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ABSTRACT 

This dissertation focuses on the synthesis and characterization of An(IV)-carboxylates, (An 

= Th and U), with the aim of gaining a more thorough understanding on how the identity of the 

organic ligand influences species formation. Twenty-one compounds have been synthesized using 

a range of mono- and dicarboxylates that vary in pKa and sterics. The structural differences are 

governed by the metal center, the nature of the organic ligand, and solution conditions. Systematic 

modification of the synthetic conditions allowed us to examine the influence of metal to ligand 

ratio, reaction time, pH, solvent system, and temperature on the structural units formed. The 

structures of the resulting compounds varied with respect to metal ion nuclearity, ligand binding 

modes, and dimensionality. Inspection of the structural chemistry provided a handle with which 

the effects of hydrolysis and condensation, ligand complexation, and solution conditions on 

An(IV) could be assessed. 

 Species formation is governed largely by metal ion oxidation state, as well as hydrolysis 

and condensation and ligand complexation. Due to their relevance to separations chemistry as well 

as environmental systems, actinide-carboxylate interactions have received significant interest. 

However, only a limited number of carboxylates have been studied. In this work, actinide 

complexation by a series of carboxylates varying in pKa and sterics were examined to assess the 

effects that such modifications have on species formation, stability, and reactivity. Differences that 

arise due to the identity of the metal center (i.e. Th(IV), U(IV)) were also investigated. The first 
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two chapters present an introduction to An(IV)-carboxylate structural chemistry and the factors 

that influence speciation. In Chapter 3, the influence of furoate and 2,5-furan dicarboxylate on the 

structural chemistry of Th(IV) compounds isolated from aqueous solution are described. Chapter 

4 examines the influence of synthetic conditions on U(IV)-2-furoate structural chemistry and 

identifies trends in Th(IV) and U(IV) structural chemistry. The solution and solid-state structural 

chemistry of Th(IV) and U(IV)-4 hydroxybenzoates are examined in Chapter 5 to further examine 

trends in periodicity. Finally, reactivity of U(IV) hexamers as precursors for the formation of UO2 

and the influence of synthetic conditions on particle size is presented in Chapter 6. 
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Chapter 1 : Actinides 

Actinides are a series of elements from Th to Lr (Figure 1.1) that are characterized by 

filling of their 5f orbitals.1-2 All of the elements are radioactive and many exhibit unique nuclear 

properties that have been harnessed towards nuclear energy and weapons production most 

prominently.3-4 More recently, actinide research has expanded to include interest in actinide 

mediated catalytic transformations, nanoparticle formation, waste form design, and environmental 

behavior.5-8 These studies are motivated by the unique chemical and physical behavior of the 

actinides that is imparted by their 5f electron configurations as well as the lack of geological 

precedence for most of the 5f series; only thorium and uranium occur to an appreciable extent in 

nature. Critical to each of these areas is the identity of the metal complexes, their stability and 

reactivity. In environmental systems, in particular, redox chemistry, hydrolysis and condensation, 

and ligand complexation are several factors that influence speciation. Yet our limited knowledge 

of the types of complexes and clusters that form under a given set of conditions has resulted in 

gross underestimates of actinide mobility and fallible models for actinide transport.9-12 Thus, in an 

effort to provide insight into the chemical behavior of the actinides under chemically complex 

conditions, our group is interested in unravelling the effects of hydrolysis and condensation and 

ligand complexation on the formation and stability of the various actinide complexes under 

controlled conditions. This chapter will broadly outline interest in actinides, introduce the two 

radioactive isotopes used in this work, thorium and uranium, and further develop the factors that 

are known to influence the identity of the metal-ligand complexes formed. 
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Figure 1.1. The Actinide series contains elements with atomic numbers 89 to 103. 
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1.1 A Historical Perspective 

Thorium and uranium were first discovered in 1828 and 1789, respectively, while the rest of 

the actinides are products of the 20th century.1 Both thorium and uranium are long-lived and present 

in the earth in significant amounts. Thorium-232 has a natural abundance of nearly 100% while 

uranium is composed of three major isotopes: U-238 (99.275%), U-235 (0.720%), and U-234 

(0.005%).2 Henry Moseley recognized that there were fourteen elements between lanthanum and 

hafnium but it was not until Neils Bohr’s work on atomic structure and quantum theory that a new 

family in the periodic table was recognized, characterized by filling of their shells with 4f 

orbitals.13 Similarly, it was not until the work of Glenn Seaborg in 1945 that thorium, protactinium, 

and uranium were placed at the start of a new family of elements, the 5f series.13 Seaborg proposed 

the actinide concept which has become nearly universally accepted as a way of integrating the 

transuranium elements into the periodic table.2 The actinide concept considers the elements with 

atomic numbers 89 – 103 (thorium - lawrencium) as analogs of the lanthanide transition series 

(lanthanum – lutetium). 

Though uranium compounds were used as colorants for glasses and pottery since the Roman 

empire, it was not until the work of Martin Klaproth that uranium was recognized as a chemical 

element.14 After its discovery, uranium continued to be used as a colorant and it was not until 1895 

that the radioactive decay of uranium was discovered by Henri Becquerel.14-15 This led to increased 

interest in mapping the complex radioactive transformations of the naturally occurring elements. 

During this time, Marie Curie developed techniques for measuring the radioactivity of uranium 

and found that other elements including polonium and radium were present at trace levels in 

uranium ores. With this discovery, the market for uranium ores was then driven by the luminescent 

and radioactive properties of radium.2 
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In 1938, nuclear fission was discovered by Hahn, Meitner, and Strassmann2 and since then 

interest in uranium chemistry, materials science, and nuclear properties has been driven by its 

important to nuclear energy and weapons production. Looking towards the present day, nuclear 

energy continues to be an important part of our energy portfolio. The ongoing need to develop 

safe, long term disposal strategies for spent nuclear fuel coupled with needs resulting from adverse 

events associated with nuclear energy and weapons development (e.g. environmental 

contamination) motivates many current areas of actinide chemistry research. 

1.2 Environmental Relevance 

 Actinide mining, waste storage, and weapons testing have led to problems including 

environmental contamination and nuclear waste build-up.7, 9-12 Such scenarios ultimately require 

an in depth understanding of actinide chemical behavior, of which our current knowledge is 

relatively limited.3-4 For example, in the United States, the effects of improper handling of actinide-

bearing waste and efficacy of remediation strategies have been studied at multiple Department of 

Energy (DOE) sites, such as, Hanford, WA; Oak Ridge, TN; and Rifle, CO.9  The solubility of the 

actinide species formed in the environment were found to influence the mobility and transport of 

the actinides. The environmental conditions, oxidation state of the actinide metal center, and 

actinide concentration all impact species formation and the overall mobility. For example, 

tetravalent actinides were previously considered to be insoluble; however, work done at Rocky 

Flats Environmental Technology Site and Oak Ridge National Laboratory showed mobility much 

greater than expected- this highlighted the need to develop more accurate models for heavy 

element transport.9 The Rocky Flats Plant produced more than 100 tons of plutonium; spills and 

several fires during the manufacture led to significant pollution of the underlying soils. Particulate 

transport of Pu(IV) was determined to be the dominant mechanism for migration, which 
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contradicted previous transport models.14 These findings and the subsequent development of 

erosion models and the construction of dams and barriers to contain transport as opposed to the 

removal of the soil or the development of soil-washing procedures yielded substantial cost 

savings.16 

At Oak Ridge, one of the most contaminated sites, uranium containing waste was stored in 

four shallow unlined ponds. Seepage of fluids from the ponds over a thirty-two-year period 

resulted in contamination of the surrounding aquifer, sediments, and bedrock.9 Clean up strategies 

focused on factors that influence uranium speciation, such as pH and the chemical and physical 

properties of the sediment matrix, all of which impact mobility. For example, the bioreduction of 

U(VI) to U(IV) was extensively investigated as oxidation state influenced mobility and the aquifer 

was found to contain metal-reducing bacterial communities. Studies included studying 

bicarbonate, various alkali earth metals, multiple minerals and clays commonly found in Oak 

Ridge sediment, and bacterial colonies.9 The diversity of materials available in the aquifer for 

uranium transport show how complex it is to predict mobility in environmental systems and the 

workload that is involved in cleanup efforts. 

Humic and fulvic acids have been identified as efficient complexing agents for the early 

actinides, commonly found in aquatic ecosystems as these substances come from the breakdown 

of plant matter.11 These substances (Figure 1.2) effectively bind the actinides due to the prevalence 

of hard donor groups such as  carboxylic acids.2, 17-19 Due to the complexities of humic and fulvic 

substances, small organic molecules with the same functionalities have been studied in order to 

develop “models” for more complex systems.20-24 This research is of increasing interest as accurate 

transport models rely on our knowledge of actinide speciation and the effects that environmental 

species have on complex formation and stability. 
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Figure 1.2. Representative examples of humic and fulvic substances. 

 

The environmental consequence of actinides is also dependent on the activity (i.e. product of 

the decay constant and number of atoms), the half-lives, and geographic region.9 For example, 

uranium is generally abundant at contaminated sites; however, the shorter isotopes (i.e. americium 

and plutonium), even at substantially lower concentration, can pose a much greater risk due to the 

higher activities and greater potential health risks.25 Further insight into the environmental 

behavior of the actinides will inform remediation strategies. Therefore, there is a need to 

understand factors that affect species formation such that improved methods for extraction, 

processing, and storage can be deployed. 

1.3 Factors that Influence Species Formation 

 The need to accurately predict the behavior of the actinides under chemically complex 

conditions such as those presented in environmental systems motivates fundamental investigations 
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into actinide coordination, separations, and materials chemistry. Looking to the actinide series, 

each element exhibits its own unique chemistry. As discussed in the sections that follow, the 

chemical behavior of the actinides depends on factors such as oxidation state, redox chemistry, 

metal ion hydrolysis and condensation, and ligand complexation. The effects of each of these 

factors on species formation is broadly highlighted below. 

1.3.1 Redox Chemistry 

Actinide speciation is largely dependent on the oxidation state of the metal ion. The 

available oxidation states for the early actinides, Th - Pu, are shown in Table 1.1.9 In environmental 

systems, the most prevalent oxidation state for a metal ion depends on the environmental 

conditions, which can be classified into the oxic, suboxic, and anaerobic zones. The oxic zone 

refers to ground water conditions. The suboxic zone refers to the zone between the oxic and anoxic 

zones where the concentration of oxygen is limited. The anaerobic zone refers to an area where 

oxygen is deficient. The suboxic and anaerobic zones have reducing conditions, most commonly 

with NO3
-, SO4

2-, MnO2, and Fe2O3, fermentation, or methanogenesis.9 Reduction potentials play 

an important role in mobility of the actinides. For example, the aqueous chemistry of plutonium is 

especially complex as the metal can exist as Pu(III), Pu(IV), Pu(V), and Pu(VI) simultaneously.26 

Generally, the strength of the actinide-ligand complexes decrease in the order of An+4 > AnO2
2+ ≥ 

An3+ > AnO2
+.9 
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Table 1.1 Overview of the early actinides with their electron configuration, and common 

valence states shown.  The oxidation states in red are the most common; the various zones refer 

to ground water (oxic zone) and microbially active (suboxic zone and anaerobic zone) areas. Figure 

adapted from Maher, K. Inorg. Chem. 2013, 52, 3510-3532.

 Element Ac Th Pa U Np Pu 

Valence 

Electrons 

6d7s2 6d77s2 5f26d7s2 5f26d7s2 5f26d7s2 5f26d7s2 

Oxidation 

States 

(all 

conditions) 

III III 

IV 

III 

IV 

V 

III 

IV 

V 

VI 

III 

IV 

V 

VI 

VII 

III 

IV 

V 

VI 

VII 

Oxic zone  III IV V VI V IV 

VI 

Suboxic 

zone  

III IV IV IV 

VI 

IV 

V 

III 

IV 

Anaerobic 

zone  

III IV IV IV IV III 

IV 

 

Focusing on thorium and uranium, thorium’s aqueous chemistry is nearly exclusively 

limited to the tetravalent oxidation state. By comparison, uranium is commonly found in the 

tetravalent and hexavalent oxidation states. Given its limited number of available oxidation states, 

thorium has the least complicated redox chemistry of the actinides. Of the tetravalent metal ion, 

thorium has the largest ionic radius and is the least Lewis acidic ion of the actinides.2 Thorium 

adopts a range of coordination numbers, from as low as 5 to and as large as 14.27-30 Unlike thorium, 

uranium has a more intricate redox chemistry that further complicates its chemical behavior.31 

Uranium has a number of accessible oxidation states ranging from +3 to +6; +4 and +6 are 

the most commonly observed.31 The standard reduction potentials for thorium and uranium are 

provided in Figure 1.3. The oxidation state plays a role in the coordination chemistry as well as 

the acidity of the uranium metal center. The structural chemistry of U(IV) is characterized by the 

UO2
2+ cation that consists of a uranium metal center bound to two axial oxygen atoms. The two 

axial oxygen atoms are nominally terminal and thus binding is limited to the equatorial plane. By 
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contrast, U(IV) adopts a more spherical coordination geometry. The UO2
2+ cation is equatorially 

coordinated to four, five, or six donor atoms whereas U(IV) has exhibited coordination number as 

large as 12.1, 32 

 

 
 

Figure 1.3. Standard reduction potentials for thorium and uranium ions. Values displayed 

are in volts versus standard hydrogen electrode. Figure is adapted from Katz, J. J. The 

Chemistry of the Actinide and Transactinide Elements, 3rd Ed., 2007, Springer, Netherlands. 

 

Compounds containing hexavalent uranium are considered highly soluble and mobile, 

while tetravalent uranium used to be considered insoluble in mildly acidic to alkaline conditions.33 

For this reason, the microbial reduction of uranium from U(VI) to U(IV) has been proposed as an 

effective remediation strategy. However, recent work has also shown that adsorption to organic 

material and other colloidal phases may facilitate the transport of the actinides, particularly as 

tetravalent metal ions. Thus, there exists an ongoing need to understand the behavior of the 

tetravalent actinides.9, 12, 16, 34 The valence of the metal ion is strongly affected by acidity, presence 

of a complexing ligand, and the concentration of the actinide in solution.2 This work focuses on 

the structural chemistry of tetravalent actinides; the lower valent oxidation state of uranium was 

stabilized using a nitrogen atmosphere and by boiling and degassing water to remove dissolved 

oxygen. 
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1.3.1.1 An(IV) vs An(VI) 

 The structural chemistry of the tetravalent and hexavalent actinide differ considerably. As 

mentioned previously, the hexavalent ions exists as nearly linear actinyl, AnO2
2+, units with ligand 

binding largely limited to the equatorial plane while An4+ ions adopts more spherical coordination 

geometries.2, 24, 33 The actinyl cations form square, pentagonal, and hexagonal bipyramidal 

coordination geometries wherein the AnO2
2+ units is coordinated by four, five, and six anions in 

the equatorial plane as shown in Figure 1.4.35 For uranium, the axial U(VI)-O bond lengths (1.7 – 

1.8 Å) are significantly shorter than the equatorial bond lengths which typically range from 2.2 – 

2.6 Å.31, 33 The short U(VI)-O bond is consistent with a strong uranium-oxygen multiple bond. As 

the actinyl oxygen atoms are largely terminal, three-dimensional networks are not prevalent for 

hexavalent uranium.35 Arguably the most well examined actinide in the solid state is uranium in 

the hexavalent oxidation state.36-38 However, there is a significant need to develop the solution and 

solid state structural chemistry of tetravalent actinide metal ions.32, 38-39 

 



10 

 

 

Figure 1.4 Representations of common coordination environments of (a) An(IV) and (b) 

An(VI) ions. 

 

1.3.1.2 Hard Soft Acid Base Theory 

Hard Soft Acid Base theory can be broadly used to understand the affinity of the actinides, in 

their various oxidation states, for certain functionalities and/or donor groups. The classification of 

acids and bases as “hard” and/or “soft” was introduced by R. G. Pearson, who established Hard-

Soft Acid Base (HSAB) Theory. The theory states that hard acids prefer to coordinate hard bases, 

while soft acids prefer soft bases.40-42 Hard acids are small and/or highly charged ions that are 

polarizing while hard bases are small and/or highly charged ions that are less polarizable. Soft 

acids are larger and/or lower valent ions that are slightly polarizing while soft bases are more 

polarizable and smaller and/or higher valent ions.40 There are cases where a species does not fit 

the defined hard and soft acid/bases and these are considered “borderline”. Lewis’ definition of 

acids and bases was developed from HSAB theory, which defines Lewis acids as electron 
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acceptors and Lewis bases as electron donors.43 In all their oxidation states, the actinides are 

generally hard Lewis acids and thus prefer harder donors; this is evidenced by the extensive 

literature on the chemical thermodynamics of the actinide-ligand binding.44-47 The affinity of the 

actinides for inorganic anions decreases in the order of OH- > F- > NO3
- > Cl- > ClO4

- for singly 

charged anions and CO3
2- > SO3

2- > C2O4
2- > SO4

2- for doubly charged anions. Further, the donor 

acceptor interactions are dominated by electrostatic forces. 

Uranium, in all of its oxidation states, is a Lewis acid. The high Lewis acidity results in 

extensive hydrolysis and condensation chemistry that decreases in the order: U(IV) > U(VI) >> 

U(III) > U(V).31 Thorium is similarly a hard Lewis acid; however, it is the largest and softest of 

the tetravalent metal ions. In Chapters 3 – 5, the influence of the metal ion acidity on the structural 

chemistry of various An(IV)-carboxylates is presented. 

1.3.2 Hydrolysis and Condensation 

 The tetravalent actinides are prone to hydrolysis (Eqn 1.1) and condensation (Eqn 1.2, 1.3) 

due to their high Lewis acidity.48-49 

M(H2O)x
n+ → M(H2O)x-1(OH)(n-1)+ + H+  (Equation 1.1) 

In aqueous solution, water can serve both as a solute ligand (Lewis base) and as the solvent. Metal 

ion hydrolysis decreases in the order: M4+ > MO2
2+ > M3+ > MO2

+. This trend shows the decreasing 

ratio of charge to ion size is a determining factor in hydrolysis.2 For ions of the same charge, the 

stability of the complex, or the susceptibility of the metal ion to hydrolyze increases with 

decreasing ionic radius, as the charge density increases. For example, looking specifically at An4+ 

ions, the order of acidity for the early actinides is Pu4+ ≈ Np4+ > U4+ >> Th4+.50 The hydrolysis 

constants for the tetravalent actinides have the values of -17.5 for Th(IV), -4.5  for U(IV), -9.8 for 

Np(IV), and -6.9 for Pu(IV) are accepted for the reaction An4+ (aq) + 4H2O (l) ↔ An(OH)4 (aq) + 
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4H+ (aq) (An = Th(IV), U(VI), Np(IV), and Pu(IV)).51-52 The similar hydrolytic behavior of Np(IV) 

and Pu(IV) is due to the charge to size consideration. The ionic radius for each tetravalent actinides 

with a coordination number of eight are 1.05 Å for Th(IV), 1.00 Å for U(IV), 0.98 Å for Np(IV), 

and 0.96 Å for Pu(IV).2 Once formed, hydrolysis products may condense to form larger order 

oligomers via different condensation reactions: olation and oxolation.32 Olation (Eqn 1.2) involves 

one hydrolyzed metal in a nucleophilic attack on a metal by the OH- group and results in a hydroxo-

bridged product: 

M – OH + Maq → M – OH – M  (Equation 1.2) 

Oxolation (Eqn 1.3) involves the reaction of two OH- groups attached to two hydrolyzed metal 

centers and results in the formation of an oxo-bridged species with the elimination of H2O: 

M – OH + OH – M → M – O – M + H2O  (Equation 1.3) 

In terms of hard soft acid base theory, the metal ion hardness and electronegativity have an effect 

on the M–(OH)n stability in aqueous solution. Tetravalent actinide ions were generally considered 

to undergo olation reactions, on the basis of charge and electronegativity, resulting in oligomeric 

hydroxo-bridged species.32 In contrast, hard ions such as high-valent transition metal cations are 

thought to undergo condensation by oxolation.53 

For a given oxidation state, the solution pH and metal ion concentration play a critical role 

in the predominate species formed. Tetravalent actinides hydrolyze under even very acidic 

conditions (pH < 2), resulting in the formation of hydroxo species and/or polynuclear oligomers. 

Metal ion concentration likewise plays an important role; mononuclear and polynuclear species 

are favored at low and high metal ion concentrations, respectively.54-55 The tetravalent actinides 

are particularly prone to hydrolysis and condensation – this behavior complicates their solution 
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behavior and as such there is much interest in understanding the effects of concentration, acidity, 

temperature, and ionic strength on the formation of polynuclear species. 

1.3.3 Ligand Complexation 

Ligands play a critical role in complex formation and have been shown to play several role 

in species formation such as hydrolysis and condensation, stabilizing structural units, and/or 

otherwise directing the species formation.56-57 Discrete clusters, resulting from hydrolysis and 

condensation reactions, have been isolated under aqueous conditions in the presence of anionic 

ligands (i.e. halides, phosphates, and carboxylic acids).22, 24, 32, 58 The various coordination 

compounds can be divided with respect to the atom to which the oxygen donor ligand is bound: 

ligands containing a C–O group (i.e. alcohols, carboxylates) or ligands containing a N–O groups 

(i.e. quinoline).59-60 As was discussed previously, humic and fulvic acids, commonly found in the 

environment, are effective complexing agents for the early actinides and bind predominantly 

through their carboxylate groups.2, 17-19 This has led to interest in understanding the influence of 

carboxylate donor ligands on the structural chemistry of the actinides. 

Ligands with carboxylate functionalities have been shown to mitigate hydrolysis and 

condensation, stabilize unique structural units, or otherwise direct the assembly of larger order 

oligomers from smaller order polynuclear species. Figure 1.5 shows the diversity of U(IV)-

carboxylates structural units that have been observed in the solid state. A variety of structural units 

have been isolated, ranging from mononuclear complexes to large polynuclear clusters that are 

capped and/or linked by ligands with carboxylate functionalities.21, 32, 51, 58, 61-65 These polynuclear 

species include di-, tri-, tetra-, hexa-, deca-, and octatri- oligomers. The presences of carboxylates 

have been shown to play a directing role in the assembly of the hexanuclear unit. Without the 
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presence of a carboxylate, only a solution of dimeric species, formed from hydrolysis and 

condensation, was observed.56 

 

 

Figure 1.5. Various structural units that have been observed for U(IV)-carboxylates. 

 

Polyaromatic carboxylate linkers have been used to crystallize unique structural units 

within 3-D networks.66-68 Carboxylates have also been used to modulate cluster formation. For 

example, Mazzanti et al. showed that controlled synthetic conditions and optimized ligand choice 

could regulate of hydrolysis and condensation, thereby resulting in the isolation of discrete U(IV) 

oxo/hydroxo clusters.58 The nature of the precursor was found to have a significant effect on the 

structure and nuclearity of the final cluster precipitated. The high affinity of U(IV) for hard donors 

(i.e. chloride and benzoic acid) was proposed to slow the Cl/benzoate ligand exchange and favor 

the formation of larger clusters.58 Moreover, metal to ligand ratio, reaction time, pH, and 

temperature have all been shown to affect the growth of different size clusters (i.e. U6, U13, U16, 

U24, U38). Collectively, work in actinide-carboxylates points to the importance of hydrolysis and 

condensation, ligand complexation, and solution conditions on species formation. 
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1.4 Dissertation Outlook 

The work presented in this dissertation focused on the synthesis and characterization of Th(IV) 

and U(IV)-carboxylate compounds with the aims of (1) establishing variations in structural 

chemistry through controlled modification of synthetic conditions, (2) correlating the species that 

exist in solution and the solid state, (3) determining the influence of the metal center, and (4) 

demonstrating the reactivity of the complexes to afford a more thorough understanding of Th(IV) 

and U(IV)-carboxylate complexes, their stabilization and formation. In Chapters 1 and 2, an 

introduction to actinide structural chemistry, specifically in the presence of carboxylates, and the 

factors that influence speciation are presented. In Chapter 3, the structural chemistry of Th(IV)-

furoate and 2,5 furan dicarboxylate compounds isolated from aqueous solution are described. 

