture 

had become completely solid at elevated temperature and was removed and analyzed by FT-IR 

and PXRD (Fig. 2.8). The IR shows a dramatic increase in absorption at 3600-3000 cm
-1

 

(corresponding to O-H and N-H stretching modes), 1700-1800 cm
-1 

(corresponding to carbonyl 

C=O stretching modes), and 1200-1400 cm
-1

 (corresponding to the N-O and C-N stretching 

modes). The absorption in the C≡N stretching region is greatly reduced, and the remaining peaks 

match NaN(CN)2. PXRD detected NaN(CN)2 as the bulk crystalline material. This indicates that 

under these conditions, [N(CN)2]
-
 ions either underwent irreversible changes to their structure or 

failed to react at all.  
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Figure 2.8. IR spectra (left) and PXRD patterns (right) of NaN(CN)2 (black) and NaN(CN)2 

reacted with molten UO2(NO3)2∙6H2O (red). 

More information on the hydrolysis of [N(CN)2]
-
 as a side reaction was obtained by the 

structural characterization of its hydrolysis product complexed to [UO2]
2+

. The reaction was 

conducted by first dissolving UO3 in an aqueous solution containing excess H2SO4 to generate 

UO2SO4. One molar equivalent of Ba(N(CN)2)2 was dissolved in water and added to this 

solution, giving a white precipitate (which was filtered off) and generating a solution containing 

[UO2]
2+

 and [N(CN)2]
-
 ions in the presence of excess sulfate and acidic protons. Large, yellow 

single crystals grew upon slow evaporation under ambient conditions which were determined by 

SCXRD to be a complex of uranyl sulfate with N,N-di(formamidyl)amine (biuret) and water 

(Fig. 2.9).  
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Figure 2.9. 50% probability ellipsoid plot of formula unit of (UO2(SO4)(biuret)(OH2))2. 

(UO2(SO4)(biuret)(OH2))2 crystallized in the monoclinic space group P21/n with the 

dinuclear complex residing on a crystallographic center of inversion. The [UO2]
2+

 ions are 

bridged by two sulfate ions to form a centrosymmetric, cyclic bridge which is common in uranyl 

sulfate complexes. The biuret ligands coordinate exclusively through the carbonyl oxygen atoms 

in a fashion typical of chelating 1,3-dicarbonyl ligands. The biuret ligand is planar, and its plane 

is highly tilted with respect to the [UO2]
2+

 equatorial bond plane. Based on the short C-O bonds 

and the presence of difference map peaks near the amine nitrogen atoms which were assigned as 

hydrogen atoms, the biuret ligands are neutral.  

The crystal packing of (UO2(SO4)(biuret)(OH2))2 is stabilized by strong hydrogen 

bonding between adjacent molecules. The biuret N-H groups donate strong hydrogen bonds to 

sulfate and [UO2]
2+

 oxygen atoms, forming hydrogen bonded chains along c. The biuret ligands 

of adjacent molecules overlap with each other, indicating some dipole-dipole interactions. These 

chains are bridged to each other along both diagonals of the ab face of the crystal through strong 

hydrogen bonds between the water ligands and sulfate ions. 
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The amino and carbonyl groups are consistent with the increased IR absorptions observed 

in the reaction of NaN(CN)2 with UO2(NO3)2∙6H2O, suggesting that hydrolysis of the [N(CN)2]
-
 

nitrile groups into formamide groups also occurs in this system. Biuret can be conceived as the 

reaction product of [N(CN)2]
-
 with H2O and [H3O]

+
 (Eq. 2.3): 

[N(CN)2]
-
 + [H3O]

+
 + H2O  C2H5N3O2  (2.3) 

Although hydrolysis of [N(CN)2]
-
 to biuret has not been reported in the literature, [N(CN)2]

-
 is 

known to be sensitive to acid and reacts with bases such as alcohols and amines to give a number 

of products.
61 

 

 

2.4. Conclusions 

ILs containing the [N(CN)2]
-
 ion were found to react with UO2(NO3)2·6H2O at a 1:1 

stoichiometry to give anhydrous, crystalline UO2(NO3)2 adducts with the ILs. Increasing the ratio 

of [N(CN)2]
-
/[UO2]

2+
 to 2:1 or greater appears to result in substitution of the [NO3]

-
 ions as well, 

giving liquids in which species are in dynamic equilibria. UO2(OAc)2·2H2O was more 

recalcitrant towards substitution, and the use of a solvent and increased reaction times led to 

hydrolysis as well as substitution of water ligands by [N(CN)2]
-
. At elevated temperatures, the 

[N(CN)2]
-
 appears to react irreversibly with UO2(NO3)2·6H2O without coordination, and a 

[N(CN)2]
-
 hydrolysis product has been identified and shown to act as a chelating ligand for 

[UO2]
2+

. 

There are several factors which may account for the apparently greater coordinating 

ability of [N(CN)2]
-
 ion in ILs compared to higher melting salts. These include increased 

chemical potential of the anion due to the solventless conditions, increased basicity of the anion 

due to the weak cation-anion interactions in the IL, and the milder conditions employed due to 
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the low melting point of the ILs. It appears that for the systems studied here, the low reaction 

temperatures and short reaction times were the key factors that enabled the isolation of 

anhydrous uranyl dicyanamide complexes. Extensive reaction times, elevated temperatures, and 

acidic conditions have all been correlated with hydrolysis of either the [UO2]
2+

 or [N(CN)2]
-
 

ions. Furthermore, liquid mixtures of UO2(NO3)2∙6H2O with [C2mim][N(CN)2] were observed to 

form solid precipitates on standing after several days, while mixtures of 

[C2mim]2[(UO2(NO3)2N(CN)2)2] and [C2mim][N(CN)2] have been observed to be indefinitely 

stable. This indicates that at room temperature the IL system is undergoing hydrolysis at a slow 

rate. When [UO2]
2+

 salt hydrates react with [N(CN)2]
-
 ILs, the [N(CN)2]

-
 ions are able to 

coordinate rapidly, but the slower hydrolysis reaction is thermodynamically favored and will 

occur at elevated temperature or if given enough time. 

The usefulness of an IL-based approach for soft-donor f-element chemistry has been 

demonstrated by the isolation of several new uranyl dicyanamide complexes through reactions 

with dicyanamide-containing ILs. The IL was found to be essential in promoting the coordination 

of the [N(CN)2]
-
 anion to [UO2]

2+
 without hydrolysis by supplying a high concentration of free 

[N(CN)2]
-
 at low temperature. Given that hydrated f-element cations are good Brønsted acids and 

nitrogen bases are readily protonated, we believe this platform opens up a vast field of 

coordination chemistry with N-donor ligands under non-forcing conditions. Our group will 

continue this pursuit through the design of more soft donor IL systems with which to 

experimentally study and compare actinide and lanthanide soft-donor interactions. 
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Appendix 2.1. Masses of reactants used in spectroscopic studies 

 

Table 2.2. Masses of reactants used in the FT-IR study of [C2mim][N(CN)2] + 

UO2(NO3)2∙6H2O. 

No. UO2(NO3)2∙6H2O (g) [C2mim][N(CN)2] (g) Mol Ratio IL:U 

1 0.051 0.017 0.96 

2 0.060 0.043 2.02 

3 0.060 0.053 2.99 

4 0.034 0.044 3.64 

5 0.026 0.046 5.20 

6 0.022 0.047 6.02 

7 0.021 0.051 6.94 

8 0.019 0.054 8.06 

9 0.028 0.087 8.80 

10 0.026 0.090 9.82 
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Table 2.3.  Masses of reactants used in the FT-IR study of [C4mpyrr][N(CN)2] + 

UO2(NO3)2∙6H2O. 

No. UO2(NO3)2∙6H2O (g) 

 

[C4mpyrr][N(CN)2] (g) Mol Ratio IL:U 

1 0.0523 0.0214 1.00 

2 0.0502 0.0394 1.92 

3 0.0473 0.0601 3.11 

4 0.0508 0.0830 4.00 

5 0.0520 0.1034 4.86 

6 0.0499 0.1183 5.81 

7 0.0475 0.1351 6.96 

8 0.0479 0.1597 8.16 

9 0.0485 0.1760 8.89 

10 0.0482 0.2026 10.3 

 

Table 2.4.  Masses of reactants used in the FT-IR study of [C2mim][N(CN)2] + 

[C2mim]2[(UO2(NO3)2N(CN)2)2]. 

No. 
[C2mim]2 

[(UO2(NO3)2N(CN)2)2] (g) 

 

[C2mim][N(CN)2] (g) Mol Ratio IL:U 

1 0.0320 0.0112 1.12 

2 0.0617 0.0440 2.30 

3 0.0460 0.0499 3.50 

4 0.0550 0.0792 4.64 

5 Not recorded 0.0928 ~5 
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Table 2.5. Masses of reactants used in the NMR study of [C2mim][N(CN)2] + UO2(NO3)2∙6H2O. 

No. UO2(NO3)2∙6H2O (g) [C2mim][N(CN)2] (g) Mol Ratio IL:U 

1 0.8680 0.8999 2.94 

2 0.4406 0.8999 5.79 

3 0.3162 0.9673 8.67 

4 0.2389 0.9673 11.5 

 

Table 2.6. Masses of reactants used in the NMR study of [C2mim][N(CN)2] + 

[C2mim]2[(UO2(NO3)2N(CN)2)2]. 

No. [C2mim]2 

[(UO2(NO3)2N(CN)2)2] (g) 

[C2mim][N(CN)2] (g) Mol Ratio IL:U 

1 0.3610 0.3208 2.87 

2 0.3610 0.4247 3.79 

3 0.3610 0.5704 5.09 
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Appendix 2.2. Supplementary PXRD and spectra 

 

 
 

Figure 2.10. Calculated PXRD pattern of [C2mim]2[(UO2(NO3)2N(CN)2)2] (bottom) vs. 

experimental PXRD pattern of 1:1 UO2(NO3)2·6H2O:[C2mim][N(CN)2] (top). 
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Figure 2.11. IR spectra of reactions of UO2(NO3)2·6H2O with [C4mpyrr][N(CN)2] (numbers 

correspond to reactions in Table 2.3). 
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Figure 2.12. IR spectra of reactions of [C2mim]2[(UO2(NO3)2N(CN)2)2] with [C2mim][N(CN)2] 

(numbers correspond to reactions in Table 2.4). 



59 

 

    

Figure 2.13. Full 
13

C NMR spectra from Fig. 2.6. Peak assignments from left to right:  

Imidazolium N-C-N, imidazolium C-C, dicyanamide C, CDCl3, N-CH2, N-CH3, CH2CH3. 
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Appendix 2.3. Variable temperature SCXRD of [C4mpyrr]2[(UO2(NO3)2N(CN)2)2] 

  

  

Figure 2.14. Single crystal X-ray diffraction photographs (0.5
o 

widths) of a crystal of 

[C4mpyrr]2[(UO2(NO3)2N(CN)2)2] at different temperatures. Crystal orientation was not changed 

between photographs. The phase change on cooling presents as a dramatic increase in the 

number of diffraction peaks between -120 and -130 
o
C. 

  



61 

 

Appendix 2.4. Supplementary XRD figures 

 

Figure 2.15. 50% Probability thermal ellipsoid plot of formula unit of 

[C2mim]2[(UO2(NO3)2N(CN)2)2]. 
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Figure 2.16. 50% Probability thermal ellipsoid plot for formula unit of 

[C4mpyrr]2[(UO2(NO3)2N(CN)2)2]. 
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Figure 2.17. Packing diagrams (2x2x2 unit cells) viewed down c: 

[C2mim]2[(UO2(NO3)2N(CN)2)2] (top), [C4mpyrr]2[(UO2(NO3)2N(CN)2)2] (bottom). 

  



64 

 

 

 

 

 

 

CHAPTER 3 

 

 

DEHYDRATING ACTINIDE SALT HYDRATES WITH NITRATE IONIC LIQUIDS AND 

USING ANHYDROUS NITRATE COMPLEXES AS LABILE INTERMEDIATES 

FOR BENCHTOP N-DONOR CHEMISTRY 

 

 

Taken as part of a manuscript in preparation for publication: Kelley, S. P.; Emerson, S. E.;  

Rogers, R. D. 2005, in preparation. 

 

3.1. Introduction 

As accumulating spent nuclear fuel poses a greater and greater hazard,
1
 the need to 

understand phenomena such as actinide-lanthanide separations
2
 or actinide speciation in the 

environment
3
 is becoming more critical. These in turn require an understanding of the basic 

coordination chemistry of actinide ions. The interactions of actinide ions with intermediately soft 

donors (such as nitrogen) are of particular significance, as soft donors are commonly used as 

actinide-selective ligands in actinide-lanthanide separations.
4,5

 The mechanism of their 

selectivity remains a subject of debate, at least in part due to a shortage of experimental 

information.
6
  

As N-heterocycles are found in the binding sites of promising new actinide-selective 

ligands
7
 and proteins such as transferrin which are responsible for actinide transport in 

organisms,
8
 their interactions with actinides are of particular interest. Such interactions have 

been heavily studied in aqueous solution through spectroscopy and partitioning studies, but 

crystallographic studies, which would provide considerably more detail, are limited. Crystalline 

complexes of actinides and N-heterocycles are difficult to obtain from aqueous systems, as N-
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heterocycles are often readily protonated while actinides tend to hydrolyze in concentrated 

aqueous solutions.
9
 Hydrolysis can be avoided by using strongly basic counterions, but such 

bases form strong interactions with actinide ions which dominate the coordination chemistry.  

Non-aqueous systems are often used to isolate unusual or weakly bound metal 

complexes, but they usually require the preparation of intermediates from more readily available 

hydrated metal starting materials. While this can certainly be done with actinides,
10-12

 for 

transuranic elements this approach is only viable in a few specialized research institutions. 

Academic laboratories which have prepared crystalline transuranic compounds for structure 

determination have had to develop their own systems which allow isolation of new products 

which are obtained from stock solutions or reagents in as few steps as possible.
13-15 

Our group has been interested in the use of ILs for f-element chemistry and separations.
16

 

ILs have been heavily investigated as solvents for nuclear fuel processing,
17,18

 but recently 

interest has also turned to fundamental coordination chemistry studies as well. Our group is 

interested in using the ionic nature of ILs to force unusual coordination chemistry. ILs can 

dissolve metal salts even if the IL ions themselves are only weakly coordinating, which creates 

an interesting environment for exploring the interactions of normally noncoordinating species. 

We are particularly interested in using ILs to crystallize unusual metal complexes to be studied 

by SCXRD,
19

 including f-element complexes with N-donor ligands.
20

 

Recognizing the inaccessibility of air-exclusive intermediates to most researchers, the 

synthesis and structural characterization of anhydrous ammonium salts of [PuCl6]
2-

 and 

[Pu(NO3)6]
2-

 have been reported by researchers at Los Alamos National Laboratory.
21

 These 

compounds are precipitated by reacting acid solutions of metal ions with tetrabutylammonium 

nitrate. It has been shown with lanthanides that salts can be dehydrated in a similar way using 
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nitrate-containing ILs.
22

 An IL-based approach has an added advantage over the use of 

crystalline ammonium salts, as even if the anhydrous complex is not crystalline it can still be 

isolated by simply dissolving the salt in the IL and volatilizing the water.
23

 One the other hand, 

ILs can still be used as simple ammonium salts. Such an approach has been used to prepare 

anhydrous uranyl complexes of hard
19

 and soft donor anions
24

 by simply reacting them with the 

IL in solutions (including water). 

The two most abundant actinides, 
232

Th and 
238

U, were selected as test cases for our 

platform as their most stable oxidation states, U
6+

 and Th
4+

, are strongly acidic and prone to 

polymerization through hydrolysis.
25

 Lewis base adducts of Th
4+

 have been made from thorium 

tetrahalides, but these require strictly anhydrous conditions.
26

 Weakly ligated uranyl ([UO2]
2+

) 

complexes such as triflate salts
27

 or UO2Cl2(THF)3
28

 are used to make Lewis base adducts, but 

these typically must be isolated as intermediates and purified. We sought instead to dehydrate the 

hydrated nitrate salts of these elements with a nitrate IL and then react the resulting anhydrous 

compounds or solutions with N-heterocyclic ligands on the bench top. This approach not only 

allows the use of readily available starting materials but may also lead to unprecedented 

compounds, as nitrate complexes are typically too insoluble to be used in the organic solvents 

normally used in this chemistry.  

Here we report the dehydration of UO2(NO3)2·6H2O and Th(NO3)4·4H2O through 

reactions with the ionic liquid 1-ethyl-3-methylimidazolium nitrate ([C2mim][NO3]) and 

subsequent use of these anhydrous materials in reactions with N-heterocyclic ligands including 

imidazole (H-im), 1-mim, and 4,4’-bipyridyl (4,4’-bipy) (Fig. 3.1). The anhydrous nitrate and N-

heterocyclic complexes have been characterized by SCXRD. 
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Figure 3.1. Structures of [C2mim][NO3] and N-heterocycles used in this study. 

 

3.2. Experimental 

3.2.1. Materials and methods. Th(NO3)4·4H2O (IBI Labs, Boca Raton, FL), 1,2,4-triazole 

(Sigma Aldrich, St. Louis, MO), 5-aminotetrazole (Sigma Aldrich), 4,4’-bipyridyl (Sigma 

Aldrich), imidazole (Sigma Aldrich), methanol (EMD Chemicals, Darmstadt, Germany), and 

concentrated nitric acid (Sigma Aldrich) were used as received from their commercial sources. 1-

Methylimidazole was obtained from Sigma Aldrich and purified by distillation at 145 
o
C under 

reduced pressure. Acetonitrile (EMD Chemicals) was dried by shaking for 24 h over anhydrous 

potassium carbonate (Alfa-Aesar, Ward Hill, MA). 1-ethyl-3-methylimidazolium nitrate was 

used as received (Iolitec-USA, Tuscaloosa, AL) or prepared by reacting [C2mim][OAc] (Iolitec-

USA) with nitric acid: [C2mim][OAc] was combined with 1.1 eq. of 3 M HNO3 and heated 

overnight to give a slightly tinted liquid which crystallized when cooled to room temperature 

following the addition of a seed crystal of [C2mim][NO3]. Deionized water was obtained from an 

in-house deionizer (Culligan, International., Rosemont, IL; typical resistivity = 17.8 MΩ·cm). N2 

was obtained from liquid nitrogen boil-off (Airgas, Radnor, PA). 

UO2(NO3)2·6H2O was prepared as follows: 2 g UO3, (Strem Chemicals, Newburyport, 

MA) 2 g deionized water, and 2 g concentrated nitric acid were combined in a 20 mL 

scintillation vial with magnetic stirring at room temperature to give a yellow solution. The 

solution was heated in open atmosphere in a sand bath at ca. 100 
o
C for a day, yielding a yellow 
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solid. The solid was allowed to cool to room temperature and mixed with several drops of DI 

water using a glass stirring rod, which gave a slurry. This mixture was heated for 2-5 min. at ca. 

100 
o
C, resulting in partial liquefaction. The liquid was decanted away from the remaining solid. 

Upon standing at room temperature, the liquid crystallized into long, yellow-green prismatic 

crystals of UO2(NO3)2·6H2O. 

IR spectra were recorded by measuring attenuated total reflectance of neat samples using 

a Bruker Alpha FT-IR spectrometer with a diamond ATR accessory (Bruker Optics, Billerica, 

MA). PXRD was measured on a Bruker D2 Phaser diffractometer (Bruker-AXS, Madison, WI) 

equipped with a Lynxeye linear position-sensitive detector using Ni-filtered Cu-Kα radiation 

(1.54056 Å). SCXRD was measured on a Bruker diffractometer equipped with a PLATFORM 3-

circle goniometer and an Apex II CCD area detector using graphite-monochromated Mo-Kα 

radiation (0.71073 Å). Crystals were mounted on a glass fiber with silicone grease and cooled 

under a cold nitrogen stream using an N-Helix cryostat (Oxford Cryosystems, Oxford, UK). Data 

was collected using a strategy of phi and omega scans with 0.5
o 

frame widths. Data collection, 

unit cell determination, integration, and scaling were performed using the Apex 2 software 

package (Bruker AXS).
29

 

3.2.2. Preparation of [C2mim]2[Th(NO3)6] and [H(1-mim)2][Th(NO3)5(1-mim)2] (1). A 

20 mL glass scintillation vial was loaded with 2.0103 g Th(NO3)4·4H2O and 4.1 g methanol and 

swirled by hand to give a colorless solution. A separate 20 mL glass scintillation vial was loaded 

with 1.1038 g [C2mim][NO3] and 2.6 g methanol and swirled by hand to give a colorless 

solution. The solutions were combined by adding the [C2mim][NO3] solution dropwise into the 

Th(NO3)4·4H2O solution and then transferring the solution back and forth between the two vials. 

Colorless crystals began forming during mixing. The reaction mixture was sealed with a threaded 
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cap and allowed to stand at room temperature for one day. The mother liquor was decanted from 

the colorless crystals, and additional solid [C2mim][NO3] (not weighed) was added directly to it 

and dissolved with swirling. The resulting solution was allowed to stand for another day, 

yielding another crop of colorless crystals. The mother liquor was decanted off, and the two 

batches of crystals were dried for 2 h at 70 
o
C in a temperature controlled oven. The two batches 

were combined, and the IR spectra were measured to check for residual methanol. The total mass 

of isolated [C2mim]2[Th(NO3)6] was 2.5429 g (84.533% yield). Compound 1 was prepared by 

weighing 0.0830 g of [C2mim]2[Th(NO3)6] and 0.0079 g 1,2,4-triazole into two separate glass 

culture tubes, dissolving each in 1-mim, adding the 1,2,4-triazole solution to the 

[C2mim]2[Th(NO3)6] solution, and allowing the mixture to stand in a capped vial at room 

temperature. Colorless crystals of 1 were observed after 3 days.  

3.2.3. Crystallization of [C2mim][UO2(NO3)3]. [C2mim][NO3] was dissolved in an equal 

mass of concentrated nitric acid, and 0.048 g of this solution was weighed into a tared glass 

culture tube to which 0.056 g UO2(NO3)2·6H2O was added. The culture tube was placed in a 

sand bath at ~90 
o
C overnight while open to atmosphere, yielding a viscous yellow liquid. The 

culture tube was sealed with Parafilm and allowed to stand at room temperature. Yellow crystals 

of [C2mim][UO2(NO3)3] were observed after several days. 

3.2.4. Crystallization of compounds 2-4. For each reaction, [C2mim][NO3] was weighed 

into a tared, empty culture tube. One molar eq. UO2(NO3)2·6H2O was calculated and measured 

onto a tared sheet of weighing paper and transferred into the culture tube. The mixture was 

placed in a temperature controlled oil bath at 70 
o
C. A slow stream of N2 was directed into the 

culture tube using the end of a pipette. The resulting yellow to red-orange liquids were analyzed 

by IR to confirm that water had been removed. The shade of yellow or orange was not consistent 
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among all batches of [C2mim][UO2(NO3)3] prepared this way, but the differences were never 

correlated with any differences in the IR spectra. 

Crystallization of [C2mim]2[(UO2(NO3)3)2(4,4’-bipy)]·2{UO2(NO3)2(4,4’-bipy)}(2): 1 eq. 

of 4,4’-bipy was weighed onto a tared sheet of weighing paper and added to the hot 

[C2mim][UO2(NO3)3]. The mixture remained at 70 
o
C under a stream of N2 and gave a 

heterogeneous mixture of yellow and orange solids. Single crystals of 2 were found in this 

reaction mixture. 

Crystallization of UO2(NO3)2(1-mim)2 (3): 2 eq. of 5-AT and 4 eq. of 1-mim were 

weighed into a tared culture tube, heated with a heat gun, and swirled by hand to give a 

homogeneous solution. This solution was added to hot [C2mim][UO2(NO3)3]. The reaction 

mixture was transferred to a sand bath at 110-120 
o
C and heated overnight. Single crystals of 3 

could be isolated from the resulting mixture of orange solids and gel. 

Crystallization of UO2(NO3)2(H-im)2 (4): 2 eq. of H-im was weighed out and dissolved in 

ca. 0.5 mL dried acetonitrile. Liquid [C2mim][UO2(NO3)3] was dissolved in ~0.5 mL of 

acetonitrile after dehydration. The H-im solution was added to the [UO2]
2+

 containing solution, 

and the resulting mixture was evaporated in a Drierite-filled desiccator at reduced pressure. 

Crystals of 4 were observed after 4 days. Crystals of 4 were noticeably occluded within minutes 

of exposure to air. 

3.2.5. Crystal structure determination. A polyhedral single crystal of 

[C2mim]2[Th(NO3)6] measuring 0.17 x 0.13 x 0.10 mm was analyzed by SCXRD at -173 
o
C. The 

structure was solved by direct methods and refined by full matrix least squares refinement about 

F
2
. Non-hydrogen atoms were located from the difference map and refined anisotropically. 

Hydrogen atoms were placed in calculated positions, and their coordinates and thermal 
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displacement parameters were allowed to ride on the carrier atoms. After refinement, larger than 

expected residual difference map peaks were located near the metal atom. These peaks are likely 

artifacts due to under-correction for absorption. 

A colorless polyhedral crystal of 1 measuring 0.17 x 0.14 x 0.10 mm was analyzed by 

SCXRD at -173 
o
C. Due to an instrument malfunction, part of the data collection strategy was 

not executed resulting in about 30 low-angle reflections not being recorded. Regardless, the 

overall completeness of the data was 98.9% out to 56
o 

2θ, and the data-to-parameters ratio was 

more than sufficient for refinement. The structure was solved by locating the Th atom from a 

Patterson refinement. Non-hydrogen atoms were located from the difference map and refined 

anisotropically. A difference map peak atom was found within bonding distance to the basic 1-

mim nitrogen atom and modeled as a hydrogen atom with half occupancy. The coordinates of 

this hydrogen atom were refined freely, and the thermal displacement parameters were 

constrained to ride on the carrier atom. All other hydrogen atoms were placed in calculated 

positions, and their coordinates and thermal displacement parameters were allowed to ride on the 

carrier atoms. 

An irregular yellow crystal of [C2mim][UO2(NO3)3] was analyzed by SCXRD at room 

temperature (ca. 19 
o
C). The structure was solved by direct methods and refined by full matrix 

least squares refinement about F
2
. Non-hydrogen atoms were located from the difference map 

and refined anisotropically. Hydrogen atoms were placed in calculated positions, and their 

coordinates and thermal displacement parameters were allowed to ride on the carrier atoms. 

An irregular yellow crystal of 2 measuring 0.16. x 0.10 x 0.08 mm was analyzed by 

SCXRD at -100 
o
C. The structure was solved by direct methods and refined by full matrix least 

squares refinement about F
2
. Non-hydrogen atoms were located from the difference map and 
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refined anisotropically. Hydrogen atoms were placed in calculated positions, and their 

coordinates and thermal displacement parameters were allowed to ride on the carrier atoms. 

An irregular yellow crystal of 3 measuring 0.12 x 0.06 x 0.02 mm was analyzed by 

SCXRD at -100 
o
C. The structure was solved by locating the uranium atom using a Patterson 

refinement. Non-hydrogen atoms were located from the difference map and refined 

anisotropically. Hydrogen atoms were placed in calculated positions, and their coordinates and 

thermal displacement parameters were allowed to ride on the carrier atom.  

A blocky yellow crystal of 4 measuring 0.30 x 0.13 x 0.02 mm was analyzed by SCXRD 

at -100 
o
C. The structure was solved by intrinsic phasing using an iterative dual space approach. 

Atoms located from the solution were given the expected element assignment, and any remaining 

non-hydrogen atoms were located from the difference map. All non-hydrogen atoms were 

refined anisotropically by full matrix least squares refinement about F
2
. The hydrogen atom 

bonded to the H-Im ligand was located from the difference map, and its coordinates were 

allowed to refine freely while the thermal displacement parameters were constrained to ride on 

the carrier atom. All other hydrogen atoms were placed in calculated positions, and their 

coordinates and thermal displacement parameters were allowed to ride on the carrier atoms. 

Space group determination, crystal structure solution by direct or Patterson methods, 

refinement, and generation of probability ellipsoid plots were conducted using the Bruker 

SHELXTL software suite.
30

 Structures were refined using SHELX 2014.
31

 Structure solution by 

intrinsic phasing was done using SHELXT.
32

 Analysis of short contacts and packing plots were 

done using the CCDC software Mercury.
33 
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Table 3.1. Summary of SCXRD data. 

 

 

[C2mim]2 

[Th(NO3)6] 

[C2mim] 

[UO2(NO3)3] 

Compound 1 

Formula C12H22N10O18Th C6H11N5O11U C16H25N13O15Th 

Crystal system Orthorhombic Monoclinic Monoclinic 

Space group Pccn P21/c C2/c 

Lattice 

constants: 

   

a (Å) 9.7722(3) 8.520(1) 15.729(1) 

b (Å) 11.8036(4) 9.147(1) 12.981(1) 

c (Å) 23.0503(8) 20.323(3) 14.258(1) 

α (
o
) 90 90 90 

β (
o
) 90 97.003(8) 98.847(2) 

γ (
o
) 90 90 90 

Cell volume 

(Å
3
) 

2658.79(2) 1572.1(4) 2876.6(4) 

Z 4 4 4 

μ (mm
-1

) 5.707 10.389 5.276 

Total 

reflections 

62026 15239 13530 

Unique 

reflections 

3885 3211 3485 

Observed 

reflections  

(I > 2σ) 

2991 1915 3344 

Rint 0.0483 0.1238 0.0245 

Completeness 

to 2θ 

99.9% to 59.996
o
 98.8% to 52.900

o
 98.9% to 56.244

o
 

GooF 1.097 1.099 1.019 

Final R indices  

observed/total 

0.0233/0.0340 0.0821/0.1485 0.0167/0.0179 

wR
2 
all 

reflections 

0.0590 0.2312 0.0397 
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Table 3.1 (continued) 

 

 

Compound 2 Compound 3 Compound 4 

Formula C42H46N20O38U4 C8H12N6O8U C6H8N6O8U 

Crystal system Triclinic Triclinic Monoclinic 

Space group P-1 P-1 P21/n 

Lattice 

constants: 

   

a (Å) 11.520(5) 7.5785(3) 9.1942(3) 

b (Å) 12.224(5) 7.5951(3) 5.8616(2) 

c (Å) 12.375(5) 7.6538(3) 12.1915(4) 

α (
o
) 88.974(5) 117.032(2) 90 

β (
o
) 72.739(5) 102.909(2) 91.678(1) 

γ (
o
) 85.516(5) 92.179(2) 90 

Cell volume 

(Å
3
) 

1659(1) 377.53(3) 656.75(4) 

Z 1 1 2 

μ (mm
-1

) 9.845 10.801 12.410 

Total 

reflections 

66011 12243 28119 

Unique 

reflections 

11017 2327 2901 

Observed 

reflections  

(I > 2σ) 

8852 2327 2275 

Rint 0.0518 0.0345 0.0268 

Completeness 

to 2θ 

99.2% to 63.174
o
 99.1% to 61.494

o
 99.7% to 70.144 

GooF 0.874 1.038 1.085 

Final R indices  

observed/total 

0.0295/0.0483 0.0167/0.0167 0.0130/0.0191 

wR
2 
all 

reflections 

0.0793 0.0352 0.0390 

 

3.3. Results and discussion 

3.3.1. Dehydration and N-donor chemistry of Th(NO3)4·4H2O. To prepare anhydrous 

Th
4+

 and [UO2]
2+

 complexes from hydrated nitrate salts, we attempted to form commonly-
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obtained nitrate complex anions. While no structurally-characterized Th
4+

 complexes have yet 

been obtained from an IL, salts of the [Th(NO3)6]
2-

 anion are commonly obtained from reactions 

of Th(NO3)4·4H2O.
34

 We reacted methanol solutions of Th(NO3)4·4H2O and [C2mim][NO3], 

resulting in the formation of crystals within minutes which proceeded to grow over the course of 

hours. The crystals were identified by SCXRD as anhydrous [C2mim]2[Th(NO3)6] (Fig. 3.2). 

More of the crystalline [C2mim]2[Th(NO3)6] product was obtained by dissolving more 

[C2mim][NO3] into the reaction mixture after the crystallization had ceased. 

[C2mim]2[Th(NO3)6] was prepared on the gram scale at 85% yield and isolated by filtration and 

drying. The isolated crystals could be dried by heating for 2 h at 70 
o
C under ambient pressure 

and showed no apparent tendency to absorb moisture upon handling in air. [C2mim]2[Th(NO3)6] 

was also made without solvent by heating Th(NO3)4·4H2O with 2 eq. of [C2mim][NO3] at 

temperatures above 100 
o
C. 