These phases vary in nuclearity, overall connectivity, and dimensionality, highlighting the 

influence of the organic ligand on An(IV) structural chemistry. Chapter 4 examines the influence 

of synthetic conditions on U(IV)-2 furoate structural chemistry and identifies trends in Th(IV) and 

U(IV) structural chemistry. Trends in periodicity are further examined in Chapter 5, which 

describes the solution and solid-state structural chemistry of Th(IV) and U(IV)-4 

hydroxybenzoates. Finally, Chapter 6 presents the reactivity of U(IV) hexamers as precursor for 

the formation of UO2 nanoparticles and the influence of synthetic conditions on the size of particles 

formed. 
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Chapter 2 : Actinide (IV) Carboxylates 

Investigations into actinide-ligand interactions (i.e. monocarboxylates and dicarboxylates) 

provide fundamental insight into actinide speciation that can be applied to more complex systems. 

Much work has focused specifically on carboxylate donor ligands, including both mono- and 

dicarboxylates, for several reasons. (1) Actinides are strong Lewis acids, and thus have an affinity 

for harder O-donor groups. (2) Carboxylate donor groups are prevalent in environmental systems, 

particularly as humic and fulvic substances which are known to impact actinide transport. (3) 

Carboxylate functionalities are used pervasively in separations chemistry with carboxylates 

common to many of the extraction reagents. Thus, actinide-carboxylate interactions are of broad 

importance towards understanding actinide behavior in chemically complex systems. 

This chapter provides an overview of An(IV)-carboxylates. As illustrated by the examples 

that follow, actinide complexation by a fairly limited set of carboxylates has been studied. 

Nonetheless, An(IV) carboxylates exhibit rich structural chemistry despite the relatively limited 

ligand sets that have been employed. Such diversity in nuclearity, ligand binding modes, and 

overall connectivity (for example) arises from a delicate interplay between hydrolysis and 

condensation, ligand complexation, and solution conditions. 

2.1 Actinide-carboxylates 

 Investigations focused on the solution and solid-state speciation of tetravalent actinide 

complexes (An = Th U, Np, Pu) in carboxylate ligand systems has resulted in a structurally diverse 

family of compounds. The carboxylates used in previous work focused on actinide(IV)-

carboxylate interactions are shown in Figure 2.1. As highlighted by these examples, a fairly limited 

set of carboxylate donor ligands have been examined and most reports focus on an even narrower 

set of ligands including formate, acetate, oxalate, glycine, benzoate, glutarate, 2,6-pydridine 
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dicarboxylate, 3,5-pyrazoledicarboxylate, and citrate. Derivatives of benzoic acid have also been 

examined such as 1,2-benzenedicarboxylate, 1,3-benezenedicarboxylate, 1,4-

benezedicarboxylate, 1,2,3-benzenetricarboxylate 1,3,5-benezenetricarboxylate, and 1,2,4,5-

benezenetetracarboxylate, though a small number have been surveyed, twenty-seven compounds 

have been reported. Only five flexible molecules have been investigated which are 

nitrilopropionate, (2-hydroxyethyl)ethylenediaminetriacetate (hedta), 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetate (DOTA), 2-[[3-[bis(carboxymethyl)amino]-2-

hydroxypropyl]-(carboxymethyl)amino]acetate (dhpta), and ethylenediaminetetraacetate (edta), 

yet twelve examples have been published. Likewise, few examples of actinide(IV)-polyaromatic 

carboxylate ligands are known; however, these represent a limited class of compounds with only 

fourteen examples having been reported. 
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Figure 2.1. Limited set of carboxylates studied organized by monocarboxylates, 

dicarboxylates, and polycarboxylates.  The name of the carboxylate and the pKa’s (if available) 

are listed below the Chemdraw structure. (Mepyr = 1-Methyl-1H-pyrazole-dicarboxylate; PDA = 

1,10-phenanthroline-2,9-dicarboxylate; EDTA = ethylenediaminetetraacetate; DOTA = 1,4,7,10‐

tetraazacyclododecane‐1,4,7,10‐tetraacetate; DHPTA = 2-[[3-[bis(carboxymethyl)amino]-2-

hydroxypropyl]-(carboxymethyl)amino]acetate; HEDTA = (2-

hydroxyethyl)ethylenediaminetriacetate) 

 

Still An(IV)-carboxylates represent a structurally rich class of materials with the diversity 

of structural units likely arising from differences in the pKa, sterics, and number of available 

binding sites of the ligand (Figure 2.2), as well as hydrolysis and condensation chemistry of the 
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metal ion, and solution conditions. The tetravalent actinide carboxylate complexes range in 

nuclearity from mononuclear complexes to polynuclear species and infinite networks, which will 

be discussed in the next section. 

 

 

Figure 2.2. Possible coordination modes of the carboxylate ligands. 

 

 An overview of the structural chemistry of An(IV) carboxylate is provided in this section. 

The structural units are broadly classified into three groups: discrete mononuclear complexes, 

polynuclear clusters, and finally extended networks. 

2.1.1 Mononuclear Complexes 

The majority of mononuclear An(IV)-carboxylates reported in the solid-state have been 

isolated using strongly complexing, bifunctional carboxylates, such as, oxalic acid, 2,6 pyridine 

dicarboxylic acid, malonic acid, or lactic acid.38, 69-73 The discrete mononuclear An(IV)-

carboxylate complexes reported for Th(IV), U(IV), and Pu(IV) as summarized in Table 2.1. For 

Th(IV), mononuclear complexes have been precipitated using simple monocarboxylates, such as 

lactate,69 or larger polycarboxylates including edta and TEDGA (edta = 

ethylenediaminetetraacetate and TEDGA = tetraethyldiglycolamide).74-75 By comparison, U(IV) 

monomers were synthesized with glycolate76 and dpaea (dpaea = bis(pyridyl-6-methyl-2-

carboxylate)-ethylamine).77 The mononuclear structural units vary in the number of carboxylate 
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ligands and water molecules bound to the An(IV) metal center. Figure 2.3 shows the U(IV) 

monomers precipitated with oxalic acid and 2,6 pyridine dicarboxylic acid showing variation in 

the ligands attached to the uranium metal center. The U(IV)-oxalate compounds have four oxalates 

and a water molecule bound to the uranium metal center (Figure 2.3a) and one complex without a 

water molecule bound (Figure 2.3b).72-73 The other U(IV)-oxalate compound had two oxalates 

bound to the uranium metal center, however, xyz coordinates were not available to create a visual 

representation.78 The U(IV)-2,6 pyridine dicarboxylate complexes either have three 2,6 pyridine 

dicarboxylates bound (Figure 2.3c) to the U(IV) metal center79-80 or two 2,6-pyridine dicarboxylate 

and three water molecules bound (Figures 2.3d).81 

There are a few uranium(IV)-2,6 pyridine dicarboxylate complexes that have been isolated 

as distinct molecular entities and cocrystallized with lanthanide(III)-2,6 pyridine dicarboxylate 

species.79 While there are no Np(IV)-carboxylate monomeric complexes reported in the solid state, 

there are two Pu(IV) complexes that have been synthesized with 1,10-phenanthroline-2,9-

dicarboxylate and 2,6 pyridine dicarboxylate.70, 82 
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Figure 2.3. Depiction of U(IV)-oxalate (a,b) and U(IV)-2,6 pyridine dicarboxylate monomers 

(c,d).  Green, light blue, black, and red spheres are U(IV), nitrogen, carbon, and oxygen, 

respectively. For clarity, the outer coordination sphere solvents and hydrogen atoms are not shown.  
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Table 2.1. Monomeric An(IV)-carboxylates. 

Metal 

Center 

Compounda Reference 

Th(IV) [Th(H2O)4(edta)] 

[Th(Mepyr)4(H2O)5]·H2O 

[C(NH2)3]4[Th(edta)(CO3)2]·5H2O 

[Th(TEDGA)2(C2O4)2]·[H2C2O4]2·2H2O 

[ThFe2O(H2O)3(dhpta)2]·6H2O 

[Th(C3H5O3)4(H2O)2] 

(C4H12N2)2[Th(C3H2O4)4]·H2O 

(C2H10N2)2[Th(C3H2O4)4(H2O)] 

(C4H12N2)2[Th(C4H4O4)4]·2H2O 

(C2H10N2)2[Th(C5H6O4)4]·5H2O 

[Th2.25(H2O)(btc)3]·2H2O 

Th(C2O4)2·2H2O 

 

74 
83 
84 
75 
85 
69 
71 
71 
71 
71 
61 
78 

U(IV) [U(2,6pdca)3]·[Sm(2,6pdca)(H2O)6]·6H2O 

[U(2,6pdca)3]·[Eu(2,6pdca)(H2O)6]·6H2O 

[U(dpaea)2] 

[U(H2O)2(glyc)4] 

(Ph4As)2[U(2,6pdca)3]·3H2O 

[U(2,6pdca)2(H2O)3]·3.5H2O 

K2Ca[U(C2O4)4]·8H2O 

K2Cd[U(C2O4)4]·8H2O 

Ba2[U(C2O4)4(H2O)]·8H2O 

U(C2O4)2·2H2O 

 

79 
79 
77 
76 
80 
81 
73 
73 
72 
78 

Pu(IV) [Pu(PDA)2] 

[Pu(2,6pdca)2(H2O)3]·3H2O 

Li[Co(NH3)6][Pu(C3H2O4)4]·5H2O 

Pu(C2O4)2·2H2O 

Pu(C2O4)2·2H2O·x(C3H6O) 

82 
70 
86 
78 
78 

aedta = ethylenediaminetetraacetate; Mepyr = 1-Methyl-1H-pyrazole-3,4-dicarboxylate; TEDGA 

= tetraethyldiglycolamide; btc = 1,3,5-benzene-tricarboxylate; dhpta = 2-[[3-

[bis(carboxymethyl)amino]-2-hydroxypropyl]-(carboxymethyl)amino]acetate; 2,6 pdca = 2,6 

pyridine dicarboxylate; dpaea = bis(pyridyl-6-methyl-2-carboxylate)-ethylamine; glyc = 

glycolate; PDA = 1,10-phenanthroline-2,9-dicarboxylate 
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2.1.2 Polynuclear Clusters 

The polynuclear species that have been observed in the solid-state range in nuclearity from 

dimeric structural units to a large polyoxo clusters containing thirty-eight metal centers. In the 

section that follows oligomers are discussed according to their nuclearity. 

2.1.2.1 Dimers 

A number of dinuclear An(IV) complexes have been reported (Table 2.2); however, to limit 

the scope of this section only those species that contain carboxylate ligands are presented. For 

thorium, in the absence of a complexing ligand, hydroxo bridged dinuclear units of the general 

formula [Th2(OH)2]
6+ are fairly common (Figure 2.4a).87-89 However, only one example of such 

species decorated by carboxylate ligands has been reported. In the presence of carboxylate donor 

ligands, (i.e. oxalate and bromoacetate) the thorium metal centers are more commonly bridged 

through the COO functionality as shown in Figure 2.4b,c. 88, 90-91 Outside of these examples, there 

is one report of a rather rare structural unit wherein a dinuclear Th complex is stabilized by the 

sterically hindered 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA); the metal 

centers are bridged through the length of the ligand in Th2(H2O)10(H2DOTA)2⋅4NO3⋅nH2O as 

shown in Figure 2.4d.57  
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Figure 2.4. Illustration of Th(IV)-carboxylate dimers showing the dimeric cores that are 

bridged by hydroxo groups (a), oxalate (b), carboxylates (c), and DOTA ligands (d). The blue, 

black, red, and light blue spheres are Th(IV), carbon, oxygen, and nitrogen, respectively. 

 

Beyond thorium, there are limited reports of An(IV)-carboxylate dimers and the two dimers 

are bridged through COOH functionality as displayed in Figure 2.4c. One of the two U(IV) dimers 

reported was synthesized under nonaqueous conditions, wherein controlled addition of water was 

used to mitigate the effects of metal ion hydrolysis and condensation.32 For example, the discrete 

dinuclear complex [U2Cl4(bz)4(ipa)4]·0.5(ipa), wherein the U(IV) metal centers are bridged 

through the COO functionality, was isolated from isopropanol (ipa) and benzoate (bz) at room 

temperature.92 Using bromoacetate, carboxylate bridged dimeric units were isolated for Th(IV), 

U(IV), and Np(IV). However, the synthetic conditions used to isolate this complex were not 

described. For uranium, heterometallic dimers consisting of U(IV) and divalent transition metal 

cations bridged by oxalates have also been reported.93 To the best of our knowledge, there are no 
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other reports of Np(IV) dimeric units and no reports of Pu(IV)-carboxylate dimers that have been 

isolated in the solid state. 

Table 2.2. Dimeric An(IV)-carboxylates. 

Metal 

Center 

Compounda Structural Unit Ref 

Th(IV) [Th2(OH)2(DAPSC)2(NO3)2(H2O)2] 

·4NO3·4H2O 

[Th2(C2O4)3(TEDGA)4] 

·NO3·HC2O4·4H2C2O4·7H2O 

[Th2(brac)8(H2O)4] 

[Th2(H2O)10(H2DOTA)2]⋅4 NO3⋅nH2O 

[Th2(H2O)2Al6(H2O)10(OH)14(edta)2] 

·4NO3·18H2O 

Na10[Th2(C2O4)9]·15H2O 

(NH4)6Ca2[Th2(C2O4)9]·6H2O 

(NH4)6Ca2[Th2(C2O4)9]·8H2O 

(N2H5)6Ca2[Th2(C2O4)9]·16H2O 

[Th2(OH)2(H2O)2(btc)2] 

[Th2(OH)2]
6+ 

 

[Th2(C2O4)]
6+ 

 

[Th2(brac)8] 

[Th2(H2DOTA)2]
4+ 

[Th2(H2O)2Al6(H2O)10(OH)14]
12+ 

 

[Th2(C2O4)9]
10+ 

[Th2(C2O4)9]
10+ 

[Th2(C2O4)9]
10+ 

[Th2(C2O4)9]
10+ 

[Th2(OH)2]
6+ 

87 

 
75 

 
90 
57 
74 

 
94 
91 
91 
91 
61 

U(IV) [U2(brac)8(H2O)4] 

[U2Cl4(bz)4(ipa)4]·0.5ipa 

[U2MnNa2(C2O4)6(H2O)4]
* 

[U2FeNa2(C2O4)6(H2O)4]
* 

[U2CoNa2(C2O4)6(H2O)4]
* 

[U2ZnNa2(C2O4)6(H2O)4]
* 

[U2(brac)8] 

[U2(bz)4]
4+ 

[U2(C2O4)6]
4- 

[U2(C2O4)6]
4- 

[U2(C2O4)6]
4- 

[U2(C2O4)6]
4- 

90 
92 
93 
93 
93 
93 

Np(IV) [Np2(brac)8(H2O)4] [Np2(brac)8] 

 

90 

aDAPSC = 2,6-diacetylpyridinedisemicarbazone; TEDGA = tetraethyldiglycolamide; brac = 

bromoacetate; DOTA = 1,4,7,10‐tetraazacyclododecane‐1,4,7,10‐tetraacetate; edta = 

ethylenediaminetetraacetate; btc = 1,3,5-benzene-tricarboxylate; bz = benzoate; ipa = isopropanol 
*indicates mixed metal centers 

 

2.1.2.2 Tetramers 

There are no discrete trimeric structural units reported for the tetravalent actinides; 

however, limited examples of tetrameric species stabilized with either aminopolycarboxylates or 

polyoxometalates have been described for Th(IV) and U(IV) as seen in Table 2.3. As shown in 
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Figure 2.5, ethylenediaminetetraacetate (edta) is a bulky yet flexible aminopolycarboxylate that 

can wrap around the thorium metal center and stabilize the polynuclear species.74, 95 

 

 

Figure 2.5. Depiction of [Th4(H2O)4Al10(H2O)8(OH)28(edta)4]. Bright blue, purple, light blue, 

black, and red spheres are Th(IV), Al(III), nitrogen, carbon, and oxygen, respectively. For clarity, 

the outer coordination sphere solvents and hydrogen atoms are not shown. (edta = 

ethylenediaminetetraacetate) 

 

 Similarly, polyoxometalates (POM) have been used to isolate U4 oligomers. As shown in 

Figure 2.6a, the POM binds four uranium metal centers, with acetate ligands capping two of the 

uranium metal centers. Additionally, the compound U4O2(O2CNEt2)4 was prepared through the 

reaction of UCl4 and Et2NH in heptane under a CO2 atmosphere and consists of the uranium metal 
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centers bridged through the COO functionality as shown in Figure 2.6b.96 The other two uranium 

complexes came from reactions with acetic acid where the U(IV) metal centers are bridged through 

the carboxylate (Figure 2.6c).97-98 All the U(IV) tetramers have a [U4O2]
12+ core as displayed in 

Figure 2.6d. To the best of our knowledge, there are no isolated tetrameric species that have been 

reported for Np(IV) or Pu(IV). 
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Figure 2.6. Illustration of [U4O2(O2CNEt2)4] (a), [U4O2(SiW9O34)2(ac)2]10+ (b), and 

[U4O2(ac)10]2+ (c). All U(IV)-carboxylate tetramers have the same inner core (d). Green, bright 

blue, light blue, gray, black, and red spheres are U(IV), silicon, nitrogen, tungsten, carbon, and 

oxygen, respectively. For clarity, the outer coordination sphere solvents and hydrogen atoms are 

not shown. 
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 Table 2.3. Tetrameric An(IV)-carboxylates. 

Metal 

Center 

Compounda Structural Unit Reference 

Th(IV) [Th4(H2O)4Al10(H2O)8(OH)28(edta)4] 

·2Cl·29H2O 

[Th4Al10(H2O)8(OH)28]
18+ 74 

U(IV) [U4O2(O2CNEt2)4] 

Cs3Na7[U4O2(SiW9O34)2(ac)2]·24H2O 

[U4O2(ac)10Cp2] 

[U4O2(ac)8Cp4] 

 

[U4O2]
12+ 

[U4O2]
12+ 

[U4O2]
12+ 

[U4O2]
12+ 

96 
95 
97 
98 

aedta = ethylenediaminetetraacetate; ac = acetate; Cp = η5-cyclopentadienyl 

 

2.1.2.3 Hexamers 

Hexanuclear cluster cores of the general formula [An6O4(OH)4]
12+ (Figure 2.4) are the most 

commonly reported structural unit for the tetravalent actinides, with the formation dependent on 

both ligand complexation and metal ion hydrolysis and condensation.56-58, 99 In the absence of a 

complexing ligand, the olation or oxolation products AnOn(OH)4-2n·xH2O and AnO2 form. In the 

presence of carboxylate donor ligands, the hexanuclear species, with the generic formula of 

[An6(μ3-O)4(μ3-OH)4(H2O)6(RCOO)12], are prevalent and have been described for Th, U, Np, and 

Pu.56 The first hexanuclear cluster core was reported by Lundgren in 1953; the compound 

U6O4(OH)4(SO4)6 was isolated from sulfate solutions and consisted of hexanuclear clusters 

bridged by sulfate into an extended network.100 As shown in Figure 2.7, the An6O4(OH)4 consists 

of six An(IV) metal centers are bridged by four μ3-oxos and four μ3-hydroxos. Such hexanuclear 

species have been isolated in the presence of a number of carboxylate donor ligands and under a 

range of synthetic conditions. 
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Figure 2.7. Illustration of the An6O4(OH)4 hexameric core that has been isolated for Th – Pu.  

Six An(IV) metal centers are bridged by four μ3-oxo and four μ3-hydroxo groups. The uranium 

analog is shown; red and green spheres represent oxygen and uranium, respectively. 

 

 Ligand capped hexanuclear clusters have been isolated with formate, acetate, 

chloroacetate, glycine, benzoate, 4-hydroxybenzoate, and dibenzoylmethanate.22, 58, 65, 99, 101-103 

Several of these hexamers have been isolated from aqueous solution by pH adjustment (i.e. 

formate, acetate, and chloroacetate),22, 65, 99 while others have been synthesized through the 

disproportionation of U(V) complexes101 as well as cleavage of a larger polynuclear cluster by 

ligand exchange in nonaqueous solutions.58, 102 Under nonaqueous conditions, a purely oxo-

bridged in the cluster core, [U6O4]
16+ has been reported.58 A complete list of the published An(IV)-

carboxylate complexes that consist of hexameric units is provided in Table 2.4. 
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Table 2.4. Hexameric An(IV)-carboxylates. 

Metal 

Center 

Compounda Structural Unit Ref 

Th(IV) Na3[Th6O4(OH)4(HCO2)12(H2O)6]·3.5ClO4·3.5H2O 

·0.5H3O 

Th6(OH)4O4(H2O)6(HCO2)12·nH2O 

Th6(OH)4O4(H2O)6(CH3CO2)12·nH2O  

Th6(OH)4O4(H2O)6(ClCH2CO2)12·4H2O 

Na4[Th6O2(hedta)6]·28H2O 

[Th6O4(OH)4(HCO2)12(H2O)6]·5H2O 

[Th6O4(OH)4(H2O)6(4-HB)12]·nH2O 

[Th6O4(OH)4]
12+ 

 

[Th6O4(OH)4]
12+ 

[Th6O4(OH)4]
12+ 

[Th6O4(OH)4]
12+ 

[Th6O2]
20+ 

[Th6O4(OH)4]
12+ 

[Th6O4(OH)4]
12+ 

22 

 
65 
65 
65 
85 
69 
99 

U(IV) [U6O4(OH)4(bz)12(py)3]·2MeCN 

[U6O4(OH)4(bz)12(py)5]·2MeCN 

[U6O4(OH)4(HCO2)12(H2O)6]·2N2H5·2ClO4·12H2O 

[U6O4(OH)4(HCO2)12(H2O)3(CH3OH)3]·4.83N2H5 

·4.83ClO4·8H2O 

[U6O4(OH)4(bz)12(py)3] 

[U6O4(bz)16(py)4] 

[U6O4(OH)4(H2O)6(Hgly)12]·12Cl·12H2O 

[U6O4(OH)4(H2O)6(bz)6(NO3)6]⋅8py 

[U6O4(OH)4(H2O)8(HDOTA)4]⋅HNO3⋅29H2O 

[U6O4(OH)4(H2O)6(4-HB)12]·nH2O 

[U6O4(OH)4]
12+ 

[U6O4(OH)4]
12+ 

[U6O4(OH)4]
12+ 

[U6O4(OH)4]
12+ 

 

[U6O4(OH)4]
12+ 

[U6O4]
16+ 

[U6O4(OH)4]
12+ 

[U6O4(OH)4]
12+ 

[U6O4(OH)4]
12+ 

[U6O4(OH)4]
12+ 

101 
101 
22 
22 

 
58 
58 
103 
104 
57 
99 

Np(IV) [Np6O4(OH)4(H2O)8(HDOTA)4]⋅HCl⋅25.5H2O [Np6O4(OH)4]
12+ 

 

57 

Pu(IV) [Pu6O4(OH)4(H2O)8]⋅4HDOTA 

[Pu6O4(OH)4(H2O)8(HDOTA)4]⋅HNO3⋅13.5H2O 

Li6[Pu6O4(OH)4(H2O)6(Hgly)12]·18Cl·10.5H2O 

[Pu6O4(OH)4(gly)8] 

 

[Pu6O4(OH)4]
12+ 

[Pu6O4(OH)4]
12+ 

[Pu6O4(OH)4]
12+ 

[Pu6O4(OH)4]
12+ 

 

105 
57 
64 
64 

abz = benzoate; py = pyridine; gly = glycine; hedta = (2-hydroxyethyl)ethylenediaminetriacetate; 

DOTA = 1,4,7,10‐tetraazacyclododecane‐1,4,7,10‐tetraacetate; 4-HB = 4-hydroxybenzoate 

 

2.1.2.4 Decamers 

Two compounds consisting of decanuclear U(IV) clusters including 

[U10O8(OH)6(bz)14I4(H2O)2(MeCN)2] and [U10O8(OH)6(bz)12.79I3.2(H2O)4(MeCN)4]2I·4MeCN (bz 

= benzoate and MeCN = acetonitrile) have been reported (Table 2.5).  Both structures contain 

discrete decameric oxo/hydroxo [U10O8(OH)6]
18+ cluster cores that have 10 U(IV) metal centers 
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that are linked by a combination of μ3/μ4-oxos and μ3-hydroxos. The decameric species were 

accessed through the controlled hydrolysis of uranium.21 Additionally, the formation of the 

decamers was largely dependent on the synthetic conditions as smaller hexanuclear clusters were 

alternatively isolated under acidic conditions or in the presence of pyridine. 

Table 2.5. Reported Large Order An(IV)-carboxylate Clusters. 

Metal 

Center 

Compounda An(IV) 

Nuclearity 

Structural Unit Ref 

U(IV) [U10O8(OH)6(bz)14I4(H2O)2(MeCN)2] 

[U10O8(OH)6(bz)12.79I3.2(H2O)4(MeCN)4] 

·2I·4MeCN 

[U12O7(OH)4Cl9(H2O)9(bz)6(gly)6(ox)3] 

·[UCl6]·Cl·THF 

[U13K4O12(OH)4(bz)12Cl14]·2Cl 

[U13K2O9(OH)7(bz)12Cl16]·Cl 

[U14O8(OH)4Cl8(H2O)16(1,2,3-Hbtc)8(ox)4(ac)4] 

[U16O15(OH)8(bz)26(py)2] 

[U24O30(OH)2(bz)30(py)4Cl4] 

[U38O56Cl18(THF)8(bz)24]·8THF 

[U38O56Cl18(bz)22(ace)10] 

[U38O56Cl40(H2O)2(ipa)20]·nipa 

decamer 

decamer 

 

12mer 

 

13mer 

13mer 

14mer 

16mer 

24mer 

38mer 

38mer 

38mer 

[U10O8(OH)6]
18+ 

[U10O8(OH)6]
18+ 

 

[U12O7(OH)4 

 

[U13O12(OH)4]
24+ 

[U13O9(OH)7]
27+ 

[U14O8(OH)4]
36+ 

[U16O15(OH)8]
26+ 

[U24O30(OH)2]
34+ 

[U38O56]
40+ 

[U38O56]
40+ 

[U38O56]
40+ 

21 
21 

 
106 

 
58 
58 
107 
58 
58 
108 
58 
92 

Np(IV) [Np38O56Cl18(bz)24(THF)8]·nTHF 

[Np38O56Cl42(ipa)20]·nipa 

38mer 

38mer 

 [Np38O56]
40+ 

[Np38O56]
40+ 

109 
109 

Pu(IV) Li14[Pu38O56Cl54(H2O)8]·20H2O 

Li2[Pu38O56Cl42(H2O)]·15H2O 

38mer 

38mer 

[Pu38O56]
40+ 

[Pu38O56]
40+ 

110 
111 

abz = benzoate; MeCN = acetonitrile; gly = glycine; ox = oxalate; THF = tetrahydrofuran; 1,2,3-

Hbtc = 1,2,3-benzenetricarboxylate; ac = acetate; py = pyridine; ace = acetamide; ipa = isopropanol 

2.1.2.5 Larger Order Polynuclear Clusters 

A number of higher order polynuclear species ranging from dodecamer to octatriacontamer 

have been reported (Table 2.5). Representative examples including U13, U24, and U38 cluster cores 

are illustrated in Figure 2.8. The clusters result from hydrolysis and condensation of U(IV); 

however, the formation of the clusters is largely dependent on synthetic conditions as highlighted 
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by the work of Mazzanti et al. For example, two discrete U13 clusters were isolated through the 

addition of a controlled amounts of water in the presence of a carboxylate donor ligand, potassium 

benzoate, while the addition of base yielded a U16 cluster. Moreover, variation of both the reaction 

time and temperature yielded U24 or U38 cluster cores.58 Examinations of the reaction conditions – 

reaction time, solvent system, ligand concentration, and temperature – have demonstrated the 

effects of solution conditions on the evolution of polynuclear species. To date, the largest clusters 

observed in the solid-state are the An38 which are built from [An38O56]
40+ cores (Figure 2.5c), 

wherein 38 An(IV) cations are bridged via oxo groups. 58, 92, 108-111 The cores exhibit the same 

structural topology as bulk AnO2 and are surface decorated by either chloride ions, carboxylates, 

and/or solvent molecules. These differences in the surface decoration led to variations in the 

overall cationic charge. For the sake of comparison, all of the An38 nanoclusters including those 

that are not decorated by carboxylates are included in Table 2.5.92, 109-111 

 

Figure 2.8. Illustration of the U13 (a), U24 (b), and U38 (c) polyoxo cluster cores. For clarity, 

only the oxygens of the cluster core are displayed. Green and red spheres are U(IV) and oxygen, 

respectively. 
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2.1.3 Extended Networks 

In addition to the isolated molecular complexes and clusters described above, a number of 

An(IV)-carboxylate extended networks have been reported. Such structures arise, in part, from the 

propensity of the carboxylate donor to coordination to the metal center in a bridging fashion. 

Moreover, such examples are built from structural units ranging in nuclearity from mononuclear 

species to polynuclear clusters, with the organic ligand effectively linking the structural units into 

an extended array to form one-dimensional chains, two-dimensional sheets, or three-dimensional 

networks. Examples of An(IV)-carboxylates that adopt extended networks are summarized in 

Table 2.6. These extended networks are observed for Th(IV), U(IV), Np(IV), and Pu(IV), and 

often consist of bi- or polyfunctional carboxylates, such as  oxalate71, 112-114 or benzoate 

derivatives.66, 115-116 

There are a number of complexes and polynuclear clusters that have been observed as 

building units for extended networks for instance monomers, dimers, tetramers, and hexamers have 

all been precipitated as both isolated structural units and extended networks. For example, there 

are three instances wherein hexanuclear U(IV) cores are bridged into 1-dimensional chains via 

formate ligands as observed in [U6O4(OH)4(HCO2)12(H2O)]·3H2O, 

[U6O4(OH)4(HCO2)12(H2CO2)(H2O)]·3H2O, and (py)2[U6O4(OH)4(HCO2)14(py)].117 The 

hexamers have the typical [U6O4(OH)4]
12+ core as shown in Figure 2.9a. The 1-D chain with the 

formula [U6O4(OH)4(HCO2)12(H2CO2)(H2O)] is displayed in Figure 2.9b in order show the linkage 

of the hexameric units through the carboxylate functionality. 
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Figure 2.9. (a) Illustration of [U6O4(OH)4]12+ core and (b) polyhedral representation of 1-D 

chain of [U6O4(OH)4(HCO2)12(H2CO2)(H2O)]. Green polyhedral are U(IV) metal centers that 

are 8-coordinate. Red, black, and green spheres represent oxygen, carbon, and uranium, 

respectively. 

 

There are a vast number of building units similar to their isolated counterpart, however, 

there are examples where unique structural units have been precipitated with the use of bi- or 

polyfunctional organic carboxylates.61, 67-68 These units were previously not known to exist and 

the presence of the carboxylate was critical to stabilize the observed structural unit. For example, 

Loiseau et al. has stabilized a trimer that has not been observed in the solid-state for isolated 

An(IV)-carboxylate clusters.61 1,3,5-benezenetricarboxylic acid, thorium nitrate, and dimethyl 

formamide were heated under solvothermal conditions and the resulting product was a three-

dimensional porous open framework with honeycomb-like channels that is composed of trinuclear 

oxo-centered thorium units linked through the carboxylate. The trimeric units are composed of 

three thorium metal centers linked by one μ3-hydroxo and six bridging carboxylates from btc as 

seen in Figure 2.10a (btc = 1,3,5-benezenetricarboxylate). The overall formula is 

[Th3O(btc)3(OH)(H2O)2]·2.9DMF·1.5H2O and the honeycomb-like structure is depicted in Figure 

2.10b. The U(IV) analog was also observed by Loiseau et al. and is isostructural to thorium.116 The 
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trinuclear building unit was not observed as an isolated cluster, however, there are five examples 

of an An(IV)-carboxylate trimer incorporated into extended networks.61, 116, 118-119 

 

 

Figure 2.10. (a) Depiction of the trinuclear core displaying only the μ3-hydroxo and bridging 

carboxylate ligands for clarity. (b) Polyhedral representation of the open framework of 

[Th3O(btc)3(OH)(H2O)2] showing the honey-comb like lattice. Blue polyhedra represent Th(IV) 

metal centers that are 10-coordinate. Red, black, and blue spheres represent oxygen, carbon, and 

thorium. For clarity, the uncoordinated solvents are not shown. (btc = 1,3,5-

benezenetricarboxylate) 

 

Farha et al. reported a metal organic framework with the formula 

[Th6O2(HCO2)4(H2O)6(TCPP)4] (TCPP = tetrakis(4-carboxyphenyl)porphyrin), see Figure 2.11b, 

built from the secondary building unit, [Th6O2(HCO2)4(H2O)6].
68 This unique hexamer is built 

from four thorium metal centers bridged by two μ3-oxo to form a tetrameric cluster. The tetramer 

is further connected to two other metal centers on either side and each of these two metal centers 

are connected to the tetramer by two formate ligands through the COO functionality (Figure 2.11a) 
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to form the hexanuclear cluster. This structural unit has never been observed before and indicates 

that metal organic frameworks may be a pathway to attain novel building units. 

 

 

Figure 2.11. (a) Illustration of [Th6O2(HCO2)4(H2O)6] secondary building unit. (b) Polyhedral 

representation of the metal organic framework with the formula [Th6O2(HCO2)4(H2O)6(TCPP)4]. 

Blue polyhedra represent Th(IV) metal centers that are 8 or 9-coordinate. Red, black, bright blue, 

and light blue spheres represent oxygen, carbon, thorium, and nitrogen. (TCPP = tetrakis(4-

carboxyphenyl)porphyrin)  

 Another novel structural unit has been observed from a reaction of UCl4, 1,4-

benzenedicarboxylic acid, formic acid, and dimethylformamide under solvothermal conditions.67 

The combination of 1,4-benezenedicarboxylate (bdc) and formate gave rise to the formation of a 

3-dimensional network, (Hdma)[U4O2(bdc)3(form)7] (dma = dimethylammonium), involving 

tetranuclear building units of [U4O4]
8+. Though isolated tetramers have been observed, the inner 

cores have been [U4O4]
12+, this is the only example for An(IV)-carboxylate tetramers with the 

unique [U4O4]
8+ core (see Figure 2.12a). The tetramer has bdc and formate bridging bidentate to 
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two adjacent U(IV) metal centers as well as some formate ligands chelating (Figure 2.12b). The 

[111] and [101] directions are displayed in Figure 2.12c,d in order to show the linking of the 

tetrameric units through bdc (Figure 2.12c) and formate ligands (Figure 2.12d). The ligand 

combination played a key role in the structural formation and points to the importance of 

understanding ligand complexation. This chapter highlights the rich structural chemistry of 

An(IV)-carboxylates that has been observed from a limited set of carboxylates studied. In this 

work, the effect of ligand identity on species formation and precipitation will be examined. 
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Figure 2.12. (a) Ball and stick representation of [U4O4]8+ tetranuclear core. (b) Polyhedral 

representation of one [U4O2(bdc)3(form)7] building unit. (c) Polyhedral representation of 

[U4O2(bdc)3(form)7] along [110] showing the connection of the tetramers via bdc ligands. (d) The 

tetramers linked via the formate ligands along [101]. Green polyhedral represent U(IV) metal 

centers that are 8 or 9-coordinate. Red, black, and green spheres represent oxygen, carbon, and 

uranium. For clarity, the uncoordinated solvents are not shown. (form = formate, bdc = 1,4-

benzenedicarboxylate) 
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Table 2.6. Reported 1-D Chains, 2-D Sheets, and 3-D Networks for An(IV)-carboxylates 

Structural Units. 

Metal 

Center 

Compounda Nuclearity Dimensionality Ref 

Th(IV) [C(NH2)3]4[Th(C2O4)4]·2H2O 

K4[Th(C2O4)4]·2H2O 

Na4[Th(C2O4)4]·5.5H2O 

 [Th(TEDGA)2(C2O4)]·2[NO3]·[H2C2O4] 

·6H2O 

[Th(2-SB)2(H2O)3]·2H2O 

[(NH4)4Th(C2O4)4]·4H2O 

(N2H5)4[Th(C2O4)4]·H2O 

[Th(H2O)3(Hgly)3]·ClO4·4H2O 

 

(C4N2H12)[Th2Fe2(OH)2(H2O)2(cit)2(Hcit)2] 

·5H2O 

 

[Th(ntp)(H2O)(NO3)]·2.5H2O 

[Th(btec)(DMF)2(H2O)] 

[Th(1,4bdc)2(DMF)2] 

[Th(btc)(NO3)(DMF)2]·0.5DMF·0.5H2O 

 

K2[(W3S7(C2O4)3)4Th2(OH)2(H2O)10] 

·14.33H2O 

[Th2Al8(OH)14(H2O)12(heidi)4]·6NO3 

·57H2O 

 

[Th(TPO)(OH)(H2O)]·8H2O 

[C9H17N2][Th(TPO)Cl2]·18H2O 

[Th(3,4-Mepyr)4(H2O)5]·H2O 

[Th(4,5-Mepyr)(OH)(H2O)6]2 

·2(4,5-Mepyr)·3H2O 

[Th(bdc)2] 

[Th(bdc)2(DMF)2] 

[Th(2,6-ndc)2] 

[C7H11N2]2[Th(L1)Cl3] 

[Th(bz)4] 

[Th(L3)(NO3)2(DMF)2]·(DMF)2 

[Th(C2O4)2]·2H2O 

[Th(pdc)2(H2O)2] 

[Th(C2O4)2(H2O)2] ·2H2O 

 

(NH4)2[Th2(C2O4)5]·1.5H2O 

 

Monomer 

Monomer 

Monomer 

Monomer 

 

Monomer 

Monomer 

Monomer 

Monomer 

 

Dimer 

 

 

Monomer 

Monomer 

Monomer 

Monomer 

 

Dimer 

 

Dimer 

 

 

Monomer 

Monomer 

Monomer 

Monomer 

 

Monomer 

Monomer 

Monomer 

Monomer 

Monomer 

Monomer 

Monomer 

Monomer 

Monomer 

 

Dimer 

 

1-D Chain 

1-D Chain 

1-D Chain 

1-D Chain 

 

1-D Chain 

1-D Chain 

1-D Chain 

1-D Chain 

 

1-D Chain 

 

 

2-D Sheet 

2-D Sheet 

2-D Sheet 

2-D Sheet 

 

2-D Sheet 

 

2-D Sheet 

 

 

3-D Network 

3-D Network 

3-D Network 

3-D Network 

 

3-D Network 

3-D Network 

3-D Network 

3-D Network 

3-D Network 

3-D Network 

3-D Network 

3-D Network 

3-D Network 

 

3-D Network 

 

112 
120 
94 
75 

 
121 
91 
91 
122 

 
85 

 

 
85 
123 
123 
61 

 
89 

 
85 

 

 
124 
124 
83 
83 

 
123, 125 
125 
126 
127 
128 
129 
130 
131 
131 

 
91 
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Table 2.6. (Cont.). 

 [C7H11N2]5[Th2(L1)2Cl6]·Cl 

[(CH3)2NH2][Th2(L2)3(H2O)2]·8H2O 

·6DMF 

[Th2(btc)2(Hbtc)(DMF)3]·dma 

[Th2(btc)3(DMF)2]·Hdma 

 

[Th3O(btc)3(OH)(H2O)2]·2.9DMF·1.5H2O 

[Th3(bptc)3O(H2O)3.78]·Cl·(C5H14N3Cl) 

·8H2O 

[Th3(tci)2O2(OH)2(H2O)3]·12H2O 

 

[Th6O2(HCO2)4(H2O)6(TCPP)4] 

[Th6O4(OH)6(TFA)2(Me2BPDC)5] 

[Th6O4(OH)4(TPDC-NH2)6] 

[Th6O4(OH)4(H2O)6(bdc)]6·6DMF·12H2O 

 

Dimer 

Dimer 

 

Dimer 

Dimer 

 

Trimer 

Trimer 

 

Trimer 

 

Hexamer 

Hexamer 

Hexamer 

Hexamer 

 

3-D Network 

3-D Network 

 

3-D Network 

3-D Network 

 

3-D Network 

3-D Network 

 

3-D Network 

 

3-D Network 

3-D Network 

3-D Network 

3-D Network 

127 
127 

 
61 
61 

 
61 
118 

 
119 

 
68 
132 
132 
125 

 

U(IV) Mg[U(CH3CO2)6] 

Fe[U(CH3CO2)6] 

Zn[U(CH3CO2)6] 

[U(CH3CO2)4] 

[C(NH2)3]4[U(C2O4)4]·2H2O 

K4[U(C2O4)4]·4H2O 

 

[U2O2(bdc)2(DMF)] 

 

[U6O4(OH)4(HCO2)12(H2O)]·3H2O 

[U6O4(OH)4(HCO2)12(H2CO2)(H2O)]·3H2O 

[U6O4(OH)4(HCO2)14(py)]·2py 

 

 

[UO(H2O)(1,2-bdc)]2·H2O 

[U2(bdc)4(DMF)4] 

 

[U(1,2,3-Hbtc)2]·0.5CH3CN 

[U(1,3-bdc)2]·DMF 

[U(btec)(DMF)2] 

[U(1,3-bdc)2] 

[U(C3H2O4)2(H2O)3] 

[U(C2O4)2]·2H2O 

Na2[U2Mn(C2O4)6(H2O)4] 

Na2[U2Fe(C2O4)6(H2O)4] 

 

Monomer 

Monomer 

Monomer 

Monomer 

Monomer 

Monomer 

 

Dimer 

 

Hexamer 

Hexamer 

Hexamer 

 

 

Monomer 

Dimer 

 

Monomer 

Monomer 

Monomer 

Monomer 

Monomer 

Monomer 

Dimer 

Dimer 

 

1-D Chain 

1-D Chain 

1-D Chain 

1-D Chain 

1-D Chain 

1-D Chain 

 

1-D Chain 

 

1-D Chain 

1-D Chain 

1-D Chain 

 

 

2-D Sheet 

2-D Sheet 

 

3-D Network 

3-D Network 

3-D Network 

3-D Network 

3-D Network 

3-D Network 

3-D Network 

3-D Network 

 

113 
113 
113 
133 
112 
135 

 
134 

 
117 
117 
117 

 

 
115 
134 

 
107 
136 
136 
136 
71 
130 
93 
93 
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Table 2.6. (Cont.). 

 Na2[U2Co(C2O4)6(H2O)4] 

Na2[U2Zn(C2O4)6(H2O)4] 

[U2(OH)2(H2O)2(mel)] 

[U2Cl2(bdc)3(DMF)4] 

[U2Cl2(bdc)3(DMF)4] 

 

[U3O(btc)3(OH)(H2O)]·22.2DMF·1.5H2O 

[U3O(btc)3(OH)(H2O)2]·2.5DMF·1.5H2O 

 

(Hdma)[U4O2(bdc)3(HCO2)7] 

 

[U6O4(OH)4(C4H4O4)5(HCO2)2(H2O)2] 

·3DMF 

[U6O4(OH)8(Me2BPDC)4(DMF)2] 

[U6O4(OH)4(H2O)6(4,4’-bpdc)6]·14DMF 

[U6O4(OH)4(H2O)6(2,6-ndc)6]·13DMF 

[U6O4(OH)4(H2O)6(bdc)6]·10DMF 

[U6O4(OH)4(H2O)6(C4H4O4)6]·5DMF 

[U6O4(OH)4(H2O)6(NO3)4(glut)4]·12H2O 

Dimer 

Dimer 

Dimer 

Dimer 

Dimer 

 

Trimer 

Trimer 

 

Tetramer 

 

Hexamer 

 

Hexamer 

Hexamer 

Hexamer 

Hexamer 

Hexamer 

Hexamer 

3-D Network 

3-D Network 

3-D Network 

3-D Network 

3-D Network 

 

3-D Network 

3-D Network 

 

3-D Network 

 

3-D Network 

 

3-D Network 

3-D Network 

3-D Network 

3-D Network 

3-D Network 

3-D Network 

93 
93 
115 
134 
134 

 
116 
116 

 
67 

 
67 

 
132 
66 
66 
66 
66 
137 

Np(IV) [C(NH2)3]4[Np(C2O4)4]·2H2O 

(ImH)[Np(C2O4)(CH3SO3)3(H2O)2] 

 

[NpO(H2O)(1,2-bdc)]2·H2O 

[Np(C2O4)2]·6H2O 

 

[Np6O4(OH)4(H2O)8(HDOTA)4] 

 

Monomer 

Monomer 

 

Monomer 

Monomer 

 

Hexamer 

1-D Chain 

1-D Chain 

 

2-D Sheet 

2-D Sheet 

 

3-D Network 

112 
114 

 
115 
138 

 
62 

Pu(IV) [C(NH2)3]4[Pu(C2O4)4]·2H2O 

 

K[Pu(C2O4)2(OH)]·2.5H2O 

Monomer 

 

Monomer 

1-D Chain 

 

3-D Network 

112 

 
139 

 

acit = citrate; TEDGA = tetraethyldiglycolamide; 2-SB = 2-sulfobenzoate; gly = glycine; ntp = 

nitrilopropionate; heidi = N-(2-hydroxyethyl)iminodiacetate; btec = 1,2,4,5-

benzenetetracarboxylate; DMF = N,N-dimethylformamide; bdc = terephthalate; btc = 1,3,5-

benzene-tricarboxylate; TPO = tris-(4-carboxyphenyl)phosphine oxide; 3,4-Mepyr = 1-Methyl-

1H-pyrazole-3,4-dicarboxylate; 4,5-Mepyr = 1-Methyl-1H-pyrazole-4,5-dicarboxylate; 2,6-ndc = 

2,6-naphthalenedicarboxylate; L1 = 1,3,5-tri(4’-carboxylphenyl) benzoate; L2 = 4,4’,4’-

nitrilotribenzate; bptc = [1,1′-biphenyl]-3,4′,5-tricarboxylate; dma = dimethylamine; Hdma = 

dimethylammonium; bz = benzoate; L3 = 5-(1,8-naphthalimido)isophthalate; tci = tris (2-

carboxyethyl) isocyanurate; pdc = 3,5-pyrazoledicarboxylate; TCPP = tetrakis(4-

carboxyphenyl)porphyrin; TFA = trifluoroacetic acid; Me2BPDC = 2,2′-dimethylbiphenyl-4,4″-
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dicarboxylate; TPDC-NH2 = 2′-amino-terphenyl-4,4″-dicarboxylate; 1,2-bdc = phthalate; 1,2,3-

Hbtc = 1,2,3-benzenetricarboxylate; py = pyridine; mel = mellitate; 1,3-bdc = 1,3-isophthalate; 

4,4’-bpdc = 4,4’-biphenyldicarboxylate; glut = glutarate; Im = Imidazole; DOTA = 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetate 
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Chapter 3 : Thorium Furoates: The Effect of Ligand Identity on Structural Chemistry 

The syntheses, structural chemistry, and thermal stability of Th(IV)-furan mono- and di-

carboxylate compounds are presented in this chapter. Th(IV) has a strong tendency to hydrolyze 

and condense in aqueous solution. In the presence of carboxylates, competitive mechanisms 

between hydrolysis and ligand complexation has led to a range of polymeric species (i.e. dimers, 

trimers, hexamers).32, 51, 61 Efforts to examine the coordination chemistry of Th-carboxylates have 

focused primarily on the synthetic conditions (i.e. reaction time, pH, temperature, and solvent), yet 

fairly limited ligand sets have been explored, with most studies focused on monoanionic 

carboxylates, including acetate, chloroacetate, formate, glycine, benzoate, and oxalate,32, 65, 91, 128 

and dianionic dicarboxylates, such as trimesate, pyridine dicarboxylates, aminopolycarboxylates, 

and terephthalates.61, 125, 140-141  

Despite this limited ligand set, a diverse amount of structural units have been observed 

including monomers, dimers, tetramers, and hexamers.141-143 A number of extended networks have 

been reported as well due to the propensity of the carboxylate ligand to coordinate to the metal 

center in a bridging fashion. The organic ligand links the structural units into an extended network, 

such as, one-dimensional chains, two-dimensional sheets, and three-dimensional networks. The 

use of a bi- or polyfunctional carboxylates such as benzoate derivatives (i.e. 1,4-

dibenezenedicarboxylate and 1,3,5-benezenetricarboxylate) has been able to stabilize polynuclear 

units (i.e. trimers and hexamers) incorporated into an extended network.61, 125 A unique hexamer 

formed with bridging formate ligands has been stabilized with incorporation of the hexanuclear 

building unit into a metal organic framework.68 It is unclear, however, how ligand identity affects 

the structural chemistry of the resulting units. Inspired by these results, our group examined the 
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self-assembly of Th(IV) complexes, clusters, and extended networks to understand the potential 

influence ligand complexation has on the formation and stability of the resulting species. With this 

in mind, in this chapter, we examine the role 2-furoic acid, 3-furoic acid, and 2,5-furan 

dicarboxylic acid plays on the self-assembly of Th(IV) complexes and extended network. 