 

Figure 3.2. 50% probability ellipsoid plot of formula unit of [C2mim]2[Th(NO3)6]. Dashed lines 

indicate shortest contacts between ions. 
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Solutions of Th(NO3)4·4H2O tend to react with N-heterocycles to form ammonium salts 

of [Th(NO3)6]
2-

,
35,36

 but [C2mim]2[Th(NO3)6] was soluble in 1-mim and gave stable solutions. 

Combining solutions of [C2mim][Th(NO3)6] in 1-mim with solutions of 1,2,4-triazole resulted in 

the formation of crystals upon standing for several days at room temperature. The acidity of 

1,2,4-triazole was anticipated to result in an acid-base reaction with 1-mim to give an azolium 

azolate salt
37

 which could possibly exchange deprotonated 1,2,4-triazolate anions with 

coordinated [NO3]
-
. The structure was determined to be [H(1-mim)2][Th(NO3)5(1-mim)2] (1) 

(Fig. 3.3). The structure crystallized in C2/c with Z = 4. The metal complex resides on a 

crystallographic 21 axis which passes through the metal atom and a [NO3]
-
 group. The complex 

counterion is similar to that seen in the crystal structure of [H(1,2-dimethylimidazolium)2] 

chloride.
38

 Complexes of [Th(NO3)5L2]
-
 anions with the same geometry are known for neutral O-

donor ligands such as water.
39

 

 

Figure 3.3. 50% probability ellipsoid plot of formula unit of 1. Dashed lines indicate shortest 

contacts between ions. 
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The structure of 1 is the first crystallographically characterized complex of thorium with 

1-mim. The structure is the result of the net substitution of one [NO3]
-
 ion with two 1-mim 

ligands. The protonated cation suggests that 1,2,4-triazole was deprotonated but does not act as a 

ligand, possibly because [H(1-mim)2[Th(NO3)5(1-mim)2] happens to be the least soluble 

complex formed. Evidence for this can be seen in the crystal packing: The [NO3]
-
 groups and 

imidazole groups are separated into distinct and very ordered zones, suggesting that interactions 

between the [H(1-mim)2]
+
 cations and 1-mim ligands are very important in the formation of this 

structure. 

3.3.2. Dehydration and N-donor chemistry of UO2(NO3)2·6H2O. UO2(NO3)2·6H2O is 

known to hydrolyze in solutions containing dialkylimidazolium ILs to gives salts of the 

[(UO2(OH)(NO3)2)2]
2-

 anion,
19,40

 although Bradley et al. have reported obtaining an anhydrous 

1,3-dimethylimidazolium salt of [UO2(NO3)4]
2-

 from nitric acid solutions.
41

 We dissolved 

UO2(NO3)2·6H2O with 1, 2, or 3 mol eq. of [C2mim][NO3] as a 50 wt. % solution in 

concentrated nitric acid and evaporated the solutions for several days at 90 
o
C to give non-

volatile yellow liquids. Crystals formed in the reactions containing 2 or 3 eq. of IL after several 

days of standing at room temperature, one of which was analyzed by SCXRD and identified to 

be [C2mim][UO2(NO3)3] (Fig. 3.4). This complex has never been reported to crystallize from an 

IL but is known to be a major species in IL solutions.
42
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Figure 3.4. 50% probability ellipsoid plot of formula unit of [C2mim][UO2(NO3)3]. The dashed 

line indicates the shortest contact between the ions. 

The reaction time and presence of excess IL made it impractical to isolate 

[C2mim][UO2(NO3)3] in bulk by crystallization from nitric acid. We instead investigated the 

reaction of UO2(NO3)2·6H2O and [C2mim][NO3] without any solvent. Heating equimolar 

mixtures of [C2mim][NO3] and UO2(NO3)2·6H2O at 70 
o
C under a current of N2 or dry air for at 

least 2 h gave yellow liquids with water contents below the threshold of detection by IR (Fig. 

3.5). The liquids were not observed to crystallize on cooling to room temperature. However, the 

IR spectrum contains two very strong peaks at 1514 and 1253 cm
-1

 which are consistent with the 

N-O stretching modes of bidentate nitrate ions similar to those in [C2mim][UO2(NO3)3]. The 1:1 

stoichiometry of the reaction and the exclusively bidentate [NO3]
-
 coordination suggested by the 

IR indicate that the liquid is also composed of [C2mim][UO2(NO3)3]. The fact that the liquid 

does not crystallize when prepared this way is not unprecedented; dialkylimidazolium halides 
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(notably [C4mim]Cl) are also known to form stable, supercooled liquids when they are especially 

dry.
43

 

 

Figure 3.5. IR spectra of UO2(NO3)2·6H2O (a) vs. 1:1 mixture of [C2mim][NO3] and 

UO2(NO3)2·6H2O after heating under an N2 purge (b). 

Because [C2mim][UO2(NO3)3] could be used as a liquid, both solventless and solution-

based reactions were available for exploring chemistry with N-heterocyclic ligands. 

Stoichiometric amounts of solid N-heterocyclic ligands including 1,2,4-triazole, 5-AT, H-Im, 

and 4,4’-bipy were observed to either dissolve in hot [C2mim][UO2(NO3)3] or react with it to 

give solids at elevated temperature. Of these, SCXRD-quality crystals could be isolated from the 

reaction of 4,4’-bipy with [C2mim][UO2(NO3)3] and were identified as 

[C2mim]2[(UO2(NO3)3)2(4,4’-bipy)]·2{UO2(NO3)2(4,4’-bipy)} (2), a co-crystal containing both 
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anionic, dinuclear complexes balanced by [C2mim]
+
 cations and neutral, infinite coordination 

polymers where [UO2]
2+

 centers are bridged by 4,4’-bipy ligands.  

The reaction of [C2mim][UO2(NO3)3] with a liquid solution of 5-AT dissolved in 2 eq. of 

1-mim resulted in vitrification of the liquid, although single crystals could be isolated from the 

resulting gel and were identified as UO2(NO3)2(1-mim)2 (3). We also investigated the use of a 

solvent to better control the crystallization. H-Im and [C2mim][UO2(NO3)3] were dissolved in 

dried acetonitrile and allowed to evaporate in a desiccator under reduced pressure, giving large 

yellow crystals which were identified as UO2(NO3)2(H-Im)2 (4).  

Crystal structures of asymmetric or formula units of 2-4 are shown in Fig. 3.6. The 

coordination environment at [UO2]
2+

 was analogous in all cases to UO2(NO3)2(OH2)2
44

 except 

for the [(UO2(NO3)3)2(4,4’-bipy)]
2-

 anion in 2 which has a 9-coordinate uranium center. A 

number of reactions of UO2(NO3)2·6H2O with N-heterocycles (including 1-mim, H-Im, and 4,4’-

bipy) have been reported, but the crystallization of uranyl nitrate complexes with these ligands is 

unprecedented. The protonation of H-Im and 4,4’-bipy by UO2(NO3)2·6H2O to give ammonium 

salts is established in the literature.
45,46

 Complex 3 has been detected in solution
47

 and predicted 

in the gas phase,
20

 but has never been isolated as a crystal, probably due to hydrolysis at higher 

concentrations.  
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Figure 3.6. 50% probability ellipsoid plots showing the asymmetric unit of 2 with the half-anion 

expanded through symmetry (top) and formula units of 3 (bottom left) and 4 (bottom right). 

Dashed lines indicate closest contacts between ions or molecules, and heavy dashes indicate 

extension of the coordination polymer. 

3.3.3. Discussion of ligand substitution reactions. Both thorium and uranyl nitrate 

hydrates reacted with [C2mim][NO3] to give complexes with the same coordination number as 

the hydrated starting materials,
48

 indicating the reactions proceed through substitution of 

coordinated water molecules by [NO3]
-
 ions (Eq. 3.1): 
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Th(NO3)4(OH2)4 + 2[C2mim][NO3]  [C2mim]2[Th(NO3)6] + 4H2O 

 

UO2(NO3)2(OH2)2 + [C2mim][NO3]  [C2mim][UO2(NO3)3] + 2H2O (3.1) 

 

The substitution of water by [NO3]
-
 is likely driven by the negative charge of the [NO3]

-
 

ion, which makes it a stronger base. The high ionic strength of [NO3]
-
 and shortage of hydrogen 

bond donors may also promote dissociation of water molecules. However, almost all structures 

isolated from reactions of the anhydrous [NO3]
-
 complex indicate that one of the [NO3]

-
 ions is 

substituted by two neutral N-heterocyclic ligands (L), described by Eq. 3.2: 

[M(NO3)x]
y-

 + 2L  [M(NO3)x-1(L)2]
(y-1)-

 + [NO3]
-
  (3.2) 

The substitution of a single [NO3]
-
 ion can be explained by the fact that removing it lowers the 

charge on the anionic metal complex. The lone exception is the anionic complex in 2 where the 

[NO3]
-
 ions were not substituted, but from the crystal structure it can be seen that addition of the 

4,4’-bipy ligand severely weakens the interactions between [UO2]
2+

 and one of the [NO3]
-
 ions. 

Since the anionic complexes themselves were made from neutral, hydrated complexes, it 

indicates that the N-heterocycles interact more strongly than water. This is in agreement with 

calculations on the strength of interactions between 1-mim and UO2(NO3)2.
20

 The reason for the 

difficultly in isolating these complexes is probably not competition between the water and the N-

donor ligand for the metal, but rather competition between the metal and acidic protons for the 

N-donor. 

3.3.4. Discussion of the crystal structures. The effects of coordination of the N-

heterocyclic ligands on the structure of the metal complexes were investigated by analyzing the 

crystal structures. The N-heterocyclic ligands appear to have a significant effect on the metal-

[NO3]
-
 interactions. It is known that actinide metal-ligand bond distances are correlated with 

coordination number, but in all cases where the coordination number remained unchanged, 
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coordination of the N-heterocyclic ligand resulted in a significant increase of all metal-[NO3]
-
 

bond distances.  

The anionic complex in 2 has an extremely uncommon 9-coordinate uranyl center in 

which one [NO3]
-
 is twisted out of the equatorial plane in a conformation that certainly weakens 

the metal-ligand interaction. It is interesting to note that this binding mode has only been 

observed for uranyl nitrate complexes, and many of these involve coordination to an N-donor 

ligand.
49

 The increase in bond distances may indicate a reduced positive charge on the metal 

centers (which would both weaken the metal-[NO3]
-
 interactions and increase the metal ionic 

radii). This indicates that despite the lack of a negative charge, the N-heterocycles are better 

electron donors than [NO3]
-
 which is consistent with the fact that they are stronger bases. 

The metal-nitrogen bond distances were found to correlate significantly with metal 

counterion and coordination number (Fig. 3.7). Metal-nitrogen bond distances increased with 

increasing coordination number among the different metal species in 1-4. No obvious 

correlations were found based on the identity of the heterocycle or the ligand. Comparison of the 

[UO2]
2+

 complexes to structures known from the literature revealed that the U-N bond distances 

of the nitrate complexes reported here are significantly shorter. The complexes known from the 

literature feature counterions which are stronger bases such as carboxylates,
45,50

 

acetylacetonate,
51

 or hydroxide,
52

 and it may be that these stronger bases weaken the interaction 

between the metal and the N-heterocycle. 
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Figure 3.7. Ball and stick plots with selected bond distances in angstroms: Anion of 1 (a), 

neutral coordination polymer from 2 (b), anionic complex from 2 (c), 3 (d), and 4 (e). 

While complexes with N-heterocyclic ligands can be isolated in the presence of more 

basic anions, the use of more weakly binding [NO3]
-
 counterions should lead to greater flexibility 

of the [UO2]
2+

 coordination geometry. This has been illustrated here by the fortuitous isolation of 

two distinct species in the crystal structure of 2. By comparison, six crystalline complexes of 

[UO2]
2+

 with N-heterocycles have also been crystallized from reactions with UO2(NO3)2·6H2O 
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and acetylacetone in solution.
51

 However, this approach only resulted in the isolation of 

complexes with the same coordination geometries (two bidentate acetylacetonate ions and one 

unidentate N-donor), and prevented the isolation of any complexes with a bidentate N-

heterocycle (2,2’-bipyridyl). 

 

3.4 Conclusions 

Th(NO3)4·4H2O  and UO2(NO3)2·6H2O can be readily dehydrated by the IL 

[C2mim][NO3] to give anhydrous nitrate complexes, and the resulting anhydrous complexes can 

be used as intermediates in the preparation of complexes with N-heterocyclic ligands. Non-

aqueous chemistry on nitrate complexes of these elements has been limited by their poor 

solubility in hydrophobic solvents and hydrolytic instability in hydrophilic solvents. The ability 

to isolate and use [C2mim][UO2(NO3)3] as a liquid affords it particular flexibility as a reagent in 

non-aqueous synthesis. The [NO3]
-
 counterion was also found to be more sensitive to the effects 

of N-heterocycle coordination than more strongly coordinating anions typically used in the 

literature, leading to observable effects on metal-ligand bond distances and multiple coordination 

geometries. 

The fields of actinide hard-donor coordination chemistry and soft-donor/organoactinide 

coordination chemistry have progressed far but independently of one another. The results here 

illustrate the amount of unexplored chemistry in situations where hard and soft donors are 

allowed to compete. We believe ILs will play a key role in the exploration of this chemistry. ILs 

can provide redox-inert, anhydrous environments for compounds which cannot normally be 

dissolved in organic solvents. Metal nitrates appear to be particularly interesting due to the 
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flexibility and sensitivity of nitrate to N-donor ligands. Our future work with these systems will 

investigate anionic N-donors, mixed donors, and ligands with higher denticity. 
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Appendix 3.1. Supplementary IR and PXRD data 

  
 

Figure 3.8. FT-IR spectrum of isolated [C2mim]2[Th(NO3)6]. 

 

 

Figure 3.9. PXRD of isolated [C2mim]2[Th(NO3)6] (top) vs. calculated PXRD pattern from low-

temperature crystal structure (bottom).   
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CHAPTER 4 

 

 

ANION EXCHANGE AND ACETYLATION REACTIONS BETWEEN METAL ACETATES 

AND 5-AMINOTETRAZOLE 

 

 

Taken as part of a manuscript in preparation for publication: Kelley, S. P.;  

Rogers, R. D. 2015, in preparation. 

 

4.1. Introduction 

The five-membered N-heterocyclic molecules known as azoles are important ligands in 

coordination chemistry with many uses, including bridging ligands in metal-organic frameworks
1
 

and extractants for actinide-lanthanide
2
 or intra-lanthanide

3
 separations. These molecules usually 

contain multiple endo- or exocyclic donor sites which can vary in terms of their basicity and the 

type of donor atom. Many azoles are also amphoteric and can form anions on deprotonation. 

However, this diversity of donor behavior also makes it difficult to predict how a metal-azole 

complex or azolate salt will crystallize from solution.  

Substitution of metal salt counterions is particularly difficult, as there is usually no way 

to ensure their elimination from the system, except by metathesis (which usually adds a new 

metal ion to the system). The most common solution to this problem is to create polydentate 

ligands by grafting additional functional groups onto the azole or bridging multiple azoles 

together. However, this approach increases the number of possible binding modes and 

conformations, making it more difficult to predict the structure. Compared to such structures, 
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binary metal salts of unfunctionalized azolates are underrepresented in the literature and 

therefore a possible reservoir of interesting new structure types.  

Alternatives to the use of polydentate ligands exist, but each is limited in scope. Azolate 

anions can be made in situ by converting a metal azide to an azolate through a Click reaction,
4
 

which is versatile but does not allow access to many important types of azoles (i.e. imidazoles). 

Direct oxidation of the elemental metal by an acidic azole is possible
5
 but only for sufficiently 

electropositive elements. Acid-base reactions between azoles and alkali metal hydroxides have 

also been used to make a number of structurally characterized azolate salts,
6
 but the acidity of 

most azoles is too weak for their aqueous solutions to react with insoluble basic metal salts. 

We envisioned that the acid-base approach could be made more general if neutralization 

of the anion were coupled with its removal, i.e. by volatilization. Metal acetate salts are generally 

soluble and could react with acidic azoles to produce acetic acid, which could be removed by 

volatilization to drive the reaction to the right. ILs would be well suited as solvents for such a 

reaction due to their ability to resist both evaporation and thermal decomposition at high 

temperatures and low pressures.
7
  

ILs are an important class of low melting ionic compounds whose unusual properties 

compared to molecular liquids have made them useful alternatives as solvents for organic
8
 and 

inorganic syntheses.
9
 ILs are commonly studied in inorganic synthesis as templating agents

10
 or 

as ligand sources,
11-13

 but their non-volatility has received comparatively little attention as a 

means to access new reaction types. 

We identified 1,3-dialkylimidazolium acetate ILs as particularly useful for this approach. 

These ILs are known for their unusual solvating ability and often have an especially wide liquid 

range.
14

 Most importantly, reactions of these ILs with elemental chalcogens
15

 and CO2
16

 have 
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demonstrated that the [OAc]
-
 ions can react in bulk with a weak acid (in these cases, the acidic 

C2 proton of the dialkylimidazolium cation itself) through the continual evolution of acetic acid 

Furthermore, many 1,3-dialkylimidazolium azolate salts are also ILs,
17

 so the continual removal 

of [OAc]
-
 and its replacement by azolate ions will not necessarily cause the loss of a liquid 

reaction medium from which the metal complex can crystallize. The IL also provides basic 

[OAc]
-
 ions to ionize the azole and prevent its evaporation. The proposed reaction of a metal 

acetate (M(OAc)x), an acidic azole (H-Az), and a 1-alkyl-3-methylimdiazolium acetate IL 

([Cnmim][OAc]) to give a metal and a dialkylimidazolium azolate salt is shown in Scheme 4.1. 

 

 

Scheme 4.1. General reaction for volatilization of acetic acid by reaction of an acetate salt and an 

acidic azole. 

In this study, we examine reactions of the acidic azole 5-AT, chosen for its comparable 

acidity to HOAc,
18

 with two metal acetates, Pb(OAc)2·3H2O and UO2(OAc)2·2H2O. Examples of 

binary complexes of these ions with N-donor anions are limited to a few pseudohalides including 

thiocyanate,
19,20

 dicyanamide,
21

 tricyanomethanide,
22

 and azide.
23

 Pb
2+

 has a high affinity for N-

donors, so the exchange of [OAc]
-
 and azole ligands is likely, making this a good system to test 

whether deprotonation and the formation of a metal azolate salt is possible. [UO2]
2+

, by contrast, 

has a high affinity for O-donors such as [OAc]
-
, making this system a test of whether a reaction 

that is likely reactant-favored can be forced to completion through volatilization alone. 1,3-
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Diethylimidazolium acetate ([C2C2Im][OAc]) and 1-mim have been investigated as bases and 

low-volatility media for generating the azolate ions and allowing crystallization (Fig. 4.1). 

 

 

Figure 4.1. Compounds used in this study. 

 

4.2. Experimental 

4.2.1. Materials and methods. 5-AT (Sigma-Aldrich, St. Louis, MO), [C2C2Im][OAc] 

(Iolitec-USA, Tuscaloosa, AL), UO2(OAc)2·2H2O (Alfa-Aesar, Ward Hill, MA), and 

Pb(OAc)3·3H2O (Sigma-Aldrich) were used as received from commercial sources. 1-Mim 

(Sigma Aldrich) was purified by distillation at 145 
o
C under reduced pressure. Deionized water 

was obtained from a house system (typical resistivity 17.8 MΩ∙cm, Culligan International Co., 

Rosemont, IL).  

SCXRD was measured on a diffractometer equipped with a 3-circle PLATFORM 

goniometer and an Apex-II CCD area detector (Bruker-AXS, Madison, WI) using graphite-

monochromated Mo-Kα radiation (0.71073 Å). Crystals were isolated under an optical polarizing 

microscope and mounted on a glass fiber using silicone grease. A hemisphere of data was 

collected for each crystal using a strategy of scans about omega and phi with 0.5
o
 frame widths. 

Crystals were cooled during collection under a cold stream of N2 gas using an N-Helix cryostat 

(Oxford Cryosystems, Oxford, UK). Unit cell determination, data collection, integration, 
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absorption correction, and scaling were conducted using the Apex2 software suite (Bruker 

AXS).
24

 

PXRD was measured on a D2 Phaser powder X-ray diffractometer with a Lynxeye linear 

position-sensitive detector (Bruker-AXS) using Ni-filtered Cu-Kα radiation (1.54056 Å). PXRD 

data was measured on a thin layer of sample applied directly to a thin silicon wafer cut to an off-

Bragg plane. Data was collected under a continuous coupled theta/2-theta scanning mode. 

4.2.2. Crystallization of Pb(5-AT)2. 53 mg of Pb(OAc)2·3H2O (0.140 mmol) and 54 mg 5-

AT (0.635 mmol) were dissolved separately in DI water, and the solutions were combined in a 

borosilicate glass shell vial. [C2C2Im][OAc] (29 mg, 0.157 mmol) was added to the resulting 

colorless solution. The unsealed reaction vessel was placed in a programmable muffle furnace at 

90 
o
C. The next day, the reaction vessel was removed from the oven and allowed to stand 

unsealed at room temperature for 3 days. The reaction mixture was re-dissolved in water and 

placed back in the oven at 90 
o
C. After heating overnight, clumps of white crystals were 

observed in the hot reaction mixture and were removed for SCXRD analysis. 

4.2.3. Preparation of [C2C2Im][UO2(OAc)3]. 0.5826 g of UO2(OAc)2 (1.382 mmol) was 

weighed into a glass vial to which was added 0.3782 g [C2C2Im][OAc] (2.055 mmol) and a few 

drops of methanol. The resulting yellow solution was heated on a hot plate to ca. 110 
o
C from 2-

3 h. The mixture was allowed to cool to room temperature, washed 3 times with 5 mL portions of 

isopropanol, and filtered by gravity filtration. The isolated solid was then washed on the funnel 

with methanol, causing most of it to dissolve where it was collected in a clean, tared 20 mL 

borosilicate glass vial. A large amount of isopropanol (relative to the volume of methanol) was 

added, and the resulting mixture was blown with compressed air until dry, yellow crystals of 
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[C2C2Im][UO2(OAc)3] were obtained (0.4731 g, 59.1 % yield), confirmed by PXRD and IR 

(Figs. 4.7 and 4.8, Appendix). 

4.2.4. Crystallization of [H(1-mim)][5-AcAT]·5-AT. 29.3 mg 1-mim (0.357 mmol) was 

weighed into a glass culture tube to which was added 64.2 mg [C2C2Im][UO2(OAc)3] (0.115 

mmol) and 58.5 mg 5-AT (0.688 mmol). The resulting mixture was heated at 110 
o
C for 1 day, 

after which it was observed to form a red-orange solid. Examination of the reaction mixture 

under optical polarizing microscopy revealed colorless single crystals which were identified by 

SCXRD as [H(1-mim)][5-AcAT]·5-AT. 

4.2.5. Crystal structure determination. Space group determination, structure solution and 

refinement, and probability ellipsoid plot generation were done using the SHELXTL software 

suite (Bruker-AXS).
25

 Structures were refined using SHELX v. 2014.
26

 Intrinsic phasing by dual 

space methods were done using SHELXT.
27

 Structure visualization and generation of packing 

plots were done using Mercury (CCDC, Cambridge, UK).
28

 CSD searches were conducted using 

ConQuest (CCDC).
29

 

The structure of Pb(5-AT)2 was determined from data collected on a colorless, irregular 

crystal measuring 0.10 x 0.04 x 0.02 mm at -173 
o
C. The structure was solved by direct methods 

and refined by least squares refinement against F
2
. Space group determination was complicated 

due to the low Rint and good fit of the systematic absences for a higher symmetry, tetragonal 

lattice. All attempts to solve in any symmetry higher than Pbcn were completely unsuccessful, 

and the solution indicated that the Pb atoms form a tetragonal lattice which is reduced to lower 

symmetry by the ligand. Pbcn was ultimately identified due to a slightly greater average intensity 

of systematic absence exceptions corresponding to the pseudo-symmetry operations than those of 

the true translational symmetry operations. The structure was solved by direct methods. All 
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atoms were located from the difference map. Non-hydrogen atoms were refined anisotropically 

by full-matrix refinement against F
2
. Hydrogen atom coordinates were refined freely, and 

thermal parameters were constrained to ride on the carrier atom. The structure has unusually 

small thermal ellipsoids and some large difference density peaks near the heavy atom position. 

Based on the charge balance and chemical reasonableness of the structure, this does not likely 

indicate any error in the element assignments. A possible explanation is under-correction for 

absorption due to poor intensity statistics on a large part of the unique data caused by the 

aforementioned pseudo-tetragonal symmetry. 

The structure of [C2C2Im][UO2(OAc)3] was determined from data collected on a yellow 

crystalline plate measuring 0.32 x 0.05 x 0.02 mm at ambient temperature (ca. 19 
o
C). The 

structure was solved by direct methods. Non-hydrogen atoms were located from the difference 

map and refined by full-matrix least squares refinement against F
2
. Hydrogen atoms were placed 

in calculated positions and constrained to ride on the carrier atoms. Hydrogen atoms on methyl 

groups were refined using a riding rotating model. 

The structure of [H(1-mim)][5-AcAT]·5-AT was determined from data collected on a 

colorless crystalline shard measuring 0.13 x 0.11 x 0.03 mm. The structure was solved by direct 

methods. All atoms were located from the difference map. Non-hydrogen atoms were refined 

anisotropically by full-matrix least squares refinement against F
2
. Hydrogen atom coordinates 

were allowed to refine freely while the thermal parameters were constrained to ride on the carrier 

atom. The positions of all hydrogen atoms were consistent with both the expected charge of the 

molecules and hydrogen bond vectors. At the end of the refinement, some small difference map 

peaks appear which overlap heavily with the structure. Due to the sheet-like packing of the 



98 

 

molecules, this could be due to quasi-periodic disorder of adjacent layers of molecules. The Q-

peaks were too small to model as atoms, so no disorder model was attempted.  

 

Table 4.1. Summary of SCXRD data. 

 

 

Pb(5-AT)2 [C2C2Im] 

[UO2(OAc)3] 

[H(1-mim)][5-AcAT] 

·5-AT 

Formula C2H4N10Pb C13H22N2O8U C8H14N12O 

Crystal system Orthorhombic Monoclinic Monoclinic 

Space group Pbcn P21/n C2/c 

Lattice 

constants: 

   

a (Å) 10.3308(6) 8.3382(6) 19.589(1) 

b (Å) 6.3459(4) 15.286(1) 10.8412(6) 

c (Å) 10.3254(6) 15.810(1) 13.2576(7) 

α (
o
) 90 90 90 

β (
o
) 90 103.786(2) 111.374(4) 

γ (
o
) 90 90 90 

Cell volume 

(Å
3
) 

676.91(7) 1957.1(3) 2621.9(3) 

Z 4 4 8 

μ (mm
-1

) 24.890 8.331 0.112 

Total 

reflections 

15350 24188 33518 

Unique 

reflections 

959 4170 5034 

Observed 

reflections  

(I > 2σ) 

818 3135 2730 

Rint 0.0336 0.0469 0.0851 

Completeness 

to 2θ 

99.8% to 59.296
o
 99.5% to 53.62

o
 99.6% to 66.518

o
 

GooF 1.048 0.998 1.004 

Final R indices  

observed/total 

0.252/0.241 0.0248/0.0438 0.0595/0.1301 

wR
2 
all 

reflections 

0.740 0.0563 0.1686 
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4.3. Results and discussion 

4.3.1. Reaction of 5-AT and Pb(OAc)2·3H2O and crystallization of Pb(5-AT)2. 

Pb(OAc)2·3H2O was reacted with 5-AT and [C2C2Im][OAc] by dissolving all three components 

in water to give a homogeneous solution. The reaction mixture was heated in an oven at 90 
o
C. 

Evaporation of the water was expected to reduce the system to only Pb(OAc)2 and 5-AT 

dissolved in the IL, whereupon the volatilization of [OAc]
-
 could occur. After 1 day of heating, 

the reaction mixture had greatly decreased in volume, leaving a small amount of colorless, 

viscous gel. The sample was removed from heat and stored under ambient conditions for several 

days with no apparent changes. Eventually the sample was scraped with a spatula to obtain 

material for another analysis. Immediately afterwards it began to grow cloudy, indicating the 

initiation of crystallization.  

The sample was dissolved in a small amount of water and returned to the oven. After 

heating overnight and before total evaporation of the solvent had occurred, clumps of white 

crystals were observed. A single crystal was isolated and determined by SCXRD to be the 1:2 

salt of Pb
2+

 and [5-AT]
-
, Pb(5-AT)2 (Fig. 4.2, left). The reaction was later repeated to determine 

the reproducibility of the two stage crystallization. The second reaction formed a gel similar to 

the one observed initially which was also dissolved in water, this time immediately after removal 

from heat. Crystals of Pb(5-AT)2 formed upon evaporation of the solution at 90 
o
C and were 

determined by PXRD to be the only major crystalline phase (Fig. 4.2, right). 
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Figure 4.2. Left: 60 % probability ellipsoid plot of the crystal structure of Pb(5-AT)2; heavy 

dashes indicate extension of the  metal-ligand coordination network, and light dashes indicate 

strong hydrogen bonds. Right: Experimental powder X-ray diffraction pattern of isolated Pb(5-

AT)2 (black) compared to the powder pattern calculated from the crystal structure (blue).  

Pb(5-AT)2 crystallized in the orthorhombic space group Pbcn with half of a unique 

formula unit per asymmetric unit. The structure contains a Pb
2+

 ion residing on a special position 

and a full-occupancy [5-AT]
-
 ligand which makes 3 crystallographically unique bonds to Pb

2+
 

ions. The ions are linked to form a 3-dimensional coordination polymer. The unique bond 

distances are shown in Fig. 4.3. The Pb-N distances are within the typical range but vary 

significantly from one another, while the [5-AT]
-
 ion has very symmetrical intra-ligand bond 

distances. The pyramidal –NH2 group (confirmed by the location of H-atoms from the difference 

map and the position of hydrogen bond acceptors) is typical of crystal structures of the [5-AT]
-
 

anion,
30,31

 while neutral 5-AT is usually planar.
32,33 
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Figure 4.3. Crystallographically unique bond distances in Å for Pb(5-AT)2. 

The most unusual feature in the structure of Pb(5-AT)2 is how the [5-AT]
-
 ion coordinates 

through the amino nitrogen atom. The only other structure in the CSD in which the exocyclic 

amine of a [5-AT]
- 
ion coordinates is the cesium salt, which is coordinated by all nitrogen atoms 

in [5-AT]
-
.
34

 The presence of this bond in these two structures may be due to the large size of the 

Cs
+
 and Pb

2+ 
ions and lack of any other donor species in these binary compounds. The amino-Pb 

bond is of significant structural consequence since it is the only interaction that links the 

coordination network along the crystallographic c direction; without it the structure would be 

layered. 

Another interesting structural feature is the stacking the parallel [5-AT]
-
 rings (Fig. 4.4), 

which form infinite stacks of highly overlapping rings with a closest approach of 3.119(4) Å. 

This appears to be due to the density of [5-AT]
-
 groups, which is high enough that they are close 

together but low enough that they can all have parallel orientations without crowding each other. 

These interactions are known to have a strong effect on charge mobility in organic 

semiconductors,
35

 and sophisticated derivatives of polyaromatic molecules such as pentacene 

have been designed to promote and control them.
36

 Pb(5-AT)2 shows an alternative strategy, 
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where the small size of a non-derivatized azolate anion can be used to promote a close approach 

between ligands. 

 

Figure 4.4. Packing diagram (2x2x2 unit cells) showing stacking of [5-AT]
-
 rings along b. 

Apart from the isolation of Pb(5-AT)2, the reaction provided no conclusive evidence that 

HOAc was being removed. The presence of excess IL, which cannot be removed by drying, 

prevented us from determining the yield of the crystals, and a work-up could not be developed 

on the small scale used. However, the isolation of Pb(5-AT)2 did prove that an unusual and 

potentially useful structure type could be obtained by forcing the crystallization of a binary 

azolate compound. 

4.3.2. Reactions of 5-AT with uranyl acetates. Many strategies for separating actinides 

from lanthanides rely on the use of nitrogen-containing ligands (e.g. DPTA
37

 or N-

heterocycles
38

) as actinide-selective ligands. f-Element complexes that are coordinated 

exclusively to N-donor ligands may prove useful for these experimental studies as ligand 

symbiosis may exaggerate the differences in metal softness between actinide and lanthanide ions, 

which would be useful for measuring differences in f-element covalency.
39

 The neutralization 

and volatilization of acetate salts would be a powerful approach if successful, as acetate 
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complexes of f-elements, including transuranic elements,
40,41

 are readily obtained. We 

investigated the reaction of UO2(OAc)2·2H2O and 5-AT as a model for f-element reactions.  