In this work, the syntheses and structural chemistry of Th(IV) compounds that form in 

furanmono- and dicarboxylate ligand systems including 2-furoate, 3-furoate, and 2,5-furan 

dicarboxylate are explored. Selection of these ligands was due to several considerations: (1) these 

organic molecules represent important functionalities present in natural systems, (2) as compared 

to previous carboxylates, these molecules contain a furan ring that allows us to examine the effects 

of this structural modification on species formation, and (3) using both mono- and di-carboxylate 

ligand afford us the opportunity to examine the influences that increased functionality have on the 

resulting structural chemistry. Reactions of thorium with 2-furoic acid, 3-furoic acid, and 2,5-furan 

dicarboxylic acid were thus explored in aqueous solution. Four novel complexes were synthesized: 

Th(2-FA)4 (1), Th(3-FA)4 (2), [Th2(2,5-FDC)4(H2O)10]·2H2O (3), and Th(2,5-FDC)2(H2O)2 (4) (2-

FA = 2-furoate, 3-FA = 3-furoate, and 2,5-FDC = 2,5-furan dicarboxylate). These compounds 

were found to be stable over a range of synthetic conditions (e.g. varied stoichiometric rations, 

temperature, and pH). Upon incorporation of the dicarboxylate, 3 and 4 were observed, were 

observed, whereas 3 is built from a novel molecular dimeric unit and 4 adopts a 3-D network. 

Further, with increasing temperature, 3 is found to transform to 4, which adopts a 3-D network. 

The relative stability of the dimeric units in 3 was likewise explored. While the structural units 

showed fairly wide synthetic stability with respect to pH (1-6) and temperature (20-80 C), at 

higher temperatures (100-160 C), Th(2,5FDC)2(H2O)2 (4) was observed. 
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Taken together, the changes in structural chemistry highlights the directing effects of the 

ligand as well as the importance of solution conditions on the assembly and stabilization of Th(IV) 

structural units ranging from molecular units to three-dimensional networks. This work is currently 

in preparation for submission to European Journal of Inorganic Chemistry. 

3.1 Structural Systematics of 1 - 4 

Reactions of Th(IV) with 2-furoic acid or 2,5 furan dicarboxylic acid yielded four distinct 

Th(IV) phases. The structure description of the four phase is described in this section. 

Compound 1, [Th(C5H3O3)4]n, crystallizes in the orthorhombic space group Pbcm. The 

structure is built from one crystallographically unique Th(IV) metal center, and four distinct 2-

furoates. The local coordination sphere (Figure 3.1a) shows the thorium metal center is 8-

coordinated bound by eight oxygens from eight bridging monodentate 2-furoates. Adjacent metal 

centers are bridged through 2-furoate into 1-D chains that propagate along the [100] (Figure 3.1b). 

The Th-Ocarboxylate distance range from 2.282(24) to 2.503(25) Å and the Th---Th interatomic 

distance is 4.761(13) Å. No π-π stacking interactions are discussed due to an inability to observe 

these interactions from the disorder. 
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Figure 3.1. (a) Ball and stick representation of the local coordination sphere of thorium in 1.  

For clarity, only one of the crystallographically unique furoate ligand is shown. (b) The bridging 

2-furoates to form the 1-D chain of 1 along the x axis is shown. Blue, red, and black spheres 

represent thorium, oxygen, and carbon atoms, respectively. Hydrogen atoms and disorder are not 

shown for clarity. Symmetry operators: (i) x-1, y, z. 

 

Compound 2, [Th(C5H3O3)4]n, crystallizes in the monoclinic space group P21/c. The 

structure is built from one crystallographically unique Th(IV) metal center, and four distinct 

furoate ligands. As shown in Figure 3.2a, the thorium metal center is 8-coordinated bound by eight 

oxygens from bridging monodentate 3-furoates. Adjacent metal centers are bridged through the 

carboxylate functionality of the 3-furoate into 1-D chains that propagate along the [001] (Figure 

3.2b). The average Th-Ocarboxylate distance is 2.410(4) Å and the Th---Th interatomic distance is 

4.671(4) Å. Overall, the structure adopts a three dimensional supramolecular network through π- 

π stacking interactions of the furan rings with Cg···Cg distances of 3.410(14) Å and a slip angle 

of 13.2º, which are relatively weak interactions.144  
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Figure 3.2. (a) Ball and stick representation of the local coordination sphere of thorium in 2.  

For clarity, only one of the crystallographically unique furoate ligand is shown. (b) Packing 

diagram of 2 highlighting the 1-D chains that propagate along the [001] and the π- π stacking 

interactions (dotted black lines) between 3-FA of parallel chains. Blue, red, and black spheres 

represent thorium, oxygen, and carbon atoms, respectively. Blue polyhedra are 8-coordinate 

Th(IV) metal centers. Hydrogen atoms and disorder are not shown for clarity. Symmetry operators: 

(i) x, -y+3/2, z-1/2 and (ii) x, -y+3/2, z+1/2. 

 

Compound 3, [Th2(C6H2O5)4(H2O)10], crystallizes in the monoclinic space group P21/n. 

The structure is built from one crystallographically unique Th(IV) metal center, two distinct 2,5 

furan dicarboxylate ligands, and five unique water molecules (O1-O5) as shown in Figure 3.3a. 

Each Th metal center is 9-coordinate, bound to five oxygens from five water molecules and four 

oxygens from four monodentate bridging 25-FDC ligands. Overall, the structure is built from 

dimeric molecular units, wherein two Th(IV) are linked through four 2,5-FDC units (Figure 3.3b). 

Average Th-Ocarboxylate and Th-OH2O distances are 2.403(45) Å and 2.501(33) Å, respectively, while 

the Th···Th interatomic distance is 6.57(1) Å (Figure 3.3b). Hydrogen bonding interactions are 
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also observed between the bound water molecule, O2, and the carboxylate, O22, from an adjacent 

dimer at 2.721(7) Å.144 

 

 

Figure 3.3. (a) Ball and stick representation of the local coordination sphere of thorium for 

3. (b) Ball and stick representation of ligand bridged dimeric units in 3. Blue, red, and black spheres 

represent thorium, oxygen, and carbon atoms, respectively. Hydrogen atoms are not shown for 

clarity. 

 

Compound 4, Th(C6H2O5)2(H2O)2, crystallizes in the orthorhombic space group Pbcn. The 

structure is built from one crystallographically unique Th(IV) metal center, one distinct furan 

dicarboxylate ligand, and one unique water molecule. The thorium metal center is 8-coordinate 

bound to six monodentate bridging furan dicarboxylate ligands and two water molecules as shown 

in Figure 3.4a. As shown in Figures 3.4b and 3.4c, thorium metal centers are bridged through the 

carboxylate oxygens of the 2,5-furan dicarboxylate into an extended 3-dimensional network. 

Average Th-Ocarboxylate distances are 2.377(58) Å and Th-OH2O distances are 2.505(3) Å, 
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respectively. The shortest Th···Th interatomic distance corresponds to the thorium bridged 

through one end of the ligand and is 5.497(1) Å. 

 

 

Figure 3.4. (a) Illustration of the local coordination sphere of thorium in 4. Polyhedral 

representations of 4 highlighting the propagation of the thorium metal centers through 2,5-furan 

dicarboxylate units into a 3D network are shown in (b) and (c). Blue, red, and black spheres 

represent thorium, oxygen, and carbon atoms, respectively. Blue polyhedra are 8-coordinate 

Th(IV) metal centers. Hydrogen atoms are not shown for clarity. Symmetry operators: (i) -x, y, -

z+1/2, (ii) -x+1/2, -y+1/2, z+1/2, (iii) x-1/2, -y+1/2, -z, (iv) x-1/2, y+1/2, -z+1/2, and (v) -x+1/2, 

y+1/2, z. 

 

 The 1-dimensional chains observed in the structures of 1 and 2 are fairly unique within 

Th(IV) structural chemistry as only a limited number of related ligand bridged chains have been 



52 

 

isolated. Within carboxylate ligand systems, in particular, Th(IV) metal centers linked by 

oxalate,75, 91, 94, 112 glycine,122 2‐sulfobenzoate,121 pyridinedicarboxylate,141 and benzoate128 into 

extended networks have been reported. Notably, the chains vary in overall charge, binding modes 

of the ligand, and coordination environment about the metal center. The ligand bridged chains in 

the Th-glycine122 and Th-benzoate128 most closely resemble those observed in 1 and 2, with 

monodentate bridging carboxylate groups linking mononuclear Th(IV) metal centers. Several 3-D 

metal-organic frameworks have likewise been reported. As in 4, these extended networks are most 

commonly built from multifunctional organic ligands, providing multiple directions for 

propagation. Most 3-D networks are built from polyaromatic carboxylates;62, 118, 124-127, 129, 131-132, 

145 however, there are a few examples consisting of smaller carboxylates such as oxalate,91, 146 

trimesate,61 pyridinedicarboxylate.141, 147, and 1,3-adamantanediacetate.148 

By comparison, a very limited set of dimeric molecular units such as that observed in 3 

have been reported for Th(IV). In fact, a search of the Cambridge Structural Database (v. 2.0.1) 

yielded fifteen Th-carboxylate containing structures with dimeric cores, wherein the metal centers 

were bridged by hydroxo83, 87-89, 149-150 or carboxylate oxygen atoms. The most common dinuclear 

units, including –OH and –COO bridged units, are shown in Figure 2.3. Unlike the carboxylate or 

ligand bridged dimers, the hydroxo bridged [Th2(OH)2]
6+ dimers (Figure 3.5a) result from 

hydrolysis and condensation, which is fairly prevalent in the aqueous chemistry of tetravalent 

metal ions, and are the most commonly observed oligomer in thorium solid state structural 

chemistry.83, 87-89, 149-150 

With respect to the ligand bridged dinuclear species, several oxalate bridged structural units 

such as that shown in Figure 3.5b have been reported.57, 75, 89, 91, 94, 151-152 Relatively fewer dinuclear 

species wherein the metal centers are bridged through one tail of the carboxylate as shown in 
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Figure 3.5c are observed.90, 153 Moreover, to the best of our knowledge, there is only one other 

example, a dinuclear species built from the polyamino carboxylic acid DOTA ligand57 (Figure 

3.5d), in which the thorium sites are bridged through the length of the ligand as observed in 3. 

Given that 2,5-FDC is more rigid than DOTA, the crystallization of isolated molecular units as 

opposed to a 3D extended network as observed in 4 is of interest. In fact, in a homometallic 

praseodymium furan dicarboxylate dimer, the stabilization of this structural unit is attributed to 

coordination to a central potassium ion.154 While this is not observed for 4, this is perhaps corollary 

to the weak hydrogen bonding interactions between one bound water molecule and the oxygen of 

the furan ring. In both complexes, the ligand likely plays a significant role in the stabilization of 

the structural unit and its persistence over a fairly wide pH range (1 < pH < 6) as discussed below.57 

 

 

 

Figure 3.5. Illustration of the dimeric core previously reported for Th(IV). Only the Th(IV) 

metal centers and bridging ligands are shown. Blue, red, and black spheres represent thorium, 

oxygen, and carbon atoms, respectively. 
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3.2 Synthetic Considerations 

Synthetic conditions are well known to influence product formation. It is understood that 

subtle changes to pH, temperature, reaction time, and reaction concentration may result in changes 

to both the kinetic and the thermodynamic factors that influence species formation. In this work, 

Th(IV) complexation by three distinct carboxylates, 2-furoate, 3-furoate and 2,5-

furandicarboxylate across a range of reaction conditions was explored. Variation of the synthetic 

conditions (e.g. ligand identity, Th:organic ligand ratios, reaction time, temperature, and pH) 

yielded four distinct Th(IV) phases. For all four phases, the stability of each complex was explored 

through systematic changes to the reaction conditions. 

Actinide(IV)-carboxylate chemistry is dominated by rigid, aromatic linkers68, 125, 132, 155-156 

and ligand rigidity in this system is imposed by the furan ring. As a result changes in the 

conformation of the ligand are unlikely and decreases the propensity for kinetic control of 

crystallization.157-159 Two isostructural 1-D chains were prevalent when 2-furoic acid or 3-furoic 

acid were employed as ligand, irrespective of the metal to ligand (M:L) ratio, reaction time, 

temperature, and pH. An overview of the synthetic space over which 2 was isolated is illustrated 

in Figure 3.6, showing the stability and prevalence of the compound across both pH and 

temperature. It is important to note that the highest yield was obtained at a 1:4 stoichiometric ratio 

of Th(IV) to 3-furoic acid, a pH of 1, and a temperature of 120 ºC. Similar yields were also 

observed for 1. Evidence of the interplay between thermodynamic and kinetic control of reactions 

is observed here. While the same products were persistent over a wide range of temperatures, 

below 100 ºC crystallization occurred after five days as compared to higher temperatures for which 

crystallization was observed after ~24 hours.  
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Reaction temperature is similarly known to influence species formation. Studies of 

transition metal carboxylates, for example, have shown the isolation of a variety of polynuclear 

species consistent with stepwise dehydration and a corresponding increase in nuclearity as a 

function of temperature.160-161 Interestingly, both 1 and 2 are persistent across a wide range of 

temperatures from 20-120 ºC. However, above 120 ºC a significant decrease in yield is observed 

along with the formation of an additional white amorphous precipitate, which is likely a hydrated 

thorium hydroxide phase.162 

 

 

Figure 3.6. Illustration of synthetic space over which 2 was isolated (M:L ratio: 1:4). 
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Moving from the monocarboxylic acid to the dicarboxylic acid, two additional unique 

phases were crystallized. The structure of 3 consists of isolated molecular dimers whereas that of 

4 is built from mononuclear Th(IV) metal centers that are bridged through the ligand into a three-

dimensional network. The synthetic over which 3 and 4 were isolated is shown in Figure 3.7. The 

highest yield for the dimer was obtained at a stoichiometric ratio of 2:1, and interestingly, the 

complex persisted across a range of temperatures (20-80 ºC) and pH (1-6). In all cases, the 

formation of the dimer was limited by the sparing solubility of 2,5 furan dicarboxylic acid; the 

yield was found to slowly increase with reaction time. This is likely attributed to a dynamic 

equilibrium between the undissolved ligand, the dissolved metal-ligand complex/reaction solution, 

and the precipitation of the dimer over a longer reaction time.  

An increase in the density and dimensionality of metal carboxylates upon an increase in 

temperature is well established in the literature.160-161 The argument for this stems from an entropic 

gain upon release of water from the metal coordination sphere, once again highlighting the role of 

thermodynamic control of crystallization. This has correspondingly been observed by Loiseau et. 

al, wherein reaction temperature was shown to influence the structural motifs in both Th(IV) and 

U(IV) MOFs.125, 134 Similarly in this work, a transformation of building units from the dimer to a 

ligand bridged three-dimensional extended network is observed upon an increase in temperature. 

Both 3 and 4 precipitate at 100 ºC, although the dimer is observed at a significantly lower yield 

(<4%), as highlighted in Figure 3.7. In the present work, yields for 4 were found to be the greatest 

for reaction solutions that were consistent with the metal to ligand ratios (1:2) consistent with the 

stoichiometry of the observed product. Unlike the dimer, the three-dimensional network was found 

to exist only up to a pH of 4. Above this, an amorphous gel was observed.  
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Figure 3.7. Illustration of the synthetic space over which 3 and 4 were isolated. The percent 

yields shown are those from reactions with M:L ratios of 2:1 and 1:2 for 3 and 4, respectively. The 

percent yield for 3 is in black while the percent yield for 4 is in blue. Note that at 100 ºC both 3 

and 4; however, 3 is observed at less than 4%. 

 

The formation of actinide oligomers and larger polynuclear species has been shown to 

result from an interplay between metal ion hydrolysis and condensation reactions and ligand 

complexation. Within actinide structural chemistry, carboxylate ligands have been commonly 

studied and show to play several different roles in species formation and stabilization. For 

example, ligand complexation has been used  to mitigate the effects of metal ion hydrolysis and 

condensation, trap and precipitate of otherwise elusive An(IV) structural units, and modulate the 
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formation of larger polyoxo clusters.21, 58 In both the 2-furoate and 3-furoate ligand systems, the 

persistence of the 1D ligand bridged chains suggests that ligand complexation dominates the 

synthetic space, irrespective of pH, temperature and metal to ligand ratios. By comparison, in the 

reactions of Th(IV) with 2,5-furan dicarboxylate, an increase in temperature was found to 

correspond to an increase in dimensionality of the observed species. The co-precipitation of both 

3 and 4 at 100 ºC, followed by the persistence of only the extended network at higher temperatures 

may suggest that the dimer is an intermediate in the formation of the larger coordination polyme.29  

3.3 Vibrational Spectroscopy for Compounds 1 - 4 

The Raman and IR spectra of 1 – 4 exhibited bands that are attributed largely to the ligands 

(Appendix D.1-D.4). The complexity of the spectra, due in part to the overlap and coupling of 

vibrational modes, does not allow for complete deconvolution and attribution of individual peaks. 

Furthermore, organic ligand stretches often dwarf low-intensity bands of interest, such as Th-O 

vibrational modes. A few band assignments; however, are proposed based on previous 

experimental and computational examinations of 2-furoic acid and 2.5-furandicarboxylic acid as 

well as thorium-carboxylate based materials.57, 69, 128, 163-165 As a representative example, the IR 

and Raman spectra of 1 shown over 400-2000 cm-1 are presented in Figure 3.8. Absence of a peak 

around 1700 cm-1 is consistent with deprotonation of 2-FA and its complexation to thorium.164 The 

symmetric and asymmetric vibrational modes of the carboxylate are predicted in the region of 

1400-1600 cm-1. However, attempts to identify these modes is precluded by overlapping C=C and 

C-C stretches from the ligand. The presence of the furan ring is identifiable by the observed in-

plane rocking and deformation aromatic vibrations in the region of 1100-1400 cm-1.163, 165 As 

shown in Figure 3.8, the IR and Raman spectra are consistent with one another, as well as in good 

agreement with spectra previously reported for metal carboxylates.57, 69, 128 
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Figure 3.8. Infrared (red) and Raman (black) spectra of 1 shown over 400 – 2000 cm-1. 

 

3.4 Thermogravimetric Analyses of Compounds 1 - 4 

The thermal stability of several Th(IV)-carboxylate complexes and clusters has been 

examined as interest lies in understanding the effects of structure on thermal decomposition 

temperature and product. 69, 125, 128, 166-167 The thermal stability for 1-4 were thus examined over 

25-600 ºC under flowing nitrogen. The total weight losses observed for 1 (59.1%), 2 (59.9%), 3 

(59.6%), and 4 (56.0%) were consistent with thermal decomposition of the compounds to ThO2 

(calculated 61.0%, 61.0%, 59.3%, and 54.2% for 1-4, respectively), yet variations in the onset 

temperature for decomposition were observed (Appendix G.1-G.4). Interesting, despite their 
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similar local structure and overall connectivity, 1 was found to decompose at a slightly higher 

temperature (~275 ºC) than 2 (~210 ºC), indicating that the structure of the 2-furoate bridged chains 

is more thermally robust than that of 3-furoate. This is consistent with literature reports that have 

shown that the position of the carboxylate can led to differences in the thermal stability of 

carboxylic acids.168 By comparison, the onset temperature for decomposition of 3 begins at a lower 

temperature (~120 ºC). Compound 3 degrades over three consecutive steps, with the first weight 

loss beginning at 120 ºC of 14.8% attributed to the loss of water to yield Th2(C6H2O5)4 (calculated 

14.0%). Decomposition of the ligand occurs in two subsequent steps beginning at ~235 ºC and 

complete by 450 ºC. Thus, the lower onset temperature for the decomposition of 3 is attributed to 

the loss of water, with the Th-organic compound otherwise showing thermal behavior much like 

1 and 2. Compound 4 similarly exhibits a broad weight loss of ~6% prior to 260 ºC attributed to 

the loss of two water molecules (calculated 6.24%). Subsequent weight losses occur in several 

steps over 260-450 ºC and are consistent with degradation of the framework ligands. Collectively, 

these results illustrate how the thermal behavior of the compounds is very much tied to the stability 

of the ligands. 