Initially a reaction was tried using similar conditions to those which generated  

Pb(5-AT)2. An aqueous solution containing UO2(OAc)2·2H2O, 5-AT, and [C2C2im][OAc] was 

prepared and heated. Before the water evaporated completely, two separate depositions of visibly 

distinct, yellow to orange solids formed at the bottom of the reaction vessel and near the solvent 

level. Such an observation is consistent with the formation of various insoluble hydroxides. 

Hydrolysis of [UO2]
2+

 compounds in aqueous solution is typical and could occur through 

protonation of the amphoteric 5-AT. The solids contained no usable crystals and were not 

characterized due to their obvious inhomogeneity. 

To avoid hydrolysis, the reaction system was re-designed to exclude presence of 

stoichiometric amounts of water. Because [UO2]
2+

 ions readily form anionic complexes with 

three [OAc]
-
 ions, we used a reaction between [C2C2Im][OAc] and UO2(OAc)2·2H2O to remove 

water from the starting material without introducing any ligands other than [OAc]
-
. 

[C2C2Im][OAc] and UO2(OAc)2·2H2O were reacted at a 1.5:1 mol/mol ratio at 110 
o
C, and 

crystals of the expected salt, [C2C2Im][UO2(OAc)3] were obtained upon cooling and identified 

by SCXRD (Fig. 4.5). The product was isolated from the excess IL by washing with isopropanol 

followed by recrystallization from a methanol/isopropanol mixture.  
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Figure 4.5. 50% Probability ellipsoid plot of formula unit of [C2C2Im][UO2(OAc)3]. 

We selected 1-mim as an alternative reaction medium to water due to its basicity and 

high boiling point. The basicity of the [UO2(OAc)3]
-
 is sufficiently low that its hydronium salt is 

isolable as a crystal,
42

 so a base such as 1-mim would be necessary to generate the [5-AT]
-
 

anions. The [5-AT]
-
 anions would have enhanced basicity compared to neutral 5-AT and could 

substitute the [OAc]
-
 ions, which would go on to be neutralized and volatilized. [OAc]

-
 ions are 

likely to be more basic towards both [UO2]
2+

 ions and protons in an organic solvent than they are 

in water, as confirmed in a recent study of the complexation between [UO2]
2+

 and [OAc]
- 

in 

dimethyl sulfoxide.
43

 This raised the possibility that [OAc]
-
 ions might not dissociate at all in 1-

mim, although we considered the presence of strong hydrogen bond donors in our system to 

increase the likelihood. 

The reaction was conducted by combining [C2C2Im][UO2(OAc)3], 5-AT, and 1-mim at a 

1:6:3 molar ratio and heating at 90-100 
o
C. The reaction mixture initially formed a solution 

which turned into a red-orange gel after 1 day of heating. Colorless crystals were found to be 

suspended in the gel upon examination under an optical polarizing microscope. One of these 

crystals was analyzed by SCXRD and found to be a co-crystal of neutral 5-AT with a salt 
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composed of protonated 1-mim ([H(1-mim)]
+
) cations and deprotonated 5-acetamidyltetrazolate 

anions, [H(1-mim)][5-AcAT]·5-AT (Fig. 5.6). No other crystalline products could be isolated 

from the reaction mixture. 

 

Figure 4.6. 50% probability ellipsoid plot of formula unit of [H(1-mim)][5-AcAT]·5-AT. 

The product indicates that the amino group of 5-AT attacked a nucleophilic carbon atom 

on one of the coordinated [OAc]
-
 ions, rather than the metal center itself (Scheme 5.2). 5-AT has 

been reported to be acylated at the same position by acylating agents such as acetic anhydride 

and formic acid.
44

 The oxygen atom which was substituted likely remained coordinated to the 

uranyl ion as an oxide or hydroxide ion, which would be analogous to the reported behavior of 

bismuth acetate when used as an acylating agent.
45 
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Scheme 4.2. Proposed substitution reaction between [5-AT]
-
 and a coordinated [OAc]

-
 ion from 

[UO2(OAc)3]
-
. 

The yield of [H(1-mim)][5-AcAT]·5-AT was not determined, but the isolation of 

macroscopic single crystals indicated that it was formed in a significant amount. The reaction 

does not preclude the possibility that [5-AT]
-
 ions are able to coordinate to uranyl in this system, 

but the large amounts of side products (including polymeric uranyl hydroxides) would likely 

make it unsuitable for the crystallization of N-donor ligated complexes. As the acylation reaction 

involves the same two reactants as the ligand substitution, there is no way it could be avoided in 

this system. Either replacement of the triacetate complex or use of a reagent that can force the 

dissociation of acetate is necessary. 

 

4.4. Conclusions 

Binary metal salts of simple azolates are a relatively unexplored class of N-donor 

compounds, especially when compared to more highly derivatized ligands containing azoles. 

Here it was found through examination of the structure of Pb(5-AT)2 that the use of [5-AT]
-
 as 

the sole bridging moiety led to an unusual 3-dimensional bridging mode and extensive inter-

ligand stacking. The range of bridging modes and electronic character available among even 

small, simply functionalized azoles makes the isolation of these compounds an exciting prospect 

in crystal engineering. 

There is still a need to devise a general approach for preparing metal azolate compounds. 

Our attempts to utilize a general acid-base reaction with readily available metal acetates could 
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not be definitively proven to work, even though they did result in the isolation of a novel binary 

metal azolate. However, strong evidence for conditions under which the reaction cannot work 

was observed through the acetylation of [5-AT]
-
, which indicated an apparently greater affinity 

of 5-AT for nucleophilic carbon atoms in a ligand bonded to [UO2]
2+

 than for the metal ion itself. 

However, the ability to conduct these reactions in solution (either in water, an organic solvent 

such as 1-mim, or an IL) will enable us to further modify the reaction conditions, for instance to 

promote the dissociation and solvation of [OAc]
-
. 
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Appendix 4.1. Supplementary IR and PXRD data 

 

Figure 4.7. Calculated (blue) and experimental (black) PXRD patterns of [C2C2Im][UO2(OAc)3]. 
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Figure 4.8. FT-IR spectrum of isolated [C2C2Im][UO2(OAc)3]. 
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CHAPTER 5 

 

 

DEHYDRATION OF Nd(NO3)3·6H2O AND UO2Cl2·3H2O WITH A SOFT DONOR LIGAND 

AND COMPARISON OF THEIR INTERACTIONS THROUGH 

X-RAY DIFFRACTION 

 

 

Taken in part from a manuscript in preparation for publication: Kelley, S. P.; Ness, J. S.; Dixon, 

D. A.; Rogers, R. D. 2015, in preparation. 

 

5.1. Introduction 

The interactions of f-elements with soft Lewis bases are important in the context of 

lanthanide-actinide separations, which are critical steps in several advanced spent nuclear fuel 

disposition strategies.
1
 Actinides have a slightly greater affinity for soft Lewis bases than 

lanthanides, which is exploited to overcome the overlapping size-to-charge ratios of several of 

the lanthanide and actinide ions.
2
 The interaction of f-orbitals with ligands also remains a largely 

unexplored frontier in fundamental chemical bonding. Actinide 5f orbitals have long been 

implicated to participate in metal ligand bonding to an extent significant enough to measurably 

affect complex stability,
3
 and cerium 4f orbitals may actually mix with ligand orbitals to a 

greater extent than the 5f orbitals of some actinides.
4
 

Experimental structure determination by SCXRD is a powerful technique in this field. 

Crystal structures can be used to unambiguously confirm structure predictions made based on 

spectroscopy or theoretical calculations. Well-characterized single crystals are also useful in 

studies that investigate the metal-ligand interaction more thoroughly such as optical spectroscopy 

on single crystals,
5,6

 charge density analyses by X-ray scattering,
7
 and X-ray absorption 
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spectroscopy.
8
 However, f-element complexes with soft donors are often difficult to isolate as f-

elements are typically hard Lewis acids and therefore prefer to interact with hard bases such as 

oxygen. The exotic and radioactive nature of most of the actinides further complicates this 

matter, as most laboratories can only handle milligram quantities or dilute samples of these 

elements. Some academic groups have overcome this limitation by devising single-step 

approaches for the synthesis of solid state actinide compounds. These include actinide 

compounds with soft Lewis basic chalcogenide anions
9
 and oxyanions such as phosphates

10
 and 

borates
11

 which have structural flexibility that can be used to probe for differences between 

actinide and lanthanide interactions. 

Our group has investigated the use of ILs
12

 to promote coordination of soft donors to f-

element ions. By incorporating anionic soft donors into ILs as ions, they can be reacted with f-

element salts with no interference from other solvent. We have been able to isolate anionic f-

element complexes by reactions f-element hydrates with ILs containing soft donor anions.
13

 

Others have been able to isolate [UO2]
2+

 complexes coordinated exclusively by the soft donor 

anions isothiocyanate
14

 and dithiocarboxylate from reactions with ILs.
15

  

The ability of anionic soft donors to substitute O-donors bound to an f-element led us to 

investigate whether a neutral soft donor with a partial negative charge on the donor atom could 

also substitute coordinated O-donors such as water. Such complexes would be useful as 

intermediates towards making entirely soft donor-ligated f-element complexes. Coordination of a 

neutral soft donor may favor the substitution of hard donor anions with soft donors due to ligand 

symbiosis. Also, unlike f-element complexes with labile solvent ligands such as THF,
16-18

 the 

partially-charged soft donor ligand may be able to resist substitution. 
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We chose to investigate this approach using an imidazole-2-thione ligand. The imidazole-

2-thione moiety is well studied as a pharmacophore
19

 and as a class of coordinating ligands.
20

 

1,3-Dialkylimidazole-2-thiones can be easily synthesized from dialkylimidazolium acetate ILs,
21

 

and our group has investigated 1,3-diethylimidazole-2-thione (C2C2ImT) as an extractant for 

Hg
2+

.
22

 1,3-Dialkylimidazole-2-thione ligands have both neutral and zwitterionic resonance 

forms (Fig. 5.1), and as a zwitterion the thione may possess enough anionic character to 

substitute water ligands bonded to an f-element. The resulting complex would still be neutral, 

however.  

 

Figure 5.1. Neutral and zwitterionic resonance structures of C2C2ImT (additional resonance 

structures for II not shown). 

As an additional benefit, the resonance of C2C2ImT could make it useful as a structural 

probe. Structural characterization of 1,3-dimethylimidazole-2-thione has indicated it to be a 

hybrid of the neutral and zwitterionic resonance forms.
23

 Differences in metal ion hardness or 

softness could favor different amounts of neutral vs. zwitterionic character in a coordinated 

thione, resulting in changes in the intra-ligand bond distances. This could be especially useful for 

f-elements, since metal-ligand bond distances themselves are often inconclusive for explaining 

the differences between lanthanide and actinide interactions with a soft donor. 

In spite of the extensive body of published work on imidazole-2-thione coordination 

chemistry,
24-26

 the CSD
27

 contains no published examples of lanthanide complexes with 

imidazole-2-thiones and only two published uranium complexes (with a tripodal thione-
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functionalized borate ligand).
28

 Here we present the synthesis of complexes of Nd
3+

 and [UO2]
2+

 

ions with C2C2ImT from readily available hydrated f-element salts along with their structural 

characterization. We also present our investigation into the differences between the interactions 

of the two metal ions with C2C2ImT through analyses of their crystal structures. 

 

5.2. Experimental 

5.2.1. Materials and methods. Uranyl chloride trihydrate, UO2Cl2·3H2O (IBI Labs, Boca 

Raton, FL), neodymium nitrate hexahydrate, Nd(NO3)3·6H2O (Sigma-Aldrich, St. Louis, MO), 

and acetonitrile (EMD Chemical) were obtained from commercial sources and used as received. 

Deionized water was obtained from an in house system (Culligan Water Systems, Northbrook, 

IL; typical resistivity = 17.8 MΩ·cm). The synthesis of C2C2ImT is reported elsewhere.
22  

SCXRD data were measured on a Bruker diffractometer equipped with a PLATFORM 3-

circle goniometer and an Apex II CCD area detector (Bruker-AXS, Madison, WI) using 

graphite-monochromated Mo-Kα radiation (0.71073 Å). Crystals were mounted on a glass fiber 

using silicone grease and cooled to the collection temperature under a cold stream of N2 using an 

N-Helix Cryostat (Oxford Cryosystems, Oxford, UK). A hemisphere of unique data was 

collected using a strategy of scans about omega and phi with 0.5
o
 frame widths. Data collection, 

unit cell determination, integration, absorption correction, and scaling were performed using the 

Apex2 software suite (Bruker-AXS).
29

 

UV/Vis absorption spectroscopy was performed using a Lambda Bio-XLS 

spectrophotometer (Perkin-Elmer, Waltham, MA). Solutions of 0.02 M C2C2ImT or 

Nd(NO3)3·6H2O were prepared in acetonitrile. A solution containing both reagents at a 1:3 ratio 

was prepared by combining 1 mL of the Nd(NO3)3 solution with 3 mL of the C2C2ImT solution 
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using an autopipette and stirring in a capped screw-top vial for about 30 min at ambient 

temperature. The solutions of C2C2ImT or 1:3 Nd(NO3)3·6H2O/C2C2ImT were diluted to the 

working concentration in acetonitrile. Samples were loaded in a 1 cm poly(methyl methacrylate) 

cuvette, and spectra were recorded from 250 to 900 nm using a cuvette of acetonitrile as the 

reference. 

5.2.2. Crystallization of Nd(NO3)3(C2C2ImT)3 (1). A solution of 0.123 g C2C2ImT in 

1.534 g acetonitrile (7.42 wt %) was prepared. Nd(NO3)3·6H2O (0.0522 g) was weighed into a 

glass shell vial and dissolved in 2.000 g acetonitrile. To this solution was weighed 1.181 g of the 

solution containing C2C2ImT (0.0876 g C2C2ImT, 4.24 eq.). The resulting mixture was capped 

with perforated Parafilm and allowed to evaporate under ambient conditions. Violet solids were 

observed after several days, from which a crystal of 1 was isolated. 

5.2.3. Crystallization of UO2Cl2(C2C2ImT)2 (2) and 1,3-diethylimidazole-2-thione-4,5-

dione (3). UO2Cl2∙3H2O was weighed into empty screw-top glass vials and dissolved in 

deionized water or acetonitrile. Two molar eq. of C2C2ImT were weighed out separately and 

dissolved in acetonitrile. The acetonitrile solutions of C2C2ImT were added to their respective 

solutions of UO2Cl2, resulting in an immediate color change from yellow to red-orange. Crystals 

began forming from the acetonitrile solution within several minutes. The reaction was allowed to 

proceed overnight, and crystals of 2 were isolated by pulling a drop of the mother liquor with 

suspended crystals out with a Pasteur pipette and mixing with Paratone oil (Hampton Research 

Industries, Hampton, MA). The reaction in water was allowed to evaporate, and yellow solids 

were observed after approximately 1 year from which crystals of 3 were isolated. 

5.2.4. Crystal structure determination. The structures of 1 and 3 were solved by direct 

methods. The structure of 2 was solved by locating the uranium, sulfur, and chloride atoms by 
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Patterson refinement. Additional non-hydrogen atoms were found from the difference map. All 

non-hydrogen atoms were refined anisotropically by full matrix least squares refinement against 

F
2
. Hydrogen atoms were placed in calculated positions, and their coordinates and thermal 

parameters were allowed to ride on the carrier atoms. Hydrogen atoms on methyl groups were 

refined using a riding-rotating model. 1 and 3 were solved in chiral space groups and refined as 

racemic twins. 

Structure solution, refinement, and generation of ORTEP plots was performed using the 

SHELXTL software suite (Bruker-AXS).
30

 Structures were refined with SHELXL
31

, v.2014. Short 

contact analysis and structure visualization were done with Mercury (CCDC, Cambridge, UK).
32

 

CSD searches were performed using ConQuest
33

. 
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Table 5.1. Summary of SCXRD data. 

 

 

Compound 1 Compound 2 Compound 3 

Formula C21H36N9O9S3Nd C14H24N4O2Cl2S2U C7H10N2O2S 

Crystal system Monoclinic Triclinic Orthorhombic 

Space group Cc P-1 P212121 

Lattice 

constants: 

   

a (Å) 16.994(4) 7.8597(4) 5.0794(4) 

b (Å) 12.085(3) 9.0512(4) 10.2053(8) 

c (Å) 15.986(4) 9.1650(4) 16.484(1) 

α (
o
) 90 69.153(2) 90 

β (
o
) 91.422(1) 85.435(2) 90 

γ (
o
) 90 65.395(2) 90 

Cell volume 

(Å
3
) 

3282(1) 552.18(5) 854.5(1) 

Z 4 1 4 

μ (mm
-1

) 1.832 7.794 0.338 

Total 

reflections 

42015 13968 11413 

Unique 

reflections 

14272 4840 2098 

Observed 

reflections  

(I > 2σ) 

13460 4813 1850 

Rint 0.0404 0.0400 0.0528 

Completeness 

to 2θ 

98.2% to 70.614
o
 98.6% to 70.210

o
 99.6% to 56.432

o
 

GooF 0.981 1.016 1.070 

Final R indices  

observed/total 

0.247/0.275 0.0245 0.0397/0.0480 

wR
2 
all 

reflections 

0.531 0.0471 0.1020 

 

5.3. Results and discussion 

5.3.1. Reactions of Nd(NO3)3·6H2O and UO2Cl2·3H2O with C2C2ImT. C2C2ImT shows a 

high solubility in acetonitrile, so this was selected as the initial reaction medium. 
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Nd(NO3)3·6H2O was selected as a representative lanthanide salt for its solubility in acetonitrile, 

while UO2Cl2·3H2O was selected in order to avoid the precipitation of hydroxide complexes 

which the nitrate salt is capable of forming. The ligand and metal salts were dissolved separately 

in acetonitrile and then combined in a 1:3 stoichiometry for Nd and a 1:2 stoichiometry for 

[UO2]
2+

 (metal to ligand, mol/mol). When the solutions of Nd(NO3)3·6H2O and C2C2ImT were 

mixed there were no observable changes. Slow evaporation of the acetonitrile under ambient 

conditions gave single crystals, one of which was isolated and determined by SCXRD to be 

Nd(NO3)3(C2C2ImT)3 (1, Fig. 5.2 left). 

Mixing the C2C2ImT and UO2Cl2·3H2O solutions resulted in an immediate color change 

from yellow to red-orange. Small crystals were observed to begin forming on the walls of the 

reaction vessel within minutes and the solution was left overnight, resulting in the formation of 

additional crystals and a decrease in the intensity of the red-orange color of the solution. One of 

the crystals was isolated and identified by SCXRD as UO2Cl2(C2C2ImT)2 (2, Fig. 5.2 right). 

    

Figure 5.2. 50% probability ellipsoid plots of the formula units of 1 (left) and 2 (right). Dashed 

lines indicate Coulombic intramolecular interactions. 

Similar reactions between NdCl3·6H2O or Nd(NO3)3·6H2O with C2C2ImT were also 

attempted in methanol, but solvent evaporation only yielded crystals of the starting materials (the 
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lanthanide salt hydrates and C2C2ImT). A reaction of aqueous UO2Cl2·3H2O with an acetonitrile 

solution of C2C2ImT was also attempted, and this reaction produced the color change from 

yellow to red-orange observed in acetonitrile. However, crystallization was not immediately 

observed in this system. The resulting solution was allowed to evaporate under ambient 

conditions over a period of many months, ultimately yielding a yellow solid which contained 

colorless and yellow crystals isolable under microscopy. One of the colorless crystals was 

identified by SCXRD as 1,3-diethylimidazole-2-thione-3,4-dione (3, Fig. 5.3). Interestingly, 

C2C2ImT is normally water-stable although only sparingly soluble, and we have observed its 

crystallization from aqueous solution by slow evaporation many times. Isolation of 3 may 

indicate reactivity of the [UO2]
2+

 complex, possibly due to the photoreactivity of UO2Cl2. 

 

Figure 5.3. 50% probability ellipsoid plot of formula unit of 3. 

The visible color change in the reactions of UO2Cl2·3H2O with C2C2ImT and the 

spontaneous precipitation of 2 suggest that C2C2ImT was able to coordinate to [UO2]
2+

 directly 

in solution. To determine if this also occurred with Nd(NO3)3∙6H2O, UV/Vis spectra were 

compared for solutions of C2C2ImT in acetonitrile with and without any Nd
3+

. Spectra were 

measured in the range 250-900 nm for acetonitrile solutions of either 25 μM C2C2ImT or 25 

μM/75 μM Nd
3+

/C2C2ImT (Appendix 5.1). Both C2C2ImT and 3:1 C2C2ImT to Nd
3+

 were found 

to have the same λmax (266 nm) with similar molar absorptivities (16096 and 14873 M
-1

cm
-1

, 
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respectively). The Nd-containing solution contained no other detectable peaks at this 

concentration, indicating the ligand was essentially unbound.  

Although it was possible to obtain anhydrous thione complexes of both Nd
3+

 and [UO2]
2+

 

from hydrated starting materials in acetonitrile, for Nd
3+

 there is no evidence that the thione is 

strongly coordinating in solution, and isolation of the anhydrous complex may be driven by the 

relative solubilities of the complex and the starting materials. C2C2ImT is very soluble in 

acetonitrile, and during evaporation the less soluble metal complex may slowly precipitate while 

the thione remains dissolved, driving the equilibrium forward. Methanol on the other hand, is a 

better solvent for the Nd
3+

 ions and may be able to keep the metal dissolved while allowing the 

crystallization of the free thione, preventing the reaction. For [UO2]
2+

, the thione is apparently 

able to out-compete water for coordination, as evidenced by color changes and formation of 

crystals immediately upon reacting dissolved UO2Cl2·3H2O with C2C2ImT.  

5.3.2. Analysis of structures, ionicity, and metal-ligand interactions: The apparent 

differences in the reactivity could indicate that C2C2ImT interacts with [UO2]
2+

 more strongly 

than with Nd
3+

. To learn more about the nature the metal-thione interaction, the crystal structures 

of 1 and 2 were examined in more detail. We should note, however that the intra-ligand and 

metal-ligand bond distances of C2C2ImT complexes have been observed to be strongly affected 

by the counterion,
22

 so differences between the structures cannot strictly be assigned to 

differences in the interactions with the metal. Nonetheless, the effect of C2C2ImT on the other 

metal ligand bonds can be compared to structures from the literature, and the non-covalent 

interactions can be examined for evidence of partial ionic character.  

1 crystallized in Cc with one unique formula unit. The complex consists of a 9-coordinate 

Nd
3+

 center bonded to three bidentate [NO3]
-
 ions and three sulfur atoms from C2C2ImT ligands 
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in a distorted tricapped trigonal prismatic geometry. The ligands have a complex, low-symmetry 

arrangement where like ligands have a meridional arrangement about the metal, and one [NO3]
-
 

ion is perpendicular to the other two. Despite its complexity, the arrangement seems to allow the 

closest fit to the ideal tricapped trigonal prismatic geometry, as each of the bidentate [NO3]
-
 ions 

are able to occupy a capping vertex and the adjacent vertex on the prism itself. All metal-ligand 

bonds show variation in distances from ligand to ligand and, for the [NO3]
-
 groups, asymmetry 

for both bonds involving the same ligand. The [NO3]
-
 metal-O bond distances vary more than the 

metal-S bond distances. The C2C2ImT ligands bind with near-tetrahedral C-S-Nd bond angles 

(ranging from 107.51(9)
o
 to 113.21(9)

o
) and with the ring plane roughly perpendicular to the S-

Nd bond, both of which are typical for coordinated imidazole-2-thiones.
22

  

Intramolecular noncovalent interactions appear to affect the complex geometry. Most 

notable is the apparent stacking interaction between the [NO3]
-
 ion containing N3 and the 

C2C2Im ligand C, which is similar to the stacking of cations and anions in dialkylimidazolium 

salts.
34

 The other rings are oriented so that the –CH2- groups α to the nitrogen atoms are donating 

intramolecular hydrogen bonds to [NO3]
-
 groups. Each molecule makes intermolecular short 

(less than the sum of the van der Waals radii) contacts to 6 neighbors through hydrogen bonds 

between the imidazole rings at the C4, C5, and α-CH2 positions to [NO3]
-
 oxygen atoms and 

thione S atoms. The sulfur atom which accepts an intermolecular hydrogen bond, S1, also has the 

longest S-Nd bond distance (2.9315(8) Å vs. 2.9182(9) and 2.910(1) Å). The strongest 

imidazole-[NO3]
-
 intermolecular hydrogen bonds form infinite zigzag chains along c, while the 

imidazole-S hydrogen bonds form infinite chains that run along both diagonals of the ab face and 

bridge the molecules into a 3-dimensional network reinforced by additional, weaker hydrogen 

bonds (Fig. 5.4). 
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(a)   (b)  

(c)  

Figure 5.4. Packing diagrams of 1 showing (a) short contact environment around a single 

complex (emphasized as balls and sticks), (b) the three orthogonal hydrogen-bonded chains that 

form the 3-D network, and (c) 2x2x2 unit cell packing viewed down b. Dashed green lines 

indicate short contacts. Nd atoms are displayed as spheres for clarity. 

2 crystallized in P-1 with the uranium atom on a crystallographic center of inversion. The 

6-coordinate geometry is exceptionally close to an ideal octahedron (particularly for a [UO2]
+

 

complex as these frequently show large deviations from planarity among the equatorial ligands), 

and all bond angles are within 2
o
 of the 90

o
 ideal. Coordination of the C2C2ImT ligand is similar 
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to that observed in 1; however, unlike the ligand conformations in 1, the C2C2ImT ligands in 2 

have both ethyl groups pointing to the same side of the ring.  

2 also appears to contain noncovalent interactions similar to those of imidazolium salts. 

These include intramolecular hydrogen bonds between the α-CH2 groups and the Cl
-
 ligands and 

a stacking interaction between C2 and an [UO2]
2+

 oxygen atom. There are intermolecular short 

contacts to 8 neighboring molecules. The imidazole ring donates a bifurcated hydrogen bond to 

the O and Cl
-
 atoms of a neighboring complex, forming infinite chains along the ab diagonal. 

These are bridged along the other ab diagonal through hydrogen bonds between one of the α-

CH2 groups and a Cl
-
 ligand and along c through hydrogen bonds between methyl groups and the 

thione S atom, forming a 3-dimensional network (Fig. 5.5). The imidazole rings stack over each 

other but are not particularly close (the closest approach is 3.662(3) Å). 
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(a)  (b)  

(c)  

Figure 5.5. Packing diagrams of 2 showing (a) short contact environment around a single 

complex (emphasized as balls and sticks), (b) 2-dimensional hydrogen bonded sheet along the ab 

face, and (c) 2x2x2 unit cell packing viewed down c. Dashed green lines indicate short contacts. 

U atoms in (a) are displayed as spheres for clarity. 

The metal-ligand and C-S bond distances of 1 and 2 are compared in Fig. 5.6. The C-S 

bond distances in both structures are much longer than the corresponding distance in free 

C2C2ImT,
22

 indicating an increase in single bond character. The biggest influence on metal-

ligand bond distance in 1 seems to be whether the coordinating atom occupies a capping or non-

capping vertex. The hydrogen bond to the coordinated sulfur atom in 1 is correlated with a 

longer bond distance. The U-S bond distances in 2 are longer than the U-Cl bonds but shorter 

than U-S bonds in uranyl dithiocarboxylates
15

 or the known U(III) complex.
28

 The U-Cl bond 

distances in 2 are comparable to the short U-Cl bonds in crystal structures of the [UO2Cl4]
2-

 

anion.
35
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Figure 5.6. Coordination spheres and metal-ligand bond distances of 1 (left) and 2 (right). 

Both 1 and 2 have noncovalent interactions that appear to be partially ionic in character 

(hydrogen bond donation and stacking from the imidazole ring and hydrogen bond accepting at 

the thione). Also, intramolecular, electrostatic interactions appear to influence the orientation of 

C2C2ImT in both 1 and 2. The metal-sulfur and intra-ligand bond distances appear to reflect a 

number of differences between the two structures and cannot be interpreted strictly in terms of a 

difference in the interaction strength. 

 

5.4. Conclusions 

C2C2ImT was able to form anhydrous complexes from reactions with both a lanthanide 

and an actinide hydrate. The [UO2]
2+

 complex in particular lends itself to easy isolation due to 

the spontaneous formation of an isolable crystalline phase without evaporation. Nd
3+

 was found 

to be less reactive towards C2C2ImT than [UO2]
2+

 but could nevertheless be isolated as an 

anhydrous crystalline complex under ambient conditions. C2C2ImT shows partial anionic 

character when coordinated to either metal ion. 

The lack of structurally characterized examples of imidazole-2-thione complexes with f-

elements is truly surprising, given their apparent ease of isolation. The chemically modifiable 
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nature of the imidazole ring also lends imidazole-2-thione ligands well to experimentally tuning 

the donor properties of the ligand. We anticipate that this family of ligands will be useful to 

furthering the experimental study of f-element soft donor interactions. Our own future work in 

this area will include further use of these compounds as intermediates in the synthesis of 

exclusively soft-donor ligated f-element complexes. 
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Appendix 5.1. UV/Vis measurements 

 

Figure 5.7. UV/Vis spectra of C2C2ImT (black) vs. 1:3 Nd(NO3)3/C2C2ImT (red) normalized to 

the absorption at λmax (266 nm). 
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CHAPTER 6 

 

 

NONSTOICHIOMETRIC, PROTIC AZOLIUM AZOLATE IONIC LIQUIDS PROVIDE 

UNIQUE ENVIRONMENTS FOR N-DONOR COORDINATION CHEMISTRY 

 

Taken as part of a published manuscript: Kelley, S. P.; Seth, J. S.; Rogers, R. D. Chem.-Eur. J. 

2015, 21, 17196-17199; DOI: 10.1002/chem.201503914. 

 

6.1. Introduction 

Azoles have played an important role in the field of ILs, with many examples of such 

salts with azoles as cations
1
 or anions

2
, particularly in the context of energetic ILs.

3,4
 Azoles are 

also especially important in coordination chemistry, found in important polydentate ligands (i.e., 

scorpionates
5
 or N-heterocyclic carbene pincers

6
), biological systems (i.e., transferrins

7
), and 

even as extractants in nuclear processing for actinide-lanthanide separations.
8
 Azoles are also an 

important class of bridging ligands for making coordination polymers, specifically zeolitic 

imidazolate frameworks,
9
 due to their rigidity and chemically modifiable structures.  

Coordination polymers are usually synthesized in solvothermal reactions where side 

reactions and competition from the solvent negatively affect structure predictability
10

, leading to 

research on simpler ways to make them.
11

 ILs have been investigated as solvents in a number of 

inorganic reactions,
12

 including the synthesis of coordination polymers by the so-called 

ionothermal method,
13

 but more recently, IL ions have been designed to actively participate in 

coordination of a particular metal ion.
14-16

 Synthesis of azolate-based frameworks in ILs 

featuring coordinating azoles as ions could greatly simplify the chemistry by removing 
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competition from any additional solvent and allowing neutral molecules to be removed by 

volatilization in high temperature, low pressure reactions. However, there is surprisingly little 

research being done using azolate ILs for coordination chemistry.  

We hypothesized that amphoteric azoles (of which many are known) could react with 

more basic azoles to give a family of finely tunable liquids. Brønsted acids and bases can 

sometimes react to form liquids even when fully ionized, referred to as ‘protic ILs’.
17

 Non-

stoichiometric amounts of acid or base can form salts with oligomeric ions
18

 which can have 

much lower melting points that the 1:1 salt.
19

 Even if they are not fully ionized, the acid and base 

can remain closely associated, forming a large complex that lowers the melting point which our 

group refers to as a ‘liquid co-crystal’.
20

 Using these strategies to combine and liquefy two azoles 

would lead to media composed solely of azoles which should therefore be excellent for 

promoting their coordination to metal ions. The chemical properties of such liquids could be 

adjusted by changing the type or stoichiometry of the azoles without perturbing the system by 

adding any other solvent. Due to their protic nature, the liquids could also act as acids for 

reactive dissolution of metals or oxides to give binary metal azolates (which has been 

demonstrated with a neutral azole
21

). 