3.5 Summary 

Aqueous reactions of Th(IV) and furan monocarboxylic acid or furan dicarboxylic acid led 

to the isolation and characterization of four novel compounds. The synthetic space over which the 

compounds were isolated was examined as a function of metal:ligand ratios, reaction time, 

temperature, and pH. All of the compounds exhibited fairly wide stability over a wide range of 

synthetic conditions. From 2-furoate and 3-furoate ligand systems, two compounds (1 and 2) with 

structures consisting of isomorphous 1-D chains were isolated. The formation of both compounds 

was relatively insensitive to reaction conditions, and could be isolated over a range of M:L ratios, 
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reaction temperature, pH, and reaction time. From 2,5-furan dicarboxylate ligand systems, an 

isolated dimer (3) and an extended 3-D network (4) was observed. While the dimeric species 

persisted over a wide pH range (1-6) and temperature (20-100 ºC), at higher temperature the 3-D 

network was observed. Collectively, the results point to the influence of the ligand on product 

formation. For example, the structure of 3 consists of dinuclear species wherein Th(IV) metal 

centers are bridged through the length of the ligand rather than the carboxylate group. The 

formation of this species is interesting in that it is only the second known structure with similar 

connectivity to form a molecular dimeric unit even at pH values <6 there is no evidence in the 

solid-state for metal ion hydrolysis and condensation. Such an observation points to the potential 

mitigating role of organic carboxylates in the formation of An(IV) oligomer as has been reported 

previously. With increasing temperature, compound 4 which adopts a 3-D network is observed. 

Such effects of solution conditions on structural systematics are critical to understanding Th(IV) 

coordination chemistry and provides insight into our ability to control, promote, or inhibit product 

formation, as evidenced in this work by the role that temperature (and ligand identity) has on the 

formation of various Th(IV)-organic hybrid compounds. 

3.6 Synthetic Details for 1 - 4 

Phase formation was explored as a function of metal to ligand ratio (4:1 to 1:8), reaction 

time (1 - 5 days), temperature (20 ºC to 160 ºC), and pH (1 - 6). The syntheses described below 

are those that resulted in the highest yield. 

3.6.1 [Th(2-FA)4]n (1) 

ThCl4 (0.037 g, 0.10 mmol), 2-furoic acid (0.045 g, 0.40 mmol), and H2O (4.00 g, 222 

mmol) were placed into a 23 mL Teflon-lined Parr bomb. Incomplete dissolution of the 2-furoic 

acid prior to heating was observed. The reaction vessel was then sealed and heated statically in an 
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isothermal oven at 120 °C.  After 24 hours, the reaction vessel was removed from the oven and 

cooled to room temperature over four hours. The mother liquor was decanted and colorless, rod-

like crystals and a white microcrystalline powder (later identified as unreacted 2-furoic acid) were 

collected. The reaction product was rinsed with ethanol and water to remove unreacted 2-furoic 

acid. After the final wash, the sample was left on the benchtop to air dry. Yield based on Th: 0.040 

g, 60%. Elemental Analysis: calc (obs): C: 35.52% (35.10%); N: 0.0% (0.0%); H: 1.79% (2.18%).  

3.6.2 [Th(3-FA)4]n (2) 

ThCl4 (0.037 g, 0.10 mmol), 3-furoic acid (0.045 g, 0.40 mmol) and H2O (4.00 g, 222 

mmol) were placed into a 23 mL Teflon-lined Parr bomb. The reaction vessel was then sealed and 

heated statically in an isothermal oven at 120 °C. After 24 hours, the reaction vessel was removed 

from the oven and cooled to room temperature over four hours. The mother liquor was decanted 

and colorless rod-like crystals and a white microcrystalline powder (unreacted 3-furoic acid) were 

isolated. The sample was washed with water and ethanol to remove unreacted ligand and left on 

the benchtop to dry. Yield based on Th: 0.040 g, 60%. Elemental Analysis: calc (obs): C: 35.52% 

(35.37%); N: 0.0% (0.11%); H: 1.79% (1.86%). 

3.6.3 Th2(2,5-FDC)4(H2O)10 (3) 

 ThCl4 (0.037 g, 0.10 mmol) and 2,5-furan-dicarboxylic acid (0.031 g, 0.20 mmol) were 

placed in a 10 mL glass vial. Water (4.00 g, 222 mmol) was then added and the vial was capped. 

Undissolved 2,5-furan dicarboxylic acid was observed at the bottom of the vial. After 24 hours, a 

few colorless block crystals were observed along with a white precipitate (unreacted ligand). The 

reaction was left for one additional week, at which point the crystals and precipitate were isolated. 

The product was washed with water and ethanol several times and then allowed to air dry on the 

benchtop. After 24 hours, the crystals were manually separated from the bulk product. Yield based 
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on Th: 0.028 g, 44%. Elemental Analysis: calc (obs): C: 22.85% (22.37%); N: 0.0% (0.02%); H: 

2.22% (2.57%). 

3.6.4 [Th(2,5-FDC)2(H2O)2]n (4) 

 ThCl4 (0.037 g, 0.10 mmol), 2,5-furan-dicarboxylic acid (0.031 g, 0.20 mmol) and water (4.00 

g, 222 mmol) were added into a 23 mL Teflon-lined Parr bomb. The reaction vessel was then 

sealed and heated statically in an isothermal oven at 120 °C. After 24 hours, the reaction vessel 

was removed from the oven and cooled to room temperature over four hours. The mother liquor 

was decanted and colorless rectangular crystals were collected. The crystals were rinsed with water 

and ethanol then the sample was left on the benchtop to air dry. Yield based on Th: 0.029 g, 51%. 

Elemental Analysis: calc (obs): C: 25.01% (24.92%); N 0.0% (0.0%); H: 1.40% (1.60%). 

3.7 Experimental Methods 

3.7.1 Single Crystal X-ray Diffraction 

 Single crystals from the reaction products were used for single crystal X-ray diffractions studies 

and details on the crystallographic refinements can be found in Table 3.1. Single crystal X-ray 

diffraction data were collected at 100(2) K on a Bruker D8 Quest diffractometer equipped with an 

IμS X-ray source (Mo-Kα radiation; λ=0.71073 Å) and a Photon 100 detector. Data were integrated 

using the SAINT software package included with APEX2.169 The absorption correction was 

applied using a multi-scan technique in SADABS.169 The structures were solved using direct 

methods via SHELXT and refined by full-matrix least-squares on F2 using the SHELXL software 

in shelXle.170-171 

3.7.1.1 Refinement Details of 1 – 4 

 Though many attempts were made to collect 1, all needle crystals were significantly twinned 

and a publishable refinement could not be determined so only a preliminary refinement is given. 
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There is significant positional disorder around the thorium metal center and the ring from the 

carboxylate of the adjacent chain grows into one another. A thorough attempt was made to resolve 

this disorder but efforts were unsuccessful. Nevertheless, the 1-D chain is mostly resolved and 

discussed in section 4.4 as well as other characterization methods, including elemental analysis 

and thermogravimetric analysis, were used to support the formula provide. 

 All non-hydrogen atoms were refined with anisotropic thermal parameters for 2 - 4 while furan 

hydrogen atoms were included in idealized positions and water hydrogen atoms were located in 

the difference map. One of the four furan rings in the structural model for 2 is disordered over two 

orientations, therefore, similar displacement amplitudes were imposed on the disordered sites 

overlapping by less than the sum of van der Waals radii. 
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Table 3.1. Crystallographic Structure Refinement Details for 1 – 4. 

 1 2 3 4 

Formula ThC20O12H12 ThC20O12H12 Th2C24O32H32 ThC12O12H8 

MW (g/mol) 676.34 676.34 1296.58 576.22 

Temperature (K) 100(2) 100(2) 100(2) 100(2) 

Crystal System Orthorhombic Monoclinic Monoclinic Orthorhombic 

Space Group Pbcm P21/c P21/n Pbcn 

λ (Å) 0.71073 0.71073 0.71073 0.71073 

a (Å) 4.7611(9) 10.8829(6) 11.1232(12) 6.4740(6) 

b (Å) 22.003(4) 20.4271(12) 7.4457(8) 18.9460(18) 

c (Å) 19.441(4) 9.3349(5) 20.956(2) 10.7011(10) 

α (deg) 90 90 90 90 

β (deg) 90 96.592(2) 97.726 (3) 90 

γ (deg) 90 90 90 90 

Volume (Å3) 2036.6(7) 2061.5(2) 1719.8(3) 1312.6(2) 

Z 1 4 2 4 

ρ (g/cm3) 2.391 2.179 2.504 2.916 

μ (mm-1) 7.410 7.301 8.761 11.438 

R1 0.0667 0.0264 0.0260 0.0162 

wR2 0.1825 0.0581 0.0490 0.0376 

GOF 1.416 1.028 1.050 1.140 

CCDC  1970102 1970103 1970104 

 

3.7.2 Powder X-ray Diffraction 

 Powder X-ray diffraction (PXRD) data were collected for compounds 1 – 4 using a Rigaku 

Ultima IV diffractometer (Cu Kα λ = 1.542 Å, 2θ = 3 – 40°). Agreement between the calculated 

and observed patterns (Appendix C.1-C.4) supported that the single crystals used for structure 

determination were representative of the bulk sample. 

3.7.3 Elemental Analysis 

 Combustion elemental analysis (EA) was collected on a PerkinElmer Model 2400 Elemental 

Analyzer. Samples (1.5 – 2.0 mg) were weighed into small tin capsules. The samples were run in 

triplicate and the reported value is the average.  
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3.7.4 Infrared and Raman Spectroscopy 

 Infrared spectra of 1 – 4 were collected on a Perkin Elmer FTIR Spectrum 2 system (Appendix 

D.1-D.4). The samples were collected using a diamond ATR-FTIR attachment. Scans were 

collected over 400 – 4000 cm-1 with 32 scans and 2 cm-1 resolution. Each data set was acquired 

using the Spectrum Quant software program. Raman spectra for single crystals of 1 – 4 were 

collected on a HORIBA LabRAM HR Evolution Raman Microscope from 150 – 4000 cm-1 with 

an excitation line of 532 nm at 18 accumulations and an acquisition time of 4 seconds (Appendix 

D.1-D.4). 

3.7.5 Thermogravimetric Analysis 

 The thermal behavior of 1 – 4 were investigated over 20-600 °C. Data were collected on a TA 

instruments Q50 system Thermogravimetric Analyzer. Samples of 1 (9.611 mg), 2 (8.869 mg), 3 

(10.618 mg), and 4 (13.327 mg) were weighed out into platinum pans. The temperature was held 

at 30 °C for 5 minutes to dry off excess water after which the sample was heated to 600 °C at 5 °C 

· min-1 under flowing nitrogen (10 mL · min-1). The software TA universal analysis was used to 

collect and process the data (Appendix G.1-G.4). 
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Chapter 4 : Influence of Reaction Conditions on U(IV)-2-furoate Structural Chemistry 

 As compared to Th(IV), U(IV) exhibits greater structural diversity. This is perhaps best 

highlighted in the number of polyoxo cluster compounds reported for U(IV) as compared to 

Th(IV), which arise in part from differences in thorium and uranium hydrolysis chemistry. In an 

attempt to understand differences that underpin thorium and uranium chemistry as well as further 

understand the effects that ligand complexation and solution conditions have on species formation, 

reactions of UCl4 and 2-furoic acid were examined. Five compounds isolated were: [UCl2(2-

FA)2(H2O)2]n (5), [U4Cl10O2(THF)6(2-FA)2]•2(THF) (6),  [U6O4(OH)4(H2O)3(2-

FA)12]•7(THF)•(H2O) (7), [U6O4(OH)4(H2O)2(2-FA)12]•8.76(H2O) (8), and 

[U38Cl42O54(OH)2(H2O)20]•m(H2O)•n(THF) (9) (2-FA = 2-furoate, THF = tetrahydrofuran). These 

compounds range from mononuclear ligand bridged 1-D chains to large polyoxo U38 clusters. 

Effects of hydrolysis and condensation, ligand complexation, and solution conditions on phase 

formation are discussed. 

Overall, work presented in this chapter highlights the unique structural diversity afforded 

by controlling the reaction conditions. By limiting the metal to ligand (M:L) ratio and low water 

concentration, we were able to synthesize a novel compound consisting of 1D chains [UCl2(2-

FA)2(H2O)2]n] (1). By simply changing the M:L ratio it was possible to control the nuclearity; a 

tetranuclear cluster [U4Cl10O2(THF)6(2-FA)2]•2(THF)  (2) was observed at low water content or 

by increasing the water concentration the nuclearity could be increased to six as observed in 

[U6O4(OH)4(H2O)3(2-FA)12]•7(THF)•(H2O) (3) and [U6O4(OH)4(H2O)2(2-FA)12]•8.76(H2O) (4).  

Over time, the thermodynamically stable high nuclearity cluster, 

[U38Cl42O54(OH)2(H2O)20]•m(H2O)•n(THF) (5), was isolated.  The crystal structures have been 

determined, and reflect the tuning of the bonding and resulting structures by the synthetic 
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conditions. We believe the oxidation state of all compounds is U(IV), and this conclusion is 

supported by UV-visible absorption spectroscopy, and magnetic studies.  Although the solventless 

thermolysis studies using TGA-DTA confirm that UO2 is the stable product, we have been able to 

investigate the solution thermolysis to form ultra-small UO2 nanoparticles.  These studies lend 

insight not only to controlled hydrolysis and condensation, but also the transformation of uranium 

from soluble molecular species to nanomaterials. This work has been submitted from publication 

in Chemistry – A European Journal. 

4.1 Structural Systematics of 5 – 9 

Compound 5, [UCl2(2-FA)2(H2O)2]n, crystallizes in the monoclinic space group C2/c. The 

structure is built from one crystallographically unique U(IV) metal center, one chloride, one water 

molecule, and one distinct furoate ligand. As shown in Figure 4.1a, the U(IV) metal center is 8-

coordinate bound to two Cl ions (Cl1 and Cl1A), two bound water molecules (O1 and O1A), and 

four oxygens (O11, O12, and their symmetry equivalents) from four bridging 2-FA. Adjacent 

metal centers bridged through 2-FA units into 1-D chains that propagate along the [001] (Figure 

4.1b) with a U···U interatomic distance of 5.165(2) Å. Overall, the structure adopts a three 

dimensional supramolecular network through - stacking interactions of the furan rings with 

minimum Cg···Cg distances and slip angles of 3.470(1) Å and 16.4 º, respectively. 
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Figure 4.1. (a) Ball and stick representation of the local coordination sphere about the U(IV) 

metal center in 5. (b) Polyhedral representation of 5, highlighting the ligand bridged 1-D chains 

that extend along the [001]. Dark green, light green, red, and black spheres represent uranium(IV), 

chlorine, oxygen, and carbon atoms, respectively. Green polyhedra are 8-coordinate U(IV). 

Hydrogen atoms are not shown for clarity. Superscript denotes symmetry operators: (i) -x+1, -y+1, 

-z+1; (ii) -x +1, y, – z + 3/2; (iii) x, -y +1, z + 1/2. 

 

The 1-dimensional chain observed in 5 has a different coordination environment as 

observed for 1 and 2 from Chapter 3 and is fairly unique within the reported An(IV) 1-dimensional 

chains. For 1 and 2, the Th(IV) metal centers are linked by four bridging bidentate carboxylates 

from the furoate ligands. Similarly related linear chains have been isolated with Th(IV) with 

glycine and benzoic acid, 122, 128 while only a U(IV)-acetate bridged chain has been reported with 

U(IV) metal centers bridged by four acetate ligands.113, 133 The U(IV)-furoate bridged chain 

reported here has both chloride and carboxylate bound to the U(IV) metal center that has not been 

previously reported. 
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Compound 6, [U4Cl10O2(THF)6(2-FA)2]•2(THF), crystallizes in the monoclinic space 

group P21/n. The structure is built from two crystallographically unique U(IV) metal centers, one 

distinct furoate ligand, four THF molecules, and five unique chloride ions. As shown in Figure 

4.2, the U(IV) metal centers are bridged through μ2-Cl and μ3-O groups to form a tetranuclear 

cluster core of composition [U4(3-O)2Cl4]
8+. Six chloride and two 2-FA ligands decorate the 

cluster and thereby charge balance the cationic unit. Six THF molecules are additionally bound to 

the cluster (Figure 4.2b). U1 is seven coordinate, bound to five chloride ligands from three singly 

bound chlorides and two μ2-Cl and two O atoms from one μ3-O and one THF molecule. 

Alternatively, U2 is eight coordinate, bound to two μ2-Cl and six O atoms from two THF 

molecules, two μ3-O, and two O from two bridging 2-FA ligands. Average U-μ3-O, U-OFA/THF, U-

μ2-Cl, and U-Cl distances are 2.22(2), 2.44(10), 2.80(2), and 2.62(2) Å, respectively. U1---U2 

distances range from 3.967(2)-4.004(1) Å and U2---U2 distances are 3.5939 Å; the U1---U1A 

interatomic distance is 7.114(3) Å. 
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Figure 4.2. Ball and stick representation of (a) the tetranuclear [U4(3-O)2Cl4]8+ core and (b) 

the ligand decorated cluster in 6. Dark green, light green, red, and black spheres represent 

uranium(IV), chloride, oxygen, and carbon atoms, respectively. Hydrogen atoms and disorder 

within the 2-FA ligands are omitted for clarity. Superscript denotes symmetry operator: (i) 1-x, 2-

y, 1-z. 

 

A limited number of tetranuclear units such as that observed in 6 have been isolated for 

U(IV). A search of the Cambridge Structural Database yielded nineteen structures that consisted 

of tetranuclear cores, wherein the metal centers were bridged by Cl, N, and/or O. The majority of 

these tetramers were stabilized by bulky ligands, with μ2/μ3-nitrogen atoms bridging the metal 

centers.96-97, 172-180 Only eight of the reported tetramers contained μ2/μ3/μ4-oxo groups and were 

found to adopt one of three unique structural units as shown in Figure 4.3.67, 96-98, 172, 180-181 The 

tetranuclear core observed in 2 (Figure 4.3b) is the most common of the tetramers with five other 

compounds adopting related structural units. By comparison, only two μ2-oxo bridged cluster and 

one μ4-oxo bridged structural unit such as those illustrated in Figure 4.3a and 4.3c, respectively, 

have been previously observed. 
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Figure 4.3. Illustration of the tetranuclear core isolated in this work (b) along with those 

previously reported for U(IV). Only the U(IV) metal centers (green spheres) and bridging O/OH 

ligands (red spheres) are shown. 

 

Both compounds 7 and 8 are structures that consist of hexanuclear [An6O4(OH)4]
12+ 

clusters that are built from six U(IV) cations, four μ3-OH, and four μ3-O as shown in Figure 4.4. 

In both structures, the clusters are similarly decorated by twelve monoanionic 2-furoate ligands 

resulting in charge neutral clusters; however, differences in the U(IV) local coordination 

environment and ligand bonding motifs are observed. Compound 7, [U6O4(OH)4(H2O)3(2-

FA)12]•7(THF)•(H2O), crystallizes in the trigonal space group P31c. The structure is built from 

two crystallographically unique U(IV) metal centers. U1 is 8-coordinate, bound to four μ3-O/μ3-

OH, one bound water molecule, and three oxygen atoms from three monodentate 2-FA units. U2 

is 9-coordinate bound to two μ3-OH, two μ3-O, and five oxygen atoms from four 2-FAs. Three of 

the ligands are bridging bidentate and link adjacent metal centers through the carboxylate oxygen 

atoms. Alternatively, one of the 2-FA binds the metal center through one oxygen from the 

carboxylate and one oxygen from the furan ring with U-O bond distances of 2.394(8) and 2.854 
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Å, respectively. U-O and U---U distances range from 2.170(9)-2.854(10) and 3.764(1)-3.879(1) 

Å, respectively. 

 

 

Figure 4.4. Illustration of the ligand decorated clusters in 7 (a) and 8 (b, c). Each cluster adopts 

a hexanuclear [An6O4(OH)4]
12+ core; however, differences in the surface decoration of the clusters 

attributed to changes in the local coordination environment of each U(IV) metal center as well as 

variation in 2-FA bonding modes are observed.Green, red, and black spheres represent uranium, 

oxygen, and carbon atoms, respectively. Green polyhedra highlight the hexanuclear core. Only the 

furan ring of the 2-FA unit that binds via O atoms from both the carboxylate and furan ring is 

shown for clarity. Hydrogen atoms and the disorder of the 2-FA ligands are omitted.  

Compound 8, [U6O4(OH)4(H2O)2(2-FA)12] •8.76(H2O), crystallizes in the triclinic space 

group P-1. The structure is built from six crystallographically unique U(IV) metal centers. Each of 

the U(IV) sites exhibits a unique coordination environment and overall, there are two unique 

[U6O4(OH)4(H2O)2(2-FA)12] clusters within the structure. The first cluster is composed of U1-U3 

and their symmetry equivalents. U1 and U3 are nine coordinate. U1 is bound to three water 

molecules, four μ3-O/μ3-OH, and one bridging 2-FA. U3 is bound to one water molecule, four μ3-

O/μ3-OH, and four bridging 2-FA. Alternatively, U2 is eight coordinate bound to four μ3-O/μ3-
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OH, three bridging 2-FA, and one monodentate 2-FA. U-O bond distances range from 2.129(22) 

Å to 2.743(26) Å, with the shortest corresponding to a U-3-oxo bond and the longest 

corresponding to a U-H2O bond. The bridging 2-FA link adjacent U sites with U---U distances 

ranging from 3.787(5) to 3.886(3) Å. The second cluster is built from U4-U6 and their symmetry 

equivalents. In contrast to the cluster described above, all of the U sites are nine coordinate. Each 

of bound to four μ3-O/μ3-OH groups. U4 is additionally ligated by one chelating 2-FA and three 

bridging 2-FA units. U5 is bound to one water molecule and four bridging 2-FA units. U6 is bound 

to two water molecules, and three bridging 2-FA units. U-O and U---U distances range from 

2.189(24)-2.732(26) Å and 3.805(4)-3.904(3) Å, respectively. 

The structures of both 7 and 8, as mentioned above, each consist of [U6O4(OH)4]
12+ 

hexameric units, which are well known structural units particularly in aqueous systems.38, 57, 66-67, 

99, 134 Though the cluster cores are nearly indistinguishable from those previously reported, 

differences in the binding modes of the carboxylate with respect to the metal center are observed. 

Variation in the surface decoration of the clusters attributed to changes in the local coordination 

environment of each U(IV) metal center underpin the structural differences observed in 7 and 8. 

The binding modes exhibited by 2-FA in 7 and 8 are shown in Figure 4.5.  
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Figure 4.5. Binding modes of the 2-FA units observed in 7 (a,c,d) and 8 (b-d). 

 

Compound 9, [U38Cl42(OH)2O54(H2O)20]•m(H2O)•n(THF), crystallizes in the tetragonal 

space group, I4/m. Overall, the structure is built from a [U38O56] cluster core akin to those 

previously reported by the groups of Mazzanti and Loiseau.58, 92 However, whereas previous U38 

cluster cores have been decorated by various carboxylate, chloride, acetamide and/or carboxylate 

ligands, here the cluster is exclusively decorated by chloride anions and water molecules, with 

forty two chlorides and twenty water molecules decorating the surface (Figure 4.6). Related 

chloride and water ligation have been observed for the three Pu38O56 clusters previously reported, 

which all have different amounts of water and chloride bound to the surface.110-111 Like previous 

An38 clusters, the 38 uranium atoms constitute the core to adopt the fluorite structure with 

distortions that move the symmetry away from the ideal Fm3m. Seven crystallographically unique 

metal centers constitute the core; each metal center is eight coordinate and adopts a distorted square 

antiprism coordination geometry. As shown in Figure 4.6, fourteen U(IV) sites occupy the center 

of the cluster, with the eight metal sites at the corners of the clusters ligated by water molecules. 