To test our hypothesis, we investigated combinations of 1-mim and 4,5-dicyanoimidazole 

(4,5-DCNim) (Fig. 6.1) at varying stoichiometries (1:2, 1:1, and 2:1 mol/mol) to determine how 

the composition affected speciation and if these systems could be used for crystallizing new 

metal complexes. The aqueous pKa values of 4,5-DCNIm (5.2)
22

 and protonated 1-mim ([H(1-

mim)]
+
, 7.33)

23
 suggest that they should undergo significant proton transfer. The low melting 

point and low volatility of 1-mim should also generate systems with a large liquid range, since if 

present in excess it can act as a solvent for salts and unreacted azoles. 
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Figure 6.1. Azoles used in this study. 

 

6.2. Experimental 

6.2.1. Materials and methods. 4,5-DCNIm (TCI Chemical, Tokyo, Japan), 

Cu(NO3)2·2.5H2O (Fisher Scientific, Waltham, MA), CuO (Sigma Aldrich, St. Louis, MO), and 

ZnO (Sigma Aldrich) were used as received from their commercial sources. 1-Mim (Sigma 

Aldrich) was purified by distillation at 145 
o
C under reduced pressure.  

SCXRD was measured on a diffractometer equipped with a 3-circle PLATFORM 

goniometer and an Apex-II CCD area detector (Bruker-AXS, Madison, WI) using graphite-

monochromated Mo-Kα radiation (0.71073 Å). Crystals were isolated under an optical polarizing 

microscope and mounted on a glass fiber using silicone grease. A hemisphere of data was 

collected for each crystal using a strategy of scans about omega and phi with 0.5
o
 frame widths. 

Crystals were cooled during collection under cold stream of N2 gas using an N-Helix cryostat 

(Oxford Cryosystems, Oxford, UK). Unit cell determination, data collection, integration, 

absorption correction, and scaling were conducted using the Apex2 software suite (Bruker 

AXS).
24

 

PXRD was measured on a D2 Phaser powder X-ray diffractometer with a Lynxeye linear 

position-sensitive detector (Bruker-AXS) using Ni-filtered Cu-Kα radiation (1.54056 Å). PXRD 

data was measured on a thin layer of sample applied directly to a thin silicon wafer cut to an off-

Bragg plane. Data was collected under a continuous coupled theta/2-theta scanning mode. 
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Differential scanning calorimetry (DSC) was measured on a TA Q2000 calorimeter (TA 

Instruments, New Castle, DE) equipped with an immersion cooling system. Samples were 

weighed into a tared aluminum crucible which was hermetically sealed with a crimped-on lid. 

An empty crucible (with lid) was used as the reference. Three consecutive cycles were measured 

in the dynamic heating regime, starting and ending at 25 
o
C at a ramp rate of 5 

o
C/min and with 5 

minute isotherms at the end of every temperature ramp. Measurements were conducted under a 

50 mL/min Ar purge. 

The following general procedure for preparation of the 1-mim/4,5-DCNIm systems: First, 

1-mim was weighed into a tared glass culture tube. The required amount of 4,5-DCNIm was 

calculated, weighed onto weighing paper, and transferred into the culture tube. The vessels were 

placed in a heated sand batch at ~90 
o
C for between 0.5 and 1 h. The vials were removed, sealed 

with a threaded plastic cap, and stored at room temperature. Samples for DSC measurements 

were weighed out in the same way but were ground for at least two minutes after combining the 

reactants and were not heated. 

Reactions of metal salts with 1-mim/4,5-DCNIm were conducted as follows: 1-mim and 

4,5-DCNIm were combined by the same method above at a 2:1 molar ratio and placed in a sand 

bath heated to ~75 
o
C. CuO, Cu(NO3)2·2.5H2O, or ZnO was weighed onto a sheet of tared 

weighing paper and added to the hot reaction mixture. The mixtures were allowed to heat for 

several days. Well formed, dark blue polyhedral crystals of 3 formed from the reaction of CuO 

with 2:1 1-mim/4,5-DCNIm after 2 days of heating. The reaction of ZnO and 2:1 1-mim/4,5-

DCNIm was removed from heat after 2 days, and upon standing at room temperature for several 

more days the liquid fraction crystallized into sheets containing crystals of 4. 
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In the alternative reaction of Cu(NO3)2·2.5H2O with 1-mim/4,5-DCNIm, 60.2 mg of 1-

mim, 45.9 mg of 4,5-DCNIm, and 82.0 mg of Cu(NO3)2·2.5H2O were weighed into a flat-bottom 

screw top glass vial and allowed to stand on the lab bench under ambient conditions. After 

several days the liquid fraction had crystallized, and light blue crystalline plates of 3 could be 

isolated. 

6.2.2. Crystal structure determination. Space group determination, structure solution and 

refinement, and probability ellipsoid plot generation were done using the SHELXTL software 

suite (Bruker-AXS).
25

 Structures were refined using SHELX v. 2013.
26

 Intrinsic phasing by dual 

space methods were done using SHELXT.
27

 Structure visualization and generation of packing 

plots were done using Mercury (CCDC, Cambridge, UK).
28

 CSD searches were conducted using 

ConQuest (CCDC).
29 

The structure of 1 was determined from data collected on a colorless prismatic crystal 

measuring 0.04 x 0.07 x 0.19 mm at -173 
o
C. The structure was solved by direct methods. Non-

hydrogen atoms were located from the difference map and refined anisotropically by full matrix 

least squares refinement against F
2
. The structure could not be solved in the true space group, 

P21/m, but was solved in Pm and transformed to the true space group using PLATON 

ADDSYM.
30

 The hydrogen atom bonded to the 1-mim nitrogen atom was found from the 

difference map, and its coordinates were refined freely. All other hydrogen atoms were placed in 

calculated positions and allowed to ride on the carrier atoms. All hydrogen atom thermal 

parameters were constrained to ride on the carrier atom. After refinement, a set of residual 

difference map peaks resembling a second set of ions is was present. This can be caused by 

unresolved twinning or aperiodicity. Analysis of the calculated and observed structure factors by 

PLATON indicated a possible two-component twin, which was added to the refinement. 
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However, the amount of the minor domain refined to essentially zero. Because the absolute 

heights of the difference map peaks are small (similar to or smaller than a hydrogen atom), the 

ions have unambiguous structures with no anomalous features, and all non-hydrogen atoms 

could be refined anisotropically, no further effort was made to address these electron density 

peaks. 

The structure of 2 was determined from data collected on a colorless crystalline fragment 

at -173 
o
C. The structure was solved by direct methods. Non-hydrogen atoms were located from 

the difference map and refined anisotropically by full matrix least squares refinement against F
2
. 

Hydrogen atoms bonded to the 1-mim and 4,5-DCNIm nitrogen atoms were located from the 

difference map, and their coordinates were refined freely. Analysis of the structure factors after 

refinement by PLATON indicated unaccounted-for twinning with the following twin law: 

−1 0 0
0 −1 0
0.906 0.345 1

 

The minor component refined to 1.42% occupancy. 

The structure of 3 was determined from data collected on a blue crystalline plate 

measuring 0.04 x 0.08 x 0.19 mm at -173 
o
C. The structure was solved by locating the Cu atom 

by Patterson refinement. Non-hydrogen atoms were located from the difference map and refined 

anisotropically by full matrix least squares refinement against F
2
. Hydrogen atoms were placed 

in calculated positions. Hydrogen atom positions and thermal parameters were constrained to 

ride on the carrier atoms. 

The structure of 4 was determined from data collected on a colorless tabular crystal 

measuring 0.08 x 0.24 x 0.28 mm at -173 
o
C. The structure was solved by direct methods. Non-

hydrogen atoms were located from the difference map and refined anisotropically by full matrix 
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least squares refinement against F
2
. Hydrogen atoms were placed in calculated positions. 

Hydrogen atom positions and thermal parameters were constrained to ride on the carrier atoms. 

 

Table 6.1. Summary of SCXRD data. 

 

 

Compound 1 Compound 2 Compound 3 Compound 4 

Formula C9H8N6 C14H10N10 C26H26N16Cu C26H26N16Cu 

Crystal system Monoclinic Triclinic Triclinic Triclinic 

Space group P21/m P-1 P-1 P-1 

Lattice 

constants: 

    

a (Å) 8.1566(6) 7.066(3) 8.9474(4) 9.0405(2) 

b (Å) 6.3856(4) 7.858(4) 9.0567(4) 9.0460(3) 

c (Å) 10.3731(7) 15.934(8) 9.6971(4) 9.7906(3) 

α (
o
) 90 90.017(6) 84.698(2) 82.265(1) 

β (
o
) 96.287(4) 99.503(6) 82.955(2) 83.389(1) 

γ (
o
) 90 114.930(5) 67.434(2) 67.216(1) 

Cell volume 

(Å
3
) 

537.03(6) 788.8(7) 719.27(6) 729.74(4) 

Z 2 2 1 1 

μ (mm
-1

) 0.084 0.092 0.808 0.889 

Total 

reflections 

8669 13176 12439 26010 

Unique 

reflections 

1250 3467 3686 4443 

Observed 

reflections  

(I > 2σ) 

1060 2927 3170 4123 

Rint 0.0373 0.0380 0.0368 0.0326 

Completeness 

to 2θ 

94.8% to 53.554
o
 95.3% to 54.488

o
 98.8% to 57.496

o
 99.5% to 61.150

o
 

GooF 1.095 1.070 1.044 1.012 

Final R indices  

observed/total 

0.0757/0.0853 0.0765/0.0869 0.0347/0.0442 0.0270/0.0302 

wR
2 
all 

reflections 

0.2475 0.1898 0.0884 0.0723 
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6.3. Results and discussion 

1-Mim and 4,5-DCNIm were combined in 0.5, 1, or 2 mol/mol ratios by grinding them 

together briefly with a stirring rod and then heating to ca 90 
o
C for 0.5-1 h. The 1:2 1-mim/4,5-

DCNIm reaction gave a solid at elevated temperature, while the 1:1 system liquefied at elevated 

temperature and crystallized upon cooling. The 2:1 reaction also liquefied but remained liquid on 

cooling to room temperature, could be crystallized by cooling to 0 
o
C, and re-liquefied on 

warming to room temperature. PXRD indicated new crystalline phases in both the 1:2 and 1:1 

reactions, and two crystalline compounds were identified by SCXRD. Crystals of a 1:1 salt, 

[H(1-mim)][4,5-DCNIm], could be isolated from the 1:1 system upon crystallization, and 

crystals of a 1:2 salt co-cyrstal, [H(1-mim)]2[4,5-DCNIm]∙4,5-DCNIm (2) could be isolated from 

a reaction of the 2:1 system described later. The calculated PXRD patterns of these structures 

(Fig. 6.2, top) largely matched those of the solids obtained in the 1:1 and 1:2 reactions of 1-mim 

and 4,5-DCNIm reactions noted above. Although this confirmed 1 and 2 to be the main 

crystalline phases, the 1:1 reaction does contain at least two significant peaks at 11.9 and 27.3
o
 2-

theta which suggests another crystalline phase is also present. 
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Figure 6.2. Top: Experimental PXRD patterns (solid lines) vs. calculated patterns (dashed lines) 

at varying ratios of 1-mim/4,5-DCNIm. Bottom: 50% probability ellipsoid plots of formula units 

of 1 (left) and 2 (right); dashed lines indicate shortest contacts between ions. 

DSC was used to understand how the liquid state might also change with composition by 

investigating 1-mim, 4,5-DCNIm, and the 1:2, 1:1, and 2:1 reaction mixtures. Samples were 

prepared by weighing the neat starting materials into a glass vial and grinding by hand at room 

temperature for at least 5 min. Data were collected across three heating and cooling cycles 

starting and ending at 25 
o
C (cooling first for 1-mim and warming first for all other samples). 

The samples (prepared by grinding) showed variations between the first and subsequent cycles 

which indicated that they were approaching homogeneity and equilibrium only after melting and 
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recrystallization, so only the third cycles for all systems are compared here to examine phase 

transitions as a function of composition (Fig. 6.3, complete DSC available in the Appendix, Figs. 

6.5-6.9). 

 

Figure 6.3. DSC traces for systems composed of 1-mim and 4,5-DCNIm at varying molar ratios 

(right axis). Transitions are circled and labeled as discussed in text. Exothermic transitions are in 

the positive y direction. 

Both 1-mim and 4,5-DCNIm each showed one melting (Fig. 6.3 a, 1-mim at -9 
o
C, Fig. 

6.3 b, 4,5-DCNIm at 170 
o
C;) and one crystallization transition (Fig. 6.3 c and d, respectively). 

The 1:2 system, corresponding to the same composition as [H(1-mim)][4,5-DCNIm]·4,5-DCNIm 

(2) showed a single melting transition well below that for 4,5-DCNIm (Fig. 6.3 e, 112 
o
C), 

indicating essentially complete formation of 2 after melting and recrystallization. The 1:2 system 

underwent liquid-glass and glass-liquid transitions (Fig. 6.3 f, -15 and -19 
o
C, respectively) and 

crystallized on warming (Fig. 6.3 g). The suppressed crystallization is indicative of the dynamic 
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formation and dissociation of oligomers, which can help liquefy solid salts when combined with 

an extra equivalent of acid.
19

  

Despite matching the composition of compound 1, the 1:1 mixture showed two separate 

peaks during melting (Fig. 6.3 h, 59 
o
C; i, 92 

o
C), assigned to the melting of 1 followed by 

dissolution/melting of 2 (lowered by the presence of other compounds). There are also two 

exothermic transitions (Fig. 6.3 j and k), which are assigned to crystallization of these 

compounds. The presence of 2 also requires that the 1:1 system contain unreacted 1-mim as well, 

although its crystallization is not observed. Incomplete protonation of 1-mim may be due to 

competition between 1-mim and [4,5-DCNIm]
-
 anions for neutral 4,5-DCNIm.  

At a 2:1 ratio, the sample is partially liquid at room temperature and shows a single, 

extremely broadened melting event (Fig. 6.3 l, 26 
o
C) and a single crystallization (Fig. 6.3 m). 

These have been assigned to the melting and crystallization of 1 from excess 1-mim (which 

lowers the melting point). The extra equivalent of 1-mim also appears to keep the [4,5-DCNIm]
-
 

essentially completely deprotonated.  

To test the use of the 1-mim/4,5-DCNIm system as solvent and reactant, we chose the 2:1 

composition because of its wide liquid range and the presence of both neutral and anionic azoles 

in the melt. We conducted reactions with a common hydrated O-donor salt, Cu(NO3)2·2.5H2O, 

and with the metal oxides CuO and ZnO. The metal compounds were added to molten 1-

mim/4,5-DCNIm at a 1:4:2 molar ratio. Reactions with CuO and ZnO gave isomorphous crystals 

of complexes with the formula M(1-mim)4(4,5-DCNIm)2 (M = Cu (3), Zn (4)). The reaction with 

Cu(NO3)2∙2.5 H2O gave an unidentifiable, heterogeneous mixture of blue solids and liquids 

along with large crystalline plates of 2. The absence of isolable crystals of 3 may have been 

because the use of stoichiometric, rather than excess, 2:1 1-mim/4,5-DCNIm prevented the 
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substitution of [NO3]
-
. In an alternative synthesis, Cu(NO3)2·2.5H2O, 1-mim, and 4,5-DCNIm 

were combined in a sealed vial at a 1:4:2 ratio at ambient temperature with no mixing. The liquid 

phase yielded single crystals of 3 after several days. Here, the reaction was allowed to proceed 

through diffusion, which ensured an excess of 1-mim at all times. All structures were identified 

by SCXRD. 

The isolation of 3 and 4 demonstrated substitution of both neutral and anionic O-donors 

by the azoles to give entirely N-donor ligated complexes (Fig. 6.4). Isolation of 3 from the 

reaction with Cu(NO3)2·2.5H2O was particularly interesting, as the reaction of 4,5-DCNIm with 

Cu(NO3)2 in aqueous solution has been shown to not result in azole coordination, yielding 

instead a co-crystal with 4,5-DCNIm in the outer sphere.
31

 Isolation of 3 and 4 from reactions 

with their respective metal oxides has implications for their use as starting materials in the 

synthesis of frameworks.
11

 The isostructural nature of the complexes regardless of metal may be 

partly due to the azole rich nature of the liquids, which may promote unidentate coordination of 

many ligands over low numbers of ligands with bridging coordination modes. 
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Figure 6.4. 50% probability ellipsoid plots of the formula unit of M(4,5-DCNIm)2(1-mim)4 (M = 

Cu (3; shown) or Zn (4). 

 

6.4. Conclusions 

Here we have demonstrated that stoichiometric and nonstoichiometric combinations of an 

amphoteric azole with a more basic azole resulted in a family of low-melting compounds with 

variable speciation. These azole and azolate-rich liquids were used as both solvents and reagents 

for coordination chemistry, indicated by the isolation of two new, entirely N-donor ligated Cu
2+

 

and Zn
2+

 complexes from hydrated O-donor salts or metal oxides. We believe these protic 

azolium azolate systems represent a reactive solvent platform for a wide range of novel and 

easily accessible coordination chemistry. Using one of the many other commercially available 

acidic azoles, using amphoteric azoles as the base, and changing the ratio of azoles to change the 
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acidity or speciation of the system are all likely to result in even further expansion of this 

impressively varied coordination chemistry. 
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Appendix 6.1. Supplementary DSC data 

 

Figure 6.5. DSC of 1-methylimidazole. Black trace = 1
st
 cycle, blue trace = 2

nd
 cycle, red trace = 

3
rd

 cycle. 

 

Figure 6.6. DSC of 4,5-dicyanoimidazole. Black trace = 1
st
 cycle, blue trace = 2

nd
 cycle, red 

trace = 3
rd

 cycle. 
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Figure 6.7. DSC of 1:2 mol/mol 1-methylimidazole:4,5-dicyanoimidazole. Black trace = 1
st
 

cycle, blue trace = 2
nd

 cycle, red trace = 3
rd

 cycle. 

 

Figure 6.8. DSC of 1:1 mol/mol 1-methylimidazole:4,5-dicyanoimidazole. Black trace = 1
st
 

cycle, blue trace = 2
nd

 cycle, red trace = 3
rd

 cycle. 
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Figure 6.9. DSC of 2:1 mol/mol 1-methylimidazole:4,5-dicyanoimidazole. Black trace = 1
st
 

cycle, blue trace = 2
nd

 cycle, red trace = 3
rd

 cycle. 

  



148 

 

Appendix 6.2. Supplementary XRD discussion 

1 crystallized in the monoclinic space group P21/m. There is one half of a unique formula 

unit caused by all non-hydrogen atoms occupying unique positions but on a crystallographic 

mirror plane. Protonation of the [H(1-mim)]
+
 cation was confirmed by location of the hydrogen 

atom from the difference map as well as the reduced asymmetry of the N1-C2 and C2-N3 bond 

distances (1.327(5) Å and 1.317(5) Å, respectively). Deprotonation of the azole also results in 

lengthening of the shortest N-C8 bond distance relative to that of neutral 4,5-DCNim
1
 (1.335(5) 

Å vs. 1.317(2) Å). Hydrogen bonding from the [H(1-mim)]
+
 ion organizes the cations and anions 

into perfectly planar sheets, and electrostatic interactions between the cations and anions stack 

these sheets along b. The overall packing is a salt-like 3-dimensional network (Fig. 6.10) 

 

Figure 6.10. Packing diagram (2x2x2 unit cells) of 1 viewed along b axis. 

In the experimental PXRD of 1, there is a peak at ~27
o 

2-theta which appears to shifted 

by about 0.5
o 
from its corresponding peak in the calculated PXRD pattern. This peak corresponds 

to the (0 2 0) plane, which is the interlayer spacing between the hydrogen bonded sheets. Since a 

shift of this magnitude does not appear to occur for any other peaks, it is indicative of anisotropic 

thermal expansion along the b axis. This is consistent with the packing, as the hydrogen bonds 
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along the a and c directions are directional and could undergo greater weakening than the ionic 

bonds along b if the unit cell expanded in those directions. 

2 crystallized in P-1 with one formula unit per asymmetric unit. The [H(1-mim)]
+
 cation 

and [4,5-DCNim]
-
 anion are structurally similar to those in 1. A hydrogen atom was located from 

the difference map within bonding distance to N9 of the neutral 4,5-DCNim molecule, and the 

C8-N bond distances of this molecule are significantly unsymmetric (N7-C8 = 1.326(5) Å, N9-

C8 = 1.349(5) Å). Both the [H(1-mim)]
+
 and 4,5-DCNim molecules donate strong hydrogen 

bonds to the [4,5-DCNim]
-
 anion with similar donor to acceptor distances (N3···N16 = 2.738(4) 

Å, N9···N18 = 2.747(5) Å), suggesting the hydrogen bonds are of similar strength. The 4,5-

DCNim-[4,5-DCNim]
-
 complexes are linked to each other through weak hydrogen bonds and 

edge-over-edge π-stacking to form infinite 2-dimensional sheets. The packing in 2 is more 

complex than 1, with hydrogen bonded 4,5-DCNIm-[4,5-DCNIm]
-
 complexes forming infinite, 

2-dimensional layers held together through hydrogen bonding and stacking interactions parallel 

to the ab plane and bridged to each other along c through interactions with the cations (Fig. 6.11) 

The presence of infinite, alternating moieties of 4,5-DCNIm and [4,5-DCNIm]
- 
suggests that the 

negative charge is localized to just one of the ions. 

 

Figure 6.11. Packing diagram (2x2x2 unit cells) of 2 viewed along b axis. 
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3 crystallized in P-1 with one half of a unique formula unit. 3 is a neutral, mononuclear 

complex of Cu
2+

 with four 1-mim ligands and two coordinating [4,5-DCNim]
-
 anions. The Cu 

atom lies on a crystallographic center of inversion and has tetragonally distorted octahedral 

coordination geometry. The geometry has many of the features observed previously in 

complexes such as Cu(NO3)2(imidazole)4:
2
 The two anions are trans to each other, the Cu-(1-

mim) bond distances are much shorter than the Cu-anion distances (2.013(2) and 2.044(1) Å vs. 

2.547(2) Å), and the Cu atom lies in the planes of the 4 1-mim ligands but not the two [4,5-

DCNIm]
- 

anions. The geometry of the complex appears to be influenced by an intermolecular 

hydrogen bond between the hydrogen atom bonded to C11 and N1. The compound packs by 

forming head-to-tail chains along b held together by π-stacking between the [4,5-DCNIm]
-
 ions 

and hydrogen bonding between 1-mim ligands and [4,5-DCNIm]
-
 ions which are bridged into a 

3-dimensional network by hydrogen bonding along a and c. The hydrogen bonding along a 

appears to be stronger and involves the azolate nitrogen atom, while c is weaker and involves the 

cyano groups. The cleavage exhibited by the macroscopic crystals of 3 may be due to the ability 

of layers stacked along c to separate from each other. The overall packing is shown in Fig. 6.12. 
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Figure 6.12. Packing diagram (2x2x2 unit cells) of 3 viewed along c axis. 

4 crystallized in P-1 with one half of a unique formula unit. The compound is 

isomorphous with 3, with the main differences being that the equatorial 1-mim-Zn bond 

distances (Zn-N10 = 2.129(1) Å, Zn-N16 = 2.1557(9) Å) and axial [4,5-DCNIm]
-
 bond distances 

(Zn-N1 = 2.3078(9) Å) are much closer to each other in length than they are in 3. Synthesis of a 

Zn coordination polymer with [4,5-DCNIm]
-
 has been reported by reaction of Zn(NO3)2 with 

4,5-DCNim in an ethanol/water mixture, indicating that basic conditions are not necessary for 

coordination and deprotonation of [4,5-DCNIm]
-
.
3
 Packing and ellipsoid plots are shown in Fig. 

6.13. 
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Figure 6.13: 50% probability ellipsoid plot of formula unit (left) and packing diagram of 4 

viewed along c axis (right, 2x2x2 unit cells). 
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CHAPTER 7 

 

 

CONCLUSIONS 

 

7.1. Summary and conclusions 

ILs have been investigated as systems for synthesizing metal complexes with soft Lewis 

bases from readily available, O-donor ligated starting materials. Novel d-, p-, and f-block metal 

complexes were synthesized from reactions of metal salts such as nitrates, acetates, or oxides 

with N- or S-donor ligands as IL ions, in IL reaction media, or derived from ILs. The approaches 

explored here are potentially useful tools for exploring unusual ligand exchange reactions 

between hard and soft donors as well as the synthesis of extended solids using N-heterocycles as 

bridging ligands. The results illustrate how ILs can be applied systematically to a scientific 

problem of fundamental importance in coordination chemistry. The results of each approach are 

outlined below. 

ILs containing the N-donor anion [N(CN)2]
-
 were used to see if a neat IL could promote 

the coordination of an N-donor ligand to [UO2]
2+

. In reactions of UO2(NO3)2·6H2O with 

[N(CN)2]
-
 ILs, the [N(CN)2]

-
 ions are able to rapidly substitute O-donor ligands as evidenced by 

the isolation of two crystalline, anhydrous adducts of UO2(NO3)2 with [N(CN)2]
-
 as well as IR 

and NMR spectroscopic studies on solutions of UO2(NO3)2 in these ILs. By contrast, the slow 

reaction of UO2(OAc)2∙2H2O with a nitrile-functionalized imidazolium dicyanamide IL in 

solvent and the reaction of UO2(NO3)2∙6H2O with NaN(CN)2 at elevated temperature resulted in 

irreversible hydrolysis. The reaction of UO2SO4 with [N(CN)2]
-
 ions in an acidified aqueous 
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solution resulted in the crystallization of a [UO2]
2+

 complex with biuret, a [N(CN)2]
-
 hydrolysis 

product. [N(CN)2]
-
 ions in the form of ILs react rapidly with [UO2]

2+
 at room temperature, 

allowing ligand substitution with [N(CN)2]
-
 to out-compete the slower hydrolysis reaction, 

enabling the isolation of uranyl dicyanamide complexes, and challenging assumptions regarding 

the affinity of uranium for O-donors. 

Complexes of actinides with N-heterocyclic ligands could also be prepared from readily 

available nitrate hydrates by dehydrating them with a [NO3]
-
-containing IL and reacting the 

anhydrous nitrate complexes with N-heterocyclic ligands. [NO3]
-
 ions from the IL readily 

substitute coordinated water molecules in Th(NO3)4·4H2O and UO2(NO3)2·6H2O to give 

anhydrous, anionic complexes, but the [NO3]
-
 ligands are themselves substituted by N-

heterocycles. This strategy overcomes challenges in the isolation of actinide N-donor complexes 

by facilitating their isolation of actinide from accessible starting materials. The ability of N-

donor complexes to out-compete [NO3]
-
 for coordination to a metal is in keeping with their 

basicity but not usually observed because of the competing effects of phenomena such as 

protonation. 

The reactions of metal acetate salts with acidic N-heterocycles using a non-volatile IL as 

a reaction medium and reagent was explored as a means to promote the substitution of O-donor 

anions by N-donor anions through neutralization and volatilization. The reaction of 

Pb(OAc)2·3H2O with 5-AT and [C2mim][OAc] resulted in the crystallization of a Pb(5-AT)2, a 

neutral 3-dimensional coordination polymer. This compound is the first structurally 

characterized example of a binary lead azolate and demonstrated the substitution of acetate ions 

by [5-AT]
-
. Attempting to force the reaction of UO2(OAc)2·2H2O with 5-AT, by contrast, 
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resulted in the isolation of a crystal containing the 5-acetamidyltetrazolate anion and indicated 

the nucleophilic carbon out-competed [UO2]
2+

 in this system. 

Imidazole-2-thiones can also substitute water ligands bound to f-element cations, which 

is expected to be a consequence of their partial zwitterionic character. Reactions of C2C2ImT 

with Nd(NO3)3·6H2O and UO2Cl2·3H2O led to the isolation of the anhydrous thione complexes, 

Nd(NO3)3(C2C2ImT)3 and UO2Cl2(C2C2ImT)2. The C2C2ImT ligand was found to be structurally 

sensitive to differences in the metal ion and noncovalent forces, both of which play a role in the 

selectivity of ligands for f-elements in separations. The approach demonstrates that full charge is 

not necessary to promote the exchange of an O-donor with a softer donor. 

Finally, an approach for capturing some of the tunability of ordinary solution chemistry 

in an IL medium was demonstrated. Reacting 4,5-DCNIm with 1-mim gives new compounds 

with composition-dependent speciation. Two crystalline compounds, a 1:1 protic salt, [H(1-

mim)][4,5-DCNIm], and a 1:2 salt co-crystal, [H(1-mim)][4,5-DCNIm]·4,5-DCNIm, were 

isolated and structurally characterized, while DSC revealed both suppression of crystallization 

and the presence of neutral and anionic species in the melt. Reactions of Cu(NO3)2·2.5H2O, 

CuO, and ZnO with the neat 2:1 1-mim/4,5-DCNIm melt resulted in the isolation of entirely N-

donor ligated complexes of the formula M(4,5-DCNIm)2(1-mim)4 (M = Cu, Zn). 

An ideal synthetic approach would allow control over the number of O-donor ligands 

substituted by softer donors, up to and including complete soft donor ligation. There was 

evidence that this could be achieved in reactions of UO2(NO3)2 with [N(CN)2]
-
 ILs. However, the 

crystallographically characterized f-element soft donor complexes all retain the anions from their 

starting material. For Cu
2+

, Zn
2+

, and Pb
2+

, entirely N-donor ligated complexes could be isolated 

from their O-donor starting materials. The isostructural nature of Cu
2+ 

and Zn
2+

 complexes 
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isolated from different starting materials suggests that control in this case would be demonstrated 

by allowing fewer N-donor ligands to coordinate, possibly allowing a greater diversity in 

coordination modes. The results also indicate that using crystallization as an isolation method 

results in a preference for the least soluble or most easily crystallized complexes, which may not 

be the target complexes.  

 

7.2. Future work 

The work here represents a starting point for a more in-depth exploration of f-element 

soft donor interactions. Confirmation of metal-soft donor bonds through X-ray crystallography 

opens the path for studying complexes of f-elements in solution in soft donor ILs through 

spectroscopy. Optical spectroscopy of f-element complexes is a classical experimental tool for 

studying metal-ligand interactions and remains heavily investigated.
1,2

 With the aid of 

crystallographically determined structural parameters, it may also be possible to use X-ray 

absorption fine structure (XAFS) spectroscopy to identify a greater range of soft donor 

complexes in solution. While solution spectra were not investigated in the course of this work, 

both optical and XAFS spectroscopies have been used to study f-element speciation in ILs.
3-5 

Another area which has not been explored in this work is the chemistry of f-elements in 

unusual oxidation states. Lanthanides in low oxidation states show great variability across the 

series in terms of the participation of 6s, 5d, and 4f orbitals in metal-ligand bonding,
6
 making 

them interesting targets for studying the role of f-orbitals in bonding. Various oxidation states of 

actinides are also important in areas such as environmental transport. For instance U
5+

 is 

considered to be an intermediate which drives photochemical reactions of [UO2]
2+

 such as water 

oxidation,
7
 while the redox lability between Np

4+ 
and Np

5+ 
 plays an important role in the 
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dissolution and migration of Np through groundwater.
8
 ILs have been used to study the 

electrochemistry of Ln
3+

 ions,
9
 electrodeposition of actinides,

10
 and spectroscopy of Eu

2+
.
11,12

 

Aprotic ILs with N-donor ions would likely have sufficient redox stability to allow the study of 

these species; [N(CN)2]
-
 ILs, for instance, are used for Li electrodeposition.

13
 

The range of potentially useful ligands in the field of f-element coordination chemistry is 

also by no means limited the examples studied here. While this work focused on N- and S-

donors to demonstrate coordination of a more weakly coordinating base, the structural variability 

of f-element frameworks with O-donor ligands has been used to study differences in their metal 

ligand interactions as well.
14,15

 O-donors can also vary in hardness; for instance oximate ions 

coordinate [UO2]
2+

 exclusively in an η
2
 fashion

16
 which is unique to their complexes with soft 

metal ions.
17

  

There is also room to expand into other soft donor atoms which can be incorporated in 

ILs. Large, charge diffuse halometallate anions
18

 would provide complementary data to the 

fundamental work available on f-element halide complexes and have been shown to coordinate 

lanthanides
19

 and U.
20

 Boron hydride ILs
21

 could supply a system for studying metal-hydride 

interactions.
22

 Metal-carbon bonding can be accessed through the ability of imidazolium ILs to 

act as carbene reservoirs,
23

 which has indeed already been proposed in a theoretical comparison 

of [UO2]
2+

 carbene and [OAc]
-
 complexes in [C2mim][OAc].

24
 The wide scope of donors for 

which effectively solventless coordination chemistry can be studied using ILs is what ultimately 

distinguishes these compounds as tools in coordination chemistry. 
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