This U14 unit is capped on each of the six faces by a U4 structural unit to give the U38 cluster core. 
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There are two distinct U4 structural units, denoted U4-1 and U4-2 in Figure 4.6. There are four 

crystallographically equivalent U(IV) sites in U4-1 that are each bound to one terminal chloride, 

two μ2-bridging chlorides, and one μ4- chloride in addition to the four O atoms that are shared with 

the U14 core. U4-2 is built from four U(IV) sites (three are crystallographically unique) where each 

U(IV) is eight coordinate. Each uranium metal center is bound to four O atoms, connecting it to 

the U14 core; however, three of the U(IV) sites are additionally bound to one terminal water, two 

μ2-bridging chlorides, and one μ4-chloride whereas the remaining U center is ligated by one 

terminal chloride, two μ2-bridging chlorides, and one μ4- chloride. Average U-O bond lengths for 

U- μ3-O, μ4-O, and H2O are 2.25(4) Å, 2.36(4) Å, and 2.53(6) Å, respectively. Average U-Cl bond 

lengths for U- μ2-Cl, μ4-Cl, and terminal Cl are 2.83, 3.05, and 2.71 Å, respectively. U---U 

interatomic distances within the cluster range from 3.586(2) Å to 3.947(1) Å.  
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Figure 4.6. Polyhedral representation of 9 showing the chloride and water decorated U38-oxo 

cluster.  The cluster core is built from a U14 core that is capped by six U4 units. There are two 

distinct U4 moieties; the face of U4-1 is decorated by nine chloride ligands while the face of U4-2 

is ligated by six chlorides and three water molecules. Green polyhedra are 8-coordinate U(IV) 

metal centers. Red, purple, and light green spheres represent μ3/μ4-oxo, water, and chloride, 

respectively.  

 

Bond valence summation (BVS) values were calculated for the seven crystallographically 

unique uranium metal centers with respect to the reported formula for 9.182 The values ranged from 

3.920 to 4.186 consistent with U(IV) (Appendix B.1). BVS values were also calculated for the 56 
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μ3-/μ4- oxygen atoms that constitute the core as well as the twelve water molecules that decorate 

the surface of the cluster (Appendix B.2). The values for the μ3-/μ4-O ranged from 1.98 to 2.11 

and are consistent with assignment of these sites as oxo groups. Water molecules ranged from 

0.28-0.39 values, which are consistent with the assignment of these as water sites. However, this 

would lead to a formula of [U38Cl42O56(H2O)20]
2- with a net anionic charge. Therefore, three 

possibilities are proposed to charge balance the cluster: (1) presence of U(V) in the cluster to give 

[UIV
36U

V
2Cl42O56(H2O)20], (2) partial occupancy of H2O on the terminal chloride sites to give 

[U38Cl40O56(H2O)22], and (3) protonation of two of the twenty-four μ3-O sites to give 

[U38Cl42(OH)2O54(H2O)20]. Previous U38 clusters have been proposed to have some U(V) 

contributions yet the magnetic data and absorption spectrum for 9 showed little evidence for U(V). 

The possibility of partial occupancy or substitution of H2O for Cl was examined during the 

refinement of 9 where the surface Cl sites were parted into two sites (O and Cl), assigned a free 

variable, and the occupancy was then allowed to freely refine. In all cases, the occupancy of Cl 

refined to 1; disordering of the terminal Cl sites with H2O resulted in an unsatisfactory refinement. 

With respect to the third possibility, the disordering of μ3-OH/O has been observed for hexanuclear 

clusters.99 In many cases, the disordered sites have U-O bond distances intermediate (2.34-2.37 Å) 

those of U-μ3-O (2.19-2.28 Å) and U-μ3-OH (2.42-2.48 Å). The U-μ3-O/OH bond distances for 8 

were found to be 2.35(2) Å, consistent with partial (50%) occupancy of μ3-O and μ3-OH. For 9, 

there are no discernable differences in the bond distances that would allow us to assign one of the 

sites a hydroxo. Moreover, as the OH sites may be disordered over several sites, have a low 

occupancy, and low electron count, it was not possible to determine the OH sites. Based on the 

considerations above, the formula for the cluster has been arbitrarily assigned: 

[U38Cl42(OH)2O54(H2O)20]. 
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While it is possible that the tetramers in 9 assemble together with larger oligomers to form 

the U38 cluster, it is worth noting that the tetranuclear core in 5 is distinct from the U4 units that 

cap the U14 core to yield U38. Furthermore, the U14 cluster observed in the U38 cluster as depicted 

in Figure 4.6 has not yet been observed for the tetravalent actinides. Loiseau et al. recently reported 

a poly-oxo U14 cluster with a unique cluster core; however, it differs significantly from the core 

unit in the U38 cluster.92 Even though the tetrameric species is observed from the same solution 

that yielded U38, the U4 may not be a fundamental building unit of the An38 nanoclusters (An = U, 

Np, Pu).21, 58, 92, 108-110 Recently, Hixon et al. recently postulated that Pu16 and Pu22 are building 

blocks for the Pu38 and gas phase studies by Gibson and Haire show evidence for a Pu16 species 

for related Pu38 clusters.183-184 Consistent with this, Loiseau et al. have recently proposed that 

polyoxo clusters may assemble through the condensation of U6O4(OH)4 species with dinuclear 

units such that “6 + 2n” nuclearity units, where n = 1-6, may be accessible.92 Mazzanti and Hixon 

isolated {An16} units for U and Pu, respectively, yet these clusters differ significantly from those 

reported by Loiseau et al. due in part to differences in the U(IV) coordination environment.58, 183 

Further it is unclear whether the tetranuclear unit observed in this work may assemble with other 

lower order solution species to yield larger oligomers; solution based studies aimed at identifying 

the solution species and the correlation the between the solution and solid state structural units are 

currently being pursued. 

4.2 Synthetic Space for 5 - 9 

It is well established that crystallization and structure of An(IV)-organic complexes depend 

largely on solution conditions, such as, solvent type, pH, temperature, time, molar ratio of the 

reactants, presence of counterions, and pressure and variation of these parameters influence the 

species that form.21, 58, 63, 66-67, 92, 102 Reactions of U(IV) with 2-furoic acid in a mixed H2O/THF 
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solvent system yielded five distinct U(IV) phases. This compares to the previous chapter where 1 

and 2 were the only species observed for Th(IV) complexed with 2-furoic and 3-furoic acid, 

respectively, whereas the synthetic conditions played a role in the formation of 3 and 4 when 

Th(IV) complexed with 2,5 furan dicarboxylic acid. The conditions over which the U(IV)-furoate 

compounds were observed will be discussed here. 

The function of synthetic conditions (i.e. THF/H2O, U:2-FA ratios, reaction time, and 

temperature) were explored to establish U(IV)-2-FA phase formation. Figure 4.7 summarizes the 

synthetic space explored and the compounds that were isolated at various metal to ligand ratios 

and in varying amounts of water. It is worth noting that compounds 5 – 8 were observed over a 

wide temperature range, 25 – 80 ºC; however, the optimal temperature in terms of yield and crystal 

quality was found to be 50 ºC. Controlling the amount of water in the reaction solution allowed 

for the examination of the hydrolysis and condensation behavior of U(IV) in the presence of 2-FA. 

Different products were observed at a 1:1 stoichiometric ratios of U(IV) and 2-FA with increasing 

water concentration. For example, at a low water content between 0.5-2% H2O tetrameric species 

(6) were observed as shown in Figure 4.7. No precipitate formed between 3% and 25% H2O, 

however, a clear separation between the dark green water layer (bottom) and the cloudy THF layer 

appeared. Raman spectra collected for the water layer showed no evidence of THF and similarly 

the THF layer showed no peaks attributed to water. This separation was not observed for solutions 

with increasing water concentration (i.e. 60% THF/40% H2O) but still no precipitate was evident. 

A new phase (7) consisting of hexanuclear clusters was isolated at 75% H2O and upon increasing 

the water concentration further, another hexanuclear species (8) was observed, with differences 

between the structural units in 7 and 8 attributed to the solvent system. The increase in nuclearity 

is consistent with expected trends in hydrolysis and condensation where the tetrameric species in 
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6 is observed at lower water content while 7 and 8 are observed at higher water content. There are 

a number of related carboxylate decorated hexanuclear clusters that have been isolated from 

aqueous solution under relatively similar reaction conditions.56-57, 99 However, it is important to 

note that only a 1-D chain was observed with Th(IV) complexed with 2-furoic acid in aqueous 

solution while only a hexanuclear unit was observed for U(IV), suggesting that the metal center 

plays a role in structural unit formation in the presence of 2-furoic acid and an aqueous solvent 

system. 

 

 

Figure 4.7. Illustration of the synthetic space over which 5-8 were isolated and corresponding 

percent yields. Note that compound 9, which consists of large polynuclear oxo clusters, was 

isolated upon aging of the solution marked with an *. 
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There is a delicate interplay of hydrolysis and condensation as well as ligand complexation 

which has been show to result in the formation of oligomers.67-68 Recent literature has shown that 

organic ligands may be used to thwart hydrolysis and condensation, stabilize novel structural units, 

or otherwise direct the assembly of larger order oligomers from smaller order polynuclear species, 

thus, the effects of metal to ligand ratios on phase formation were examined. The yield of 6 was 

found to increase upon increasing the metal to ligand ratio from 1:1 to 2:1 while at low water 

concentrations, which corresponds to the stoichiometric ratio found in the product formula. 

However, upon increasing the ligand concentration (1:5 to 1:15) a new phase (5) consisting of 

ligand bridged mononuclear species was observed. This result suggests that in the presence of a 

large excess of ligand, complexation may compete with hydrolysis and condensation and thereby 

thwart the formation of polynuclear hydroxo/oxo bridged species. Mazzanti et al. have shown that 

an increase of capping ligand in solutions that otherwise yielded ligand decorated [U6(OH)4O4]
12+ 

cores resulted in the formation of a planar ligand capped [U6O4] structural units.58 The metal to 

ligand ratio was found to have a trivial effect on the nuclearity of the resulting complexes nor the 

phase formation for 7 and 8. There was an increase in the percent yields for both 7 and 8 with 

increasing ligand concentration and near quantitative yields (based on the U(IV) metal center) for 

7 and 8 were observed with excess ligand ratios of 1:5 and 1:10. 

Recently, literature has focused particularly on the formation of metal-organic frameworks 

to examine the role that kinetic and thermodynamic factors have on phase formation. Changes in 

local coordination environment, coordination modes of the carboxylate group, and ligand 

substitution have given rise to structural changes that have been shown with metal carboxylates, 

in particular, and certain phases have shown to crystallize under kinetic control, hence the time 

dependent formation of various phases.66-68 For tetravalent uranium, Mazzanti et al. recently 
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showed the isolation of different size clusters from the same solution that were time dependent 

with U6, U16, and U24 forming after several hours, days, and weeks, respectively.58 Yields were 

found to increase with increasing reaction time for 5, 7, and 8 for solutions with metal to ligand 

ratios that correspond to the stoichiometry observed in the crystalline product. For example, 

whereas the yield for 7 was roughly 37% after twenty-four hours, after four days the yield was 

upwards of 70 %. This may be attributed to the formation of the clusters over a longer reaction 

time. By comparison, aging of the solution that yielded 6, resulted in no appreciable increase in 

yield. Rather prolonged reaction times (3-5 months) yielded the U38 cluster observed in 9. 

Importantly, it was determined that 2-FA is necessary for the formation of 9 as no precipitate was 

observed when UCl4 was dissolved in 99.5%THF/0.5%H2O and heated at 50 C over five months. 

Here exchange of the 2-FA ligand with Cl likely modulates the formation of the larger polyoxo 

clusters as has been observed previously.58, 92, 110  

Reaction temperature is similarly well known to influence product formation.99, 103 

Compounds 6 – 8 were observed over a wide temperature range, 25 – 80 ºC, though as mentioned 

previously the optimal temperature for crystallization and product yield was found to be 50 ºC. By 

comparison compound 5 was only observed above ambient temperatures. Heating the solutions 

from which 5-8 crystallized above 100 ºC (5-7) or 120 ºC (8) resulted in a color change consistent 

with the formation of UO2 nanoparticles as has been previously reported.99, 103, 185-186 Indeed, 

powder X-ray diffraction was consistent with the formation of UO2 (Appendix C.10-C.13). 

Imaging of TEM confirmed the presence of sub-3 nm UO2 nanocrystals in each sample (Appendix 

I.1-I.8) which are smaller than previously reported.99, 103, 185-186 Particle size for the heated solutions 

that previously yielded 1-D chains in 5, tetrameric species in 6, and hexameric units in 8 at room 

temperature were 1.8 ± 0.3 nm, 2.3 ± 0.3 nm, and 2.5 ± 0.2 nm, respectively. The aggregation of 
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the particles for the heated solution that formerly yielded 7 prevented a size distribution from being 

obtained. For all samples, the atomic spacing was determined from HRTEM and found to be 

between 3.1 – 3.2 Å, corresponding to the {111} lattice planes of UO2 as shown in Figure 4.8 and 

the Appendix I.1-I.8. 

 

Figure 4.8. TEM image of the UO2 particles that formed upon heating the reaction solution 

that yielded 6. Inset shows d-spacing of 3.2 Å for a single particle. 

 

4.3 Optical Spectra of 5 – 9 

Electronic absorption spectroscopy is a powerful technique for oxidation state 

determination and examining the correlation between solution and solid-state species for the 

actinides due to f-f transitions that lead to rich absorption spectra. Recently, UV-vis-NIR 

spectroscopy has been used with some success to identify the nuclearity of structural units in 

solution; however current reports are limited to monomeric and hexameric complexes.55, 57, 103 
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Given the small number of published absorption spectra of larger polynuclear species, the 

compounds presented herein provide a unique opportunity to further examine the effects of 

nuclearity and ligand complexation on the resulting optical spectra and thereby extend the utility 

of this technique. Thus, in an effort to understand UV-vis-NIR spectral changes that occur as a 

function of nuclearity given similar ligand decoration, we collected the solid-state optical spectra 

for compounds 5-9. Further, given their similar cluster cores, compounds 7 and 8 also provided an 

opportunity to examine the effects of solvent on the resulting absorption spectra.  

 The optical spectrum of tetravalent uranium is dominated by characteristic f-f transitions 

that originate from the ground state, 3H4, to a number of excited states. However, coordination 

environment/number, solvent, and nuclearity have been shown to influence the observed 

transitions, thereby leading to changes in the peak position and relative intensity of the absorption 

bands.58, 67, 136  These variations are manifested in the solid-state spectra of 5 – 9 and a mononuclear 

U(IV)-aquo-chloro compound with pyridinium in the outer coordination sphere (HPy), which is 

shown in Figure 4.9 for comparison. In the reference compound, [U(H2O)4Cl4]·2(HPy·Cl), U(IV) 

exists as discrete mononuclear units, the optical spectrum of which is consistent with the limited 

nuclearity. By comparison, the optical spectrum collected for compound 1, which consists of 

ligand bridged chains of mononuclear units, exhibits increased splitting relative to both the 

reference compound as well as the other phases presented, particularly in the region from 575-700 

nm. Bands in this region are attributed to the 3H4 → 3P0,
 3H4 → 1G4, and 3H4 → 1D2 transitions;187-

188 however, unique assignment of these bands is nontrivial due to the overlap and splitting of the 

peaks. To the best of our knowledge, the optical spectra of ligand bridged one-dimensional U(IV) 

chains have not been previously reported. Shifts in the absorption bands in the optical spectra of 

closely related 3-D frameworks built from mononuclear metal centers bridged by isophthalate or 
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pyromellitate ligands have shown band shifts attributed to changes in the coordination 

environment around the uranium metal centers,136 yet the degree of splitting observed for 5 is fairly 

unique for higher coordinate U(IV) complexes and extended networks. Compound 6 contains 

tetrameric structural units and the optical spectrum exhibits more intense and broader peaks 

centered at 634, 660, and 678 nm attributed to the 3H4 → 3P0,
 3H4 → 1G4, and 3H4 → 1D2 electronic 

transitions, respectively. The bands at 468, 503, and 554 nm may be assigned to terms 3H4 → 3P2,
 

3H4 → 1I6, and 3H4 → 3P1. This optical spectrum is fairly consistent with that of a previously 

reported U(IV)-tetranuclear species decorated by formate and benzene dicarboxylate ligands;67 

however, shifts in the peaks in the two spectra are likely attributed to the differences in the uranium 

coordination environment and solvent effects.  
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Figure 4.9. Solid-state UV-vis spectra for compounds 5-8. The mononuclear compound, 

[U(H2O)4Cl4]·2(HPy·Cl) (HPy = pyridinium), has been provided for reference to highlight the 

differences in the spectra as a function of nuclearity, ranging from mononuclear complexes to 

polynuclear clusters.  

 

Compounds 7 and 8 both contain hexanuclear motifs that mimic previous reports of 

hexamers, identified by three electronic transitions, 3H4 → 3P0,
 3H4 → 1G4, and 3H4 → 1D2, between 

610 – 690 nm. In this region, if the ratio of the peak intensity (peak centered around 654 nm: peak 

centered at 668 nm) is less than 1, hexameric units are likely present.57, 99, 103 This holds true for 

the solid optical spectra of 8 that is characteristic of a hexamer. The relative intensity and position 

of the peaks between 610 – 690 nm, however, change in the optical spectrum of compound 7. The 
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differences in the spectra of the two hexamers can be credited to changes in the outer coordination 

sphere solvents. To support this claim, the solvent in compound 7 was driven off by 

thermogravimetric methods and the optical spectrum was subsequently recollected to detect 

differences. To do so, the sample was first heated to 100 ºC and held at this temperature for 60 

minutes (Appendix G.7). The loss of one H2O molecule and the loss of seven THF molecules was 

observed at 100 ºC with a percent weight decrease of 14.3% (calc 15.1%), resulting in complete 

loss of the lattice solvent in the sample. The optical spectrum was then recollected (Appendix E.4); 

the absorption bands more closely resemble the spectrum obtained for 8, with the peak at 671 nm 

slightly more intense than the band centered at 648 nm. These results suggest that the differences 

in the spectra of 3 and 4 are attributed largely to solvent effects. To the best of our knowledge, the 

solid-state optical spectra of phases containing U38 clusters have not been previously reported. As 

shown in Figure 4.10, the optical spectrum of 9 is characterized by an intense broad band centered 

at 450 nm likely attributed to a charge transfer transition. Other, relatively weaker peaks are 

resolved at 525, 568 (3H4 → 3P1), 639 (3H4 → 3P0), 663 (3H4 → 1G4), and 682 (3H4 → 1D2) nm and 

are characteristic of U(IV).  
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Figure 4.10. Solid state UV-vis-NIR absorption spectrum of 9 shown over 300-1700 nm.  

 

Given the differences in the solid-state optical absorption spectra of the reported 

compounds, the optical spectra were collected on the solutions from which the compounds 

crystallized in an effort to assess the correlation between solution and solid-state structural units. 

The solution optical spectra were thus collected right before crystallization and compared to the 

solid-state products (Appendix E.1-E.3, E.5, and E.6). It was found that the spectra of 7 and 8 

matched closely with solution, indicating that the hexameric units assemble in solution before 

precipitating in the solid state (Appendix E.3, E.5), the spectra of the reaction solution that led to 
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the formation of compounds 5, 6, and 9 proved to be more complex; there are similarities in the 

relative energy of the observed bands, yet there are no distinguishable features consistent between 

the solution and solid-state data that can serve as fingerprints to identify the solution species as has 

been done for the hexanuclear units.57-58, 67, 99, 103, 117, 189-190 Yet, it is worth noting that the intense 

charge transfer band that is present in the solid state optical spectrum of 9 is notably absent from 

that collected for the solution. Based on this, it is unlikely that the U38 cluster exists to an 

appreciable extent in solution, but rather only smaller polynuclear species are present.21, 58, 63, 92, 108 

Taken together, these data highlight the complexity of U(IV) absorbance bands given changes in 

solvent, coordination modes, and differences in nuclearity, whereby supplemental techniques like 

EXAFS and High Energy X-ray Scattering techniques are useful for connecting solution speciation 

with observations in the solid-state. 

4.4 Magnetic Data for 5 – 9 

Uranium can exist in a number of oxidation states under aqueous conditions, with the 

tetravalent and hexavalent oxidation states being the most commonly observed. In rare instances, 

the pentavalent oxidation has been stabilized and indeed, within polynuclear species, there is some 

evidence for mixed valent U(IV)/U(V) phases. As U(V) and U(IV) are paramagnetic ions, 

magnetic susceptibility measurements are commonly used for characterizing the oxidation state of 

uranium complexes and clusters and as such was used to assess the oxidation state in the 

synthesized compounds.191 Solid-state magnetic susceptibility data were collected for 5-9 and 

these data are shown in Figure 4.11. Together these data indicate that for each of the complexes 

measured, the metal ions are all in the U(IV) oxidation state. 

For compound 5, which consists of ligand bridged U(IV) chains, [UCl2(2-FA)2(H2O)2]n at 300 

K, the χMT value was 0.70 emu K mol−1 and decreased to almost zero at 2 K, where the magnetic 
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susceptibility value was 0.02 emu K mol-1. These data indicate little excited-state populations at 

low temperature and are consistent with ground-state singlet U(IV) character. A saturation 

experiment performed at 2 K indicated a magnetization value of 0.09 μB at an applied field of 70 

kOe, which confirms the assigned oxidation state of U(IV) for this coordination polymer 

(Appendix H.6).  

The χMT value at 295 K for 6 which consists of tetranuclear clusters was 3.77 emu K mol−1 

(0.94 emu K mol−1 per U-ion) which decreases monotonically upon lowering the temperature until 

~75 K where the decrease becomes more pronounced. At 2 K, the χMT value attained was 0.31 

emu K mol-1 (0.08 emu K mol−1 per U-ion). These data are typical of U(IV) ions in low symmetry 

environments, which, upon decreasing the temperature attain a ground-state singlet.191 These 

properties are similar to our previously reported hexanuclear U(IV) cluster capped by 4-

hydroxybenzoate ligands.99 To further confirm the singlet ground state for this cluster, a saturation 

of magnetization experiment was performed at 2 K, which yielded a magnetization value of 1.04 

μB (0.26 μB per U ion) at an applied field of 70 kOe (Appendix H.7). These data were consistent 

with the presence of four ground-state singlet U(IV) ions.191-192  

Compounds 7 and 8, both of which consists of hydrated hexanuclear clusters display similar, 

but reduced, variable temperature magnetic susceptibility behavior as compared to 

[U4Cl10O2(THF)6(2-FA)2] (6). For clarity, only the properties for the 7 are discussed as the 

analyses for both hexanuclear species are nearly indistinguishable. For 7, a room temperature 

magnetic susceptibility value of 3.34 emu K mol−1 (0.56 emu K mol−1 per U-ion) was observed, 

which decreased as the temperature was lowered until 2 K where a χMT value of 0.30 emu K mol−1 

(0.05 emu K mol−1 per U-ion) was observed (Figure 4.11). A saturation magnetization experiment 

at 2 K showed a value of 0.82 μB (0.14 μB per U ion) with an applied field of 70 kOe (Appendix 
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H.8). While the temperature dependent susceptibility values were low, they are reasonable 

considering other, reported U(IV) species1 and are reproducible over multiple batches (Appendix 

H.21 and H.25). Further, the small magnetization values obtained from saturation magnetization 

experiments support the presence of only U(IV) ions for both clusters. Finally, similarly small 

room temperature magnetic susceptibilities have been observed previously with oxygen atom 

bound U(IV)108 and U(V)193-195 clusters. 

Finally, the large U38 cluster displayed data quite typical for U(IV) ions. The per-U ion room 

temperature χMT value was 1.41 emu K mol−1 which decreased across all temperatures until 2K, 

where the value was 0.02 emu K mol−1, consistent with a ground state singlet. This assignment of 

all U(IV) ions for this cluster is supported by a saturation experiment performed at 2K where at 70 

kOe a value of 3.75 μB (0.10 μB per U ion) was observed, which lacked saturation of magnetization.  

 

 

Figure 4.11. Temperature dependence of per-U ion magnetic susceptibility for (5) [UCl2(2-

FA)2(H2O)2]n (green squares); (6) [U4Cl10O2(THF)6(2-FA)2] (black circles); (7) 

[U6O4(OH)4(H2O)3(2-FA)12] (blue diamonds); (8) [U6O4(OH)4(H2O)2(2-FA)12] (red triangles), 

and (9) [U38Cl42O54(OH)2(H2O)24] (orange inverted triangles). 
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4.5 Thermogravimetric Analyses of Compounds 5 - 9 

Limited reports have focused on the thermal stability of ligand decorated U(IV) complexes 

and clusters and as such the thermal behavior of 5 – 8 were examined over 25 – 600 °C under 

flowing nitrogen. 67, 92, 99 All compounds were found to thermally decompose over several steps 

(Appendix G.5-G.8), with slight differences observed in the onset temperature as well as the 

proposed decomposition products. The total weight loss observed for 5 (52.2 %), 7 (53.2 %) and 

8 (45.8 %) were consistent with thermal decomposition of the compounds to UO2 (calculated 

52.4%, 53.2%, and 47.5 % for 5, 7, and 8, respectively). This result is consistent with our previous 

work on An(IV)-hydroxybenzoate clusters, which were likewise found to thermally decompose to 

UO2 under flowing nitrogen.99 Other examinations of the thermal stability of carboxylate decorated 

U6(OH)4O4 hexamers, similar to those observed in 7 and 8, have shown these phases thermally 

decompose to -U3O8.
67 Previously, we suggested that differences in the observed thermal 

decomposition products (UO2 versus -U3O8) likely depends on the conditions over which the 

experiment is conducted, with UO2 forming under a nitrogen atmosphere and -U3O8 forming 

under air. For 8, it is worth noting that there is approximately a 2% discrepancy in the calculated 

and observed weight losses assuming the formation of UO2. By comparison, thermal 

decomposition of 8 to form  -U3O8 results in a calculated weight loss of 45.4% which is consistent 

with the observed data. Hence, the possibility that thermal decomposition of 8 results in the 

formation of -U3O8 cannot be discredited. Alternatively, the total weight loss for 6 (40.3 %) was 

consistent with thermal decomposition of the compound to UOCl2 (calculated 39.2 %). 

Interestingly, despite the observed differences in the thermal decomposition onset temperatures, 

number of steps, and resulting products, powder X-ray diffraction data collected at room 
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temperature on the thermal decomposition products indexed to -U3O8 (Appendix C.9). It is well 

known that UO2 can form -U3O8 under oxidizing conditions.31 Here we attribute the observation 

of -U3O8 to oxidation that occurs after thermogravimetric analysis, with the oxidized products 

forming upon cooling under air from 600 C to room temperature. 

4.6 Summary 

The effects of synthetic conditions on U(IV) phase formation in 2-furoate ligand systems 

were explored. Investigation of the solvent system (THF/H2O), metal:ligand ratios, and 

temperature yielded five novel phases. The compounds were characterized by single crystal X-ray 

diffraction and the structures consist of ligand bridged U(IV) chains (1) or polyoxo U(IV) clusters 

ranging in nuclearity from tetrameric species (2) to hexanuclear clusters (3, 4), and ultimately 

nanometer sized U38 clusters (5). At relatively low water concentrations, tetrameric units were 

observed and with increasing ligand concentrations, ligand bridged mononuclear units were 

isolated. Increasing the amount of water in the reaction system pushed towards hexanuclear 

moieties, with two phases consisting of three distinct hexanuclear U6(OH)4O4 cores having been 

characterized.  Aging of the reaction from which the tetrameric clusters were isolated resulted in 

the formation of the U38 cluster but inspection of the structural chemistry of the U4 and U38 clusters 

reveals no obvious relationship between the two oligomers. Further, the optical, magnetic, and 

thermal behavior of the compounds was examined. Both the magnetic and optical data are 

consistent with tetravalent uranium, and the UV-vis absorption spectra of 1 – 5 highlight the rich 

spectroscopic signatures characteristic of U(IV), which are influenced by coordination number, 

metal environment, and solvent. Collectively, the results points to the rich structural chemistry of 

U(IV) that arises from hydrolysis and condensation, ligand complexation, and the influences 

thereon of synthetic conditions. 
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4.7 Synthetic Details for 5 - 9 

For compounds 5 – 9, the syntheses detailed below are for those reactions with the metal 

to ligand (M:L) stoichiometric ratio that corresponds to that observed in the crystalline material. 

The formation of the phases (and yield) was further explored as a function of M:L ratio using 

nearly identical synthetic parameters (e.g. reaction time and temperature), with the exception of 

the concentration of the metal salt or organic ligand.  

4.7.1 [UCl2(2-FA)2(H2O)2]n (5) 

2-furoic acid (0.34 g, 3.0 mmol) was dissolved into a solution of UCl4 (0.075 g, 0.20 mmol) 

in THF (1.77 g, 24.5 mmol) and H2O (0.010 g, 0.56 mmol) in a 15 mL thick walled pressure tube. 

The pressure tube was sealed and heated at 50 °C in a heating block. After five days, green 

rectangular crystals deposited at the bottom of the tube. The crystals were separated from a clear, 

green solution and left to dry under N2. Yield based on U: 0.078 g, 70%. Elemental Analysis: calc 

(obs):C: 21.50% (21.18%); H: 1.83% (1.78%); N: 0.0% (0.0%). 

4.7.2 [U4Cl10O2(THF)6(2-FA)2]•2(THF) (6) 

UCl4 (0.075 g, 0.20 mmol) was dissolved into THF (1.77 g, 24.5 mmol) then the solution 

was transferred to a 15 mL thick walled pressure tube containing 2-furoic acid (0.011 g, 0.10 

mmol). An aliquot of water (0.010 g, 0.56 mmol) was added. The tube was then sealed and heated 

at 50 °C in a heating block.  After one week, small green block crystals deposited at the bottom of 

the tube. The crystals were separated from a clear dark green mother liquor and left to dry under 

N2. Yield based on U: 0.054 g, 46%. Elemental Analysis: calc (obs): C: 23.22% (23.60%); H: 

3.26% (3.30%); N: 0.0% (0.0%). 
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4.7.3 [U6O4(OH)4(H2O)3(2-FA)12]•7(THF)•(H2O) (7) 

2-furoic acid (0.045 g, 0.40 mmol) was dissolved into THF (0.445 g, 6.16 mmol) in a 15 

mL thick walled pressure tube. In a separate vial, UCl4 (0.075 g, 0.20 mmol) was dissolved into 

H2O (1.50 g, 83.1 mmol). The UCl4 solution was then added to the pressure tube. The tube was 

sealed and placed in a heating block set at 50 °C. After 24 hours, green square crystals deposited 

on the bottom of the tube. After 48 hours, crystals were harvested from a clear, green solution and 

left to dry under N2. Yield based on U: 0.042 g, 37%. Elemental Analysis: calc (obs):C: 30.46% 

% (30.27%); H: 3.02 % (3.07%); N: 0.0% (0.0%). 

4.7.4 [U6O4(OH)4(H2O)2(2-FA)12]•8.76(H2O) (8) 

 UCl4 (0.075 g, 0.20 mmol) was dissolved into H2O (2.0 g, 111 mmol) then the solution was 

transferred to a 15 mL thick walled pressure tube containing 2-furoic acid (0.045 g, 0.40 mmol). 

The ligand did not completely dissolve upon addition of the aqueous U solution and a white solid 

was present at the bottom of the reaction vessel. The pressure tube was then closed and set in a 

heating block at 50 °C. After 24 hours, green needle-like crystals formed; the white precipitate 

was no longer observed. The crystals were separated from a clear, green solution after 48 hours 

and dried under N2. Yield based on U: 0.060 g, 60%. Elemental Analysis: calc (obs):C: 23.44% % 

(23.33%); H: 2.00 % (2.05%); N: 0.0% (0.0%). 

4.7.5 U38Cl42O54(OH)2(H2O)20]•m(H2O)•n(THF) (9) 

 A solution of UCl4 (0.075 g, 0.20 mmol) in THF (1.77 g, 24.5 mmol) was transferred to a 6 mL 

screw capped vial containing 2-furoic acid (0.045 g, 0.40 mmol). An aliquot of H2O (0.010 g, 0.56 

mmol) was added. The vial was capped and placed in a heating block set to 50 °C. After one week, 

crystals of 5 were observed in varying yield; however, prolonged heating of the reaction 

(approximately five months) resulted in the formation of small reddish-orange block crystals and 
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a green precipitate. The reaction was reproduced several times to ensure reproducibility of 9 and 

it is worth noting that loss of solvent led to the formation of 6. Crystals of 9 were separated from 

a clear, dark green solution and left to dry under N2. Approximate yield based on U: 0.018 g, 29%. 

Instability of the crystals precluded the elemental analysis, powder X-ray diffraction 

characterization, and thermal gravimetric analysis of 9. 

4.7.6 UO2 Nanoparticle Preparation 

 A synthetic procedure similar to that described above for 5 – 8 was used to study the effects of 

temperature on UO2 nanoparticle formation. The reaction solutions that crystallize 5 – 7 were 

heated for an hour at 100 ºC while 8 was heated at 120 ºC. The solution which 8 crystallizes from 

was heated at 120 ºC because UO2 nanoparticles were not observed below that temperature. After 

heating, the tube was removed from heat and allowed to cool for 1 hour. The forest green solution 

was then transferred to a centrifuge tube and 5 mL EtOH was added. The diluted solution was 

centrifuged for 10 minutes at 4500 rpm, resulting in the formation of two layers, a clear layer and 

a dark green layer. The clear layer was disposed and the dark green solution was washed and 

centrifuged another two times. After the final cycle, the dark green solution, containing the UO2 

nanoparticles, was then drop-casted onto a sample holder for analysis by powder X-ray diffraction. 

TEM samples were set up by dipping carbon-coated copper grids into a solution of 10 μL UO2 

nanoparticle solution and 5 mL of a mixture of THF/H2O dependent upon the ratio used in the 

synthetic procedure. The grids were then left under ambient conditions for 24 hours to dry before 

TEM measurements were collected.  
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4.8 Experimental Methods 

4.8.1 Single Crystal X-ray Diffraction 

 Single crystals from the reaction products were used for single crystal X-ray diffractions 

studies and details on the crystallographic refinements can be found in Table 4.1. Single crystal 

X-ray diffraction data were collected at 100(2) K on a Bruker D8 Quest diffractometer equipped 

with an IμS X-ray source (Mo-Kα radiation; λ=0.71073 Å) and a Photon 100 detector. Data were 

integrated using the SAINT software package included with APEX2.169 The absorption correction 

was applied using a multi-scan technique in SADABS.169 The structures were solved using direct 

methods via SHELXT and refined by full-matrix least-squares on F2 using the SHELXL software 

in shelXle.170-171 

4.8.1.1 Refinement Details of 5 – 9 

 For 6, the furan ring of the ligand is disordered over two orientations. The like O-C and C-C 

distances were restrained to be similar. The C12 and C12B atoms were constrained to have equal 

x, y, z positions and equal anisotropic displacement parameters. The solvate THF molecule is also 

disordered over two orientations. The like O-C and C-C distances were restrained to be similar. 

Similar displacement amplitudes were imposed on disordered sites overlapping by less than the 

sum of van der Waals radii. Rigid-bond restraints were also imposed on displacement parameters 

for some disordered sites. 

 A furan ring of one of the ligands is disordered over two orientations for 7 as well. The like O-

C and C-C distances were restrained to be similar. The C12 and C12B atoms were constrained to 

have equal x, y, z positions and equal anisotropic displacement parameters. One of the fully 

occupied THF solvate molecules in the asymmetric unit is disordered over two orientations. The 

like O-C and C-C distances were restrained to be similar. Two of the THF solvate molecules in 
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the asymmetric unit are partially occupied and disordered across a symmetry site. The site 

occupancy of each molecule is fixed at 1/6 and they have been modeled using negative PART 

commands. The like O-C and C-C distances were restrained to be similar to those of the non-

disordered THF solvate molecule. The atoms of the two partially occupied solvents were restrained 

to behave relatively isotropic. Similar displacement amplitudes were imposed on disordered sites 

overlapping by less than the sum of the van der Waals radii. The hydrogen atoms for the water 

molecule in the outer coordination sphere and in the cluster as well as the hydroxides in the cluster 

could not be located in the difference map and thus were left off of the model. 

 The crystal for the refinement of 8 was a two-component twin; the ratio of the primary to 

secondary domain refined to approximately 62:38. The asymmetric unit consists of one half of 

each of two symmetrically independent hexameric clusters as well as several lattice water 

molecules. One of the furoic ligands on cluster one is disordered over two orientations. The like 

U-O, O-C, ad C-C distances were restrained to be similar. The furan ring portion of three other 

ligands on cluster one is disordered over two orientations. The like O-C and C-C distances were 

restrained to be similar. The C42 and C42B atoms were constrained to have equal x, y, z positions 

and equal anisotropic displacement parameters. The C62 and C62B atoms were constrained to 

have equal x, y, z positions and equal anisotropic displacement parameters. Two of the 

oxo/hydroxo groups on cluster one are disordered over two positions (oxo = O2, O3 and hydroxo 

= O2B, O3B). 

 The furan ring portion of three ligands on cluster two are disordered over two orientations. The 

like O-C and C-C distances were restrained to be similar. The C82 and C82B atoms were 

constrained to have equal x, y, z positions and equal anisotropic displacement parameters. The 

C102 and C103 atoms were constrained to have equal x, y, z positions and equal anisotropic 
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displacement parameters. One of the oxo/hydroxo groups on cluster two is disordered over two 

positions (oxo = O7 and hydroxo = O7B). Two of the lattice water molecules are disordered over 

two positions. The site occupancy of one lattice water molecule, O129, was allowed to freely 

refine. It refined to approximately 76% occupancy. The hydrogen atoms for the lattice water 

molecules could not be located in the difference map and thus were left off of the model. The 

hydrogen atoms for the water molecule and hydroxides in the cluster could not be located in the 

difference map and were left off of the model as well. Similar displacement amplitudes were 

imposed on all disordered sites overlapping by less than the sum of van der Waals radii and several 

atoms were restrained to behave relatively isotropic. 

 As the structural model for 9 was refined, the positions for the solvate molecules in the outer 

coordination sphere were poorly determined. Therefore, a structural model was refined with 

contributions from the solvate molecules removed from the diffraction data using the bypass 

procedure in PLATON. The electron density comes from a mixture of water and tetrahydrofuran 

molecules so, no explicit formula for the outer coordination sphere could be determined, reliably. 

The hydrogen atoms for the water and hydroxyl atoms in the cluster could not be located in the 

difference map and thus were left out of the model. The level A-alerts from the checkCIF come 

from a large residual positive electron density that is common with large polynuclear clusters. 

Large electron density is common for large clusters and heavy atoms and since this structure is a 

very large cluster of very heavy atoms, it lends to reason that not all the residual electron density 

can be modeled. 
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Table 4.1. Crystallographic Structure Refinement Details for 5-9. a 

 5 6 7 8 9 

Formula UC12O8C10H10 U4Cl10O16C42H70 U6O55C88H104 U6O54.76C60H61.52 U38Cl42O76H40 

MW (g/mol) 567.11 2137.60 3469.89 3087.03 11792.37 

Temperature 

(K) 

100(2) 100(2) 100(2) 100(2) 100(2) 

Crystal System Monoclinic Monoclinic Trigonal Triclinic Tetragonal 

Space Group C2/c P21/n P31c P-1 I4/m 

λ (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 

a (Å) 21.5967(11) 11.8122(8) 17.1078(7) 13.6331(9) 21.0554(14) 

b (Å) 6.6177(4) 13.8381(9) 17.1078(7) 14.3408(9) 21.0554(14) 

c (Å) 10.3121(5) 18.4492(12) 21.5601(10) 20.6797(14) 27.741(2) 

α (deg) 90 90 90 85.026(2) 90 

β (deg) 110.122(2) 98.1420(19) 90 84.864(2) 90 

γ (deg) 90 90 120 79.214(2) 90 

Volume (Å3) 1383.85(13) 2985.3(3) 5464.7(5) 3945.6(4) 12298.5(19) 

Z 4 2 2 2 2 

ρ (g/cm3) 2.703 2.378 2.101 2.577 3.173 

μ (mm-1) 12.150 11.324 8.954 12.383 25.407 

R1 0.0139 0.0194 0.0570 0.0707 0.0635 

wR2 0.0307 0.0435 0.1382 0.1205 0.2161 

GOF 1.089 1.040 1.238 1.023 1.054 

CCDC 1916310 1916309 1916311 1916312 1916313 
aThe formula and formula weight reported for 9 excludes solvent molecules in the outer 

coordination sphere as these were not located during refinement. 

 

4.8.2 Powder X-ray Diffraction 

 Powder X-ray diffraction (PXRD) data were collected for compounds 5 – 8 using a Rigaku 

Ultima IV diffractometer (Cu Kα λ = 1.542 Å, 2θ = 3 – 40°). Agreement between the calculated 

and observed patterns (Appendix C.5-C.8) supported that the single crystals used for structure 

determination were representative of the bulk sample. The limited yield of 9 and instability of the 

crystals precluded bulk analysis. PXRD data were also collected on the thermal decomposition 

products of 5 – 8 (vide infra) and were consistent with U3O8 (ICSD reference code 24906; 

Appendix C.9). UO2 nanoparticles resulting from the temperature studies vide infra were 

confirmed through comparison of the experimental powder pattern with that reported for UO2 

(ICSD reference code 29086; Appendix C.10-C.13). 
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4.8.3 Elemental Analysis 

 Combustion elemental analysis (EA) was collected on a PerkinElmer Model 2400 Elemental 

Analyzer. Samples of 5 – 8 (1.5 – 2.0 mg) were weighed into small tin capsules. The samples were 

run in triplicate and the reported value is the average. 

4.8.4 High-resolution Transmission Electron Microscopy 

Solutions were prepared following the procedure that yielded 5 – 9 and subsequently heated 

to 100-120 C. Particle imaging was performed on a JEOL JEM-2100F FEG-TEM operated at 200 

kV at the Advanced Imaging and Microscopy Lab in University of Maryland. Samples were 

prepared by dipping carbon-coated copper grids in dilute nanomaterial solutions and drying at 

room temperature. Fourier transform measurements of the images were performed using ImageJ 

software to generate diffraction spots for determining distances between atomic planes (Appendix 

I.1-I.8). 

4.8.5 Infrared and Raman Spectroscopy 

 Infrared spectra of 5 – 9 were collected on a Perkin Elmer FTIR Spectrum 2 system (Appendix 

D.5-D.9). The samples were collected using a diamond ATR-FTIR attachment. Data were 

collected over 400 – 4000 cm-1 with 16 scans and 2 cm-1 resolution. The data were acquired using 

the Spectrum Quant software program. Raman spectra of single crystals of 5-8 were collected on 

a HORIBA LabRAM HR Evolution Raman Microscope over 150 – 3500 cm-1 with an excitation 

line of 532 nm at 40 accumulations and an acquisition time of 6 seconds (Appendix D.5-D.8). We 

note that the crystals of 9 were unstable and no matter the laser power the crystals decomposed 

during attempted Raman collections, therefore, only the IR spectrum is presented for 9 (Appendix 

D.9).   
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4.8.6 UV-vis-NIR Spectroscopy 

4.8.6.1 Solid State Optical Absorption Measurements 

 Optical spectra for 5 – 8 were collected on an Agilent Technologies Cary 5000 UV-Vis-NIR 

using a diffuse reflectance attachment. The solid sample (20.0 mg) was mixed with 

polymethylmethacrylate (0.100 g) to give a uniform sample coverage in the solid-state sample 

holder. The spectra were collected from 400 to 700 nm with a scan rate of 600 nm/min using the 

Cary WinUV program. The UV-vis-NIR spectrum for 9 was collected using a CRAIC 20/30 PV 

Technologies microspectrophotometer. Single crystals of 9 were placed on a quartz slide in oil and 

data was collected from 320 – 1670 nm (Figure 4.10). 

4.8.6.2 Solution State Optical Absorption Measurements 

 Optical spectra for the solutions from which 5 – 9 crystallized were collected on an Agilent 

Technologies Cary 5000 UV-Vis-NIR with a double beam liquid attachment using the Cary 

WinUV program in quartz cuvettes. The spectra were collected from 400 to 700 nm with a scan 

rate of 600 nm/min. The mother liquor was collected just prior to crystallization and samples were 

prepared through the dilution of 1 mL of the mother liquor into 3 mL of the appropriate solvent 

system (Appendix E.1-E.3, E.5-E.6). 

4.8.7 Magnetic Studies 

Magnetic susceptibility data for 5 – 9 were collected using a Quantum Design MPMS-7 

SQUID magnetometer. Samples were prepared in a dinitrogen filled glovebox (Vacuum 

Atmospheres, Inc. Nexus II) under inert conditions. Powdered samples were loaded into 

polyethylene bags and the bags were subsequently sealed using a Ziploc v159 Vacuum Sealer 

System. The bags were then removed from the glovebox and folded and inserted into a plastic 

drinking straw. Ferromagnetic impurities were checked through variable field analyses (0 to 20 
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kOe) of magnetization at 100 K (Appendix H.1-H.5). Saturation of magnetization measurements 

were performed at 2 K varying the applied field up to 70 kOe (Appendix H.6-H.10). Magnetic 

susceptibility data were collected at temperatures ranging from 2 to 300 K (Appendix H.11-H.30). 

For compounds 5 and 6 applied fields of 1000 Oe were used, whereas for 7 and 8 applied fields of 

5000 Oe were used and finally for 9, an applied field of 10000 Oe was used. Reproducibility of 

the magnetic susceptibility data was checked over two separate batches for each compound 

measured (Appendix H.13, H.17, H.21, and H.25) expect for 9. Data were corrected for the 

diamagnetic contributions of the sample holder and bag by subtracting empty containers; 

corrections for the sample were calculated from Pascal’s constants.196 

4.8.8 Thermogravimetric Analysis 

 Thermogravimetric analysis data were collected on a TA instruments Q50 system 

Thermogravimetric Analyzer. Samples of 5 (10.4690 mg), 6 (11.3750 mg), 7 (15.1300 mg), and 8 

(10.6450 mg) were weighed out into platinum pans. The temperature was held at 25 °C for 5 

minutes to dry off excess water after which the samples were heated to 600 °C at 5 °C · min-1 

under flowing nitrogen (10 mL · min-1). For 7, the outer coordination solvent molecules were 

driven off when the sample was heated to 100 °C at 5 °C · min-1 under flowing nitrogen (10 mL · 

min-1) and held at 100 °C for 60 minutes before the sample was heated to 600 °C.  The software 

TA universal analysis was used to collect and process the data (Appendix G.5-G.8). 
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Chapter 5 : Solution and Solid-State Structural Chemistry of Th(IV) and U(IV)-4-  

hydroxybenzoates 

 The solution and solid-state structural chemistry of Th(IV) and U(IV)-4 hydroxybenzoate 

is explored in this chapter. Our interest stems from understanding the role that complexing ligands 

have on templating the self-assembly of An(IV) structural units as well as the effects that the 

identity of the organic ligand may have on the reactivity of these structural units as a function of 

solution conditions. 4-hydroxybenzoic acid was chosen for several reasons: (1) it allows us to 

examine the role that a bulkier, monocarboxylate ligand has on Th(IV) and U(IV) complex 

formation and reactivity; (2) its pKa (4.54) is not overly basic such that it would promote the 

formation of amorphous hydroxides; and (3) it may provide facile crystallization of the solution 

complexes due its relatively limited solubility and potential to form supramolecular networks 

arising from hydrogen bonding and π-π stacking interactions. This chapter presents two 

compounds of the general formula [An6O4(OH)4(H2O)6(4-HB)12]•nH2O (An = Th(IV) (10) and 

U(IV) (11), 4-HB = 4-hydroxybenzoate) synthesized from room temperature reactions of AnCl4 

and 4-hydroxybenzoic acid in water. Solid-state structures were determined by single crystal X-

ray diffraction and the compounds were further characterized by Raman, IR, and optical 

spectroscopies, and thermogravimetry. The magnetism of 11 was also examined. The structures of 

the thorium and uranium compounds are isomorphous and are built from ligand decorated 

oxo/hydroxo bridged hexanuclear units. The relationship between the building units observed in 

the solid-state structure of 10 and those that exist in solution prior to crystallization as well as upon 

dissolution of 11 in nonaqueous solvents was investigated using small angle X-ray scattering, UV-

vis optical spectroscopy, and dynamic light scattering. The evolution of U(IV) solution speciation 

as a function of reaction time and temperature were examined. Such effects as well as the impact 
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of the ligand on the formation and evolution of hexanuclear U(IV) clusters to UO2 nanoparticles 

compared to prior reported monocarboxylate ligand systems is discussed in this chapter. Unlike 

prior reported synthesis of Th(IV) and U(IV) hexamers where pH is adjusted to ~2 and 3 

respectively to drive hydrolysis, hexamer formation with the hydroxybenzoate ligand appears to 

be promoted only by the ligand.  The work presented in this section was submitted and published 

in Inorganic Chemistry. 

5.1 Structural Systematics of 10 and 11 

The structures of 10 and 11 are built from a 4-hydroxybenzoate decorated hexanuclear 

[An6O4(OH)4]
12+ cluster that is closely related to other ligated hexanuclear units previously 

reported for tetravalent metal ions including Zr, Ce, Th, U, Np, and Pu.32, 56-57, 64, 197-199,200 For 

thorium and uranium, specifically, related hexanuclear clusters have been formed in the presence 

of both monocarboxylate (formate, acetate, chloroacetate, glycine) and polycarboxylate (fumarate, 

terephthalate, 2,6-napthalenedicarboxylate, and 4,4’biphenyldicarboxylate, DOTA) ligands.38, 57, 

66-67,65, 134 

In the structure of 10 and 11, each An(IV) center is 9-coordinate, bound to four μ3-OH/ μ3-

O oxygen atoms, one bound water molecule, and four oxygen atoms from one bidentate and two 

monodentate 4-hydroxybenzoate ligands. As shown in Figure 5.1, the μ3-OH/ μ3-O oxygen atoms 

are disordered over two sites. The longer An- μ3-OH and shorter An- μ3-O bond distances average 

2.49(8) Å and 2.30(6) Å for 10 and 2.45(7) Å and 2.25(5) Å for 11. The An-O bond distances for 

the bound water molecules are slightly elongated as compared to those of the μ3-OH/ μ3-O sites, 

with Th-O(H2) and U-O(H2) distances of 2.53(3) Å and 2.50(5) Å, respectively. The remaining 

oxygen atoms are contributed from three 4-HB ligands with An-Ocarboxylate distances ranging from 

2.441(4)-2.667(4) Å for Th and 2.38(5)-2.66(4) Å for U. As shown in Figure 5.1, two of the 4-HB 
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ligands link each metal to two adjacent metal centers within the cluster with Th---Th and U---U 

distances of 3.912(1) Å and 3.83(3) Å, respectively. Interestingly, though the hexanuclear 

[An6O4(OH)4]
12+ unit is analogous to those previously reported for Th and U, we note that the 

arrangement of the ligands as well as the position of the water molecules in 10 and 11 are unique 

to the 4-HB decorated analogs reported here. That is, previously reported hexanuclear Th(IV) and 

U(IV) clusters more commonly consist of a hexanuclear unit, wherein twelve bridging ligands 

decorate the cluster, with four carboxylate donors linking each metal center to its four adjacent 

neighbors; water molecules cap the coordination sphere typically forming a square antiprism 

coordination geometry. By comparison, each metal center in 10 and 11 is capped by a chelating 4-

HB unit (Figure 5.1a). Additionally, though the ligands terminate the clusters resulting in discrete 

molecular units, weak π-π interactions, C-H-π, and hydrogen bonding interactions further associate 

the ligand decorated units into an extended supramolecular network (Figure 5.1b). These 

interaction distances were calculated using PLATON and are summarized in the Supporting 

Information.201 For 10 and 11, C-H-π interaction distances were found to range from 3.53(2)-

3.74(3) Å and 3.41(3)-3.69(2) Å, respectively. Hydrogen bonding was also present between 

clusters, with donor-acceptor distances ranging from 2.43(4)-3.47(6) Å for 10 and 2.28(5)-3.27(5) 

Å for 11, with relative hydrogen bonding strength classified as strong to weak interactions, 

respectively.144 

 



108 

 

 

Figure 5.1. (a) Ball and stick representation of the ligand decorated hexanuclear clusters that 

constituent 10 and 11. (b) Packing diagram of 11. As the two compounds are isomorphous, only 

the U analog is shown. Green, red, and black spheres represent uranium(IV), oxygen, and carbon 

atoms, respectively. Green polyhedra in (b) are 9-coordinate U(IV) metal centers. Hydrogen atoms 

and the disorder of the 4-HB ligands are not shown for clarity. Reprinted (adapted) with permission 

from Inorg. Chem. 2018, 57 (12), 7259-7269. Copyright (2019) American Chemical Society. 

 

5.2 Evolution of Reaction Solutions 

 Tetravalent uranium compounds display rich optical spectra that are dominated by 

characteristic U(IV) f-f transitions from the 3H4 ground state.136, 187-188, 202-203 Recently, the peaks 

centered between 610-690 nm corresponding to three electronic transitions 3H4 → 3P0,
 3H4 → 1G4, 

and 3H4 → 1D2 have been used with some success to infer U(IV) solution speciation in other 

carboxylate ligand systems. For example, Nyman et al.103 and Tamarin et al.57 showed that the 

optical spectra for solutions consisting primarily of monomeric U(IV) species have distinctly 

different features from those collected for solutions (or solids) known to consist predominately of 

hexameric units, with differences in the position, splitting, and perhaps most importantly relative 

intensity of the peaks indicative of the U(IV) complexes present in solution. The optical spectra 
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observed for monomeric and hexameric units have thus become fairly diagnostic of the nuclearity 

of the complex.55, 136, 202 For monomeric complexes the lower wavelength peak often has a much 

higher intensity relative to the higher wavelength peak as represented by the spectrum obtained for 

a solution of U(IV) in 1M HCl which is expected to consist predominately of monomers (Figure 

5.2). By comparison, the solid-state spectrum for 11, known to consist of hexanuclear units, 

exhibits a blue shift as well as considerable differences in the relative intensity of the peaks 

between 610-690 nm. Such changes are indicative, and indeed signatures, for hexanuclear units 

that together with small angle X-ray scattering exemplify powerful techniques to not only probe 

solution speciation but also determine the relative size, shape and interactions between dissolved 

species.57, 103  These studies and results are described below.  

5.2.1 Optical Spectroscopy 

The filtered aqueous reaction solution was monitored at three time intervals via SAXS and 

optical spectroscopy: at 1, 24, and 48 hours after U(IV) and 4-HBA had been combined in the 

reaction vial in water (denoted solH2O-1h, solH2O-24h, and solH2O-48h, respectively). The optical 

data are presented in Figure 5.2. The spectrum of solH2O-1h agrees well with the spectrum obtained 

for 11, particularly in the region of 610-690 nm; however, it is worth noting that the spectrum is 

not distinctly characteristic of hexameric units for which (based on previously reported data) the 

ratio of the intensity of the peak centered at 654 nm over the intensity of the peak centered at 668 

nm would be expected to be less than 1.103 This is consistent with the limited solubility of the 

ligand, and the fact that if the hexamer were to exist as a fully decorated unit in solution, it can 

only account for roughly 22% of the total dissolved uranium. Thus, we suspect that the optical 

spectrum likely has contributions from multiple species in solution, one of which may include the 

hexamer. With time there is a clear evolution of the absorption bands. Notably, the spectra obtained 
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for solH2O-24h, solH2O-48h exhibit absorption bands that are more consistent with those 

characteristic of lower nuclearity (e.g. monomeric) complexes. These data are consistent with the 

observation that after 24 hours 11 is observed as a crystalline phase and hence hexameric units 

may no longer exist in appreciable concentrations in solution. 

 

 

Figure 5.2. Optical spectra of the aqueous reaction solutions that led to the formation of 11 

at 1 hour (blue), 24 hours (orange), and 48 hours (green).  The spectra for 11 (red) and U(IV) 

in 1 M HCl (purple) are shown for comparison. Reprinted (adapted) with permission from Inorg. 

Chem. 2018, 57 (12), 7259-7269. Copyright (2019) American Chemical Society. 

 

5.2.2 Small Angle X-Ray Scattering 

 Soluble species in these systems were also examined using SAXS. Scattering curves for 

the reaction solutions (solH2O-1h, solH2O-24h, solH2O-48h) were collected and compared to the 

simulated curve of 11 as shown in Figure 5.3. The experimental scattering curves of the reaction 

solutions exhibit relatively low scattering intensity indicating that the solution phase species are 

smaller than the expected hexanuclear units. The simulated scattering curve is generated from the 

11 solid-state structure, using SolX. If the hexameric clusters were present to an appreciable extent 

in solution we would expect the experimental and simulated scattering curves to closely match, 
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particularly in the Guinier region (0.1-1.0 Å-1), where considerable structural information can be 

determined.204 Increasing reaction time for the uranium/4-hydroxybenzioc acid systems leads to a 

decrease rather than an increase in scattering intensity. At time = 1 hr, there is a distinct Guinier 

region between q=0.5-0.7 Å-1, which would indicate small spherical species, i.e. hexamers or 

tetramers.103, 179, 205 However, this feature is no longer apparent after one hour. We interpret this as 

hexamers exist to a small extent in solution due to 1) the limited solubility of the ligand and 2) the 

rapid precipitation/crystallization of hexamers, both of which limit the concentration of hexamers 

in solution. Increasing reaction time also gives rise to a feature at q=1.4 Å-1, which through the 

relationship d = 2π/q is consistent with metal-metal interactions at a distance of ~4.5 Å.206 This 

feature remained present despite background subtraction and therefore can be attributed to 

abundant scattering species larger than a dimer, mainly metal-metal interactions given that the 

actinides are the strongest scatterers present in solution. The distance is a little longer than M-M 

distances of ~4.0 Å which are typically found within solid-state oxo or hydroxo bridged 

oligomers.32 However, this distance is consistent with those An---An distances found in 

carboxylate bridged chains of thorium such as those described for thorium terephthalates and 

pyridinedicarboxylates.134, 147 An increase in intensity of this feature illustrates an evolution of the 

species as a function of time. Further, the linear slope between q ≈ 0.3 – 1.4 Å-1 of the reaction 

solutions suggests aggregation in solution. The linear feature in the scattering curves could indicate 

oligomeric chain-like species,206-207 a motif that is commonly observed for actinide compounds 

isolated from aqueous solution in which actinide metal centers are bridged through the carboxylate 

ligand.32 Similar SAXS features were recently ascribed and modeled as small (avg. three units) 

bismuth sulfate chains.208 
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Figure 5.3. X-ray scattering curves of reaction solutions of 11 at various time intervals (1h = 

blue, 24h = orange, 48h = green) compared to the simulated scattering curve of the hexameric 

structural unit of 11 (red). Intensity is normalized at I0 (q=0.018 Å-1) for comparison. Reprinted 

(adapted) with permission from Inorg. Chem. 2018, 57 (12), 7259-7269. Copyright (2019) 

American Chemical Society. 

 

 Taken together, the optical spectra and SAXS data may point to a distribution of species 

that exist between lower order ligand bridged oligomers and hexamers. The absence of significant 

scattering in the reaction solutions is consistent with our hypothesis that the ligand decorated 

hexamers do not exist to an appreciable extent in solution due to both the availability of the ligand 

which may limit the formation of the hexamer, as well as the propensity of the ligand decorated 

units to precipitate upon formation, leaving smaller oligomers in solution as evident by the SAXS 

data. This is in contrast to previous reports describing the synthesis and aqueous phase stability of 

An(IV) hexamers decorated by monocarboxylates such as formate, acetate, glycine, as well as the 

polycarboxylate 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetracetate (DOTA) wherein clusters 

could be observed in solution through various characterization techniques prior to 

crystallization.22, 56, 103, 105, 122, 198   
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5.3 Redissolved Hexameric Units 

Hexameric structural units [AnO4(OH)4(H2O)6]
12+ are well established in the literature 

having been shown to exist in the solid-state and, for the monocarboxylate complexes, persist 

under a range of solution conditions.21-22, 32, 56, 63-66, 100-102, 105, 122, 134, 137, 190, 198, 209-210 Previous 

reports on the solution behavior of actinide hexanuclear units have shown that not only do 

hexanuclear units assemble in solution prior to crystallization, but they also remain intact upon re-

dissolution of the crystalline product in a variety of solvents.56, 103, 22, 105, 122, 198 In order to further 

examine the effects that the ligand may have on the stability of the solution phase species, crystals 

of 11 were redissolved in acetonitrile (solACN-11) and characterized by both optical spectroscopy 

and SAXS. This solvent was chosen as it is non-coordinating and therefore should not dissociate 

the cluster core. Additionally, crystals were not soluble in water. 

5.3.1 Optical Spectroscopy 

The optical spectrum of solACN-11 displays characteristic U(IV) f-f transitions from the 3H4 

ground state and exhibits similar absorption bands to those found in the spectrum obtained from 

crystals of 11 (Figure 5.4).136, 187-188, 202-203 However, like the optical spectrum obtained for solH2O-

1h the peaks are not distinctly characteristic of the hexanuclear units as described in previous 

reports.  
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Figure 5.4. Optical spectra of a single crystal of 11 (red) and crystals of 11 dissolved in 

acetonitrile (black). Reprinted (adapted) with permission from Inorg. Chem. 2018, 57 (12), 7259-

7269. Copyright (2019) American Chemical Society. 

 

5.3.2 Small Angle X-Ray Scattering 

Experimental X-ray scattering curves were compared to the simulated scattering curves, 

shown in Figure 5.5. Qualitatively, the experimental scattering curve for solACN-11 resembles the 

general shape of the simulated hexameric structural unit. However, the Guinier region centered at 

q =0.2-0.6 Å-1 for the experimental scattering curve is shifted to a lower q value, suggesting the 

dissolved clusters have an apparent larger radius of gyration (Rg
2 = 3/5(Ø/2)2; Ø = diameter of 

spherical cluster) in acetonitrile solution.204, 207  
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Figure 5.5. (a) X-ray scattering curves of 11 crystals dissolved in acetonitrile (black) 

compared to the simulated scattering curve of the hexameric structural unit (red). (b) PDDF 

(pair distance distribution function) derived from each scattering curve. Line color same as the 

scattering curves. Reprinted (adapted) with permission from Inorg. Chem. 2018, 57 (12), 7259-

7269. Copyright (2019) American Chemical Society. 

 

 Pair distance distribution function (PDDF, Figure 5.5b) analysis via the Moore method211 

of both the simulated 11 and the solACN-11 provided insight. The PDDF for both the simulated 11 

and solACN-11 show a Gaussian distribution with a width of about 8 Å, and additional lower 

intensity distributions, where the scattering probability goes to 0 at 14 Å (simulated) and 18.5 Å 

(experimental). Briefly, the PDDF is a histogram of distances within the cluster, weighted by 

electron density contrast (i.e. electron density and probability both contribute to the vertical axis 

P(r)).204 Oftentimes PDDF profiles such as these are consistent with a dense core (maximum U6 

core is ~ 8 Å); and a lower density shell of the hydrocarbon ligands, approximately consistent with 

the solid-state structure. The Rg derived from the PDDF fit of the simulated 11 is 5.2 Å.212 The 

PDDF analysis of solACN-11 indicates larger clusters, consistent with the scattering curve (Rg=6.2 

Å). Additionally, there appears to be stronger experimental scattering from the shell of the cluster 
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where the ligands reside.  Since crystals of pure 11 were dissolved, and we expect 11 to be stable 

in this ‘benign’ solvent, we propose the increased scattering from the shell in the experimental data 

is from ordered packing of solvent molecules between the rigid ligands.  

5.4 Evolution of Species as a Function of Temperature 

Temperature, along with pH, are two factors that are well known to promote hydrolysis and 

condensation of the actinides.2, 32 However, there are limited studies that have established the effect 

that the ligand may have on the transformation of lower order oligomers to higher order oligomers. 

As such, we examined solutions of U(IV) and 4-hydroxybenzoate in 50/50 H2O/ACN solutions at 

25, 50, 75, and 100 °C (denoted solH2O/ACN-25, solH2O/ACN-50, solH2O/ACN-75, and solH2O/ACN-100, 

respectively) using optical spectroscopy and SAXS in order to document the effect ligands may 

have on the transformation of actinide-oxo clusters with applied heat. In this case, the choice of 

solvent stemmed from the limited solubility of the ligand and the assembled hexamers in aqueous 

solution as well as the limited solubility of the UCl4 in acetonitrile. Moreover, both the optical 

spectrum and the SAXS curve obtained for solH2O/ACN-25 showed similarities to the data obtained 

from the acetonitrile solution solACN-11 suggesting a similar distribution of species in solution.  

5.4.1 Optical Spectroscopy 

 A color change is visually observed when increasing the temperature from 25 °C in which 

the green solution transforms to a dark green/black solution at temperatures of 75 °C and above. 

At 100 °C, particles are clearly visible in solution. The optical spectrum was thus examined at 25 

°C intervals to observe differences in the absorption bands. Both the decrease in the intensity of 

the characteristic peaks of U(IV) and the increase in background intensity, such as that highlighted 

by the spectrum obtained for solH2O/ACN-100 (Figure 5.6), are consistent with the formation of 

nanometer sized U(IV) particles or a colloidal phase.103, 213-214 The phase was confirmed to be UO2 
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nanoparticles with a particle size of 2.65 nm supported by PXRD and the particle size calculated 

from the Scherrer equation (Appendix C.16).21, 32 

 

 

Figure 5.6. Transformation of the optical spectra of U(IV)/4-HBA reactions in 50/50 

H2O/ACN with increasing temperature (25 °C = blue, 50 °C = orange, 75 °C = green, 100 °C 

= purple). The spectrum for 11 (red) is shown for comparison. Reprinted (adapted) with 

permission from Inorg. Chem. 2018, 57 (12), 7259-7269. Copyright (2019) American Chemical 

Society. 

 

5.4.2 Small Angle X-Ray Scattering 

 To corroborate this finding, X-ray scattering curves for solH2O/ACN-25, solH2O/ACN-50, 

solH2O/ACN-75, and solH2O/ACN-100 were collected and an evolution of solution species as a function 

of temperature was observed (Figure 5.7). The solution at 25 ˚C exhibits a Guinier region at 

q=0.35-0.7 Å-1 in the scattering curve, which can be modeled with size distribution analysis 

(Appendix F.1) to have an average particle radius of 3.84 Å, slightly smaller than the simulated 11 

radius of 4.14 Å. Interestingly, the 11 solution in mixed water-acetonitrile displays a coulombic 
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peak with a maximum intensity around 0.2 Å-1, whereas the pure acetonitrile solution does not 

display this. This indicates clusters interact differently, based on solvent composition.  

 

 

Figure 5.7. X-ray scattering curves of solH2O/ACN-25 (blue), solH2O/ACN-50 (orange), solH2O/ACN-

75 (green), and solH2O/ACN-100 (purple). The simulated scattering curve of 11 (red) is shown for 

reference. Reprinted (adapted) with permission from Inorg. Chem. 2018, 57 (12), 7259-7269. 

Copyright (2019) American Chemical Society.  

 

 When the temperature of the reaction is increased to 50 ˚C, a distinct change in the X-ray 

scattering curve compared to 25 ˚C is observed. At low q (0.02-0.25 Å-1), the slope is consistent 

with a power law dependence of ~q-1 indicating a linear arrangement of particles in solution.215 

When fit with a cylindrical model, the fit matches the experimental data to yield two populations 

with radii of 4.43 and 7.17 Å (Appendix F.2). Heating to 75 and 100 ˚C results in a significant 

increase in scattering intensity at low q in comparison to the scattering data at 50 ˚C. For the 75 

˚C solution, we fit the scattering curve between 0.02-0.35 Å-1 with a spherical model with a radius 

= 16.0 (±5.8) Å, yielding a particle size of ~32 Å (Appendix F.3). The curve for solH2O/ACN-100 

displays a similar scattering curve to the 75 ˚C curve, with more intense scattering at low q as well 

as a slight shift of the Guinier region to low q, indicative of larger particles. Due to the increase in 
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polydispersity of this sample, we were unable to provide a similar reasonable fit. Additionally, the 

increased linearity (instead of curved) of the region between 0.07-0.25 Å-1 suggests formation of 

branched superstructures of the nanoparticles may contribute to the complexity of this scattering 

data.103, 215 It should be noted that solH2O/ACN-75 and solH2O/ACN-100 experimental scattering curves 

were compared to the simulated scattering curve calculated for the largest reported U(IV) cluster 

(U38).
108 However, no consistency between the scattering curves was observed, indicating that 

heating 11 above 75 ˚C results in oligomeric species much larger than the U38 cluster.   

5.4.3 Dynamic Light Scattering 

To further examine the size and distribution of particles in solution, dynamic light 

scattering data were collected on diluted samples (25 mM) of solH2O/ACN-100. A normalized fit was 

obtained with a linear number weighted distribution that showed particles with an average 

hydrodynamic radius of 3.8 ± 1 nm. The hydrodynamic radius corroborates with the decrease in 

intensity of the peaks in the optical spectrum observed for solH2O/ACN-100 in Figure 5.6, which is 

attributed to the formation of a colloidal phase, as well as the size distribution of ~3.2 nm calculated 

from the SAXS data. Collectively, DLS, optical spectroscopy, and SAXS observed particles that 

are smaller than previous reports describing the transformation of glycine decorated hexamers to 

particles with a radius of 6.2-8.5 nm upon heating,103, 213 which may imply that the identity of the 

ligand has an influence on particle formation, with bulkier ligands stabilizing smaller particles. We 

also note that the DLS distribution showed a component at a larger value that is likely due to 

aggregates. 
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5.5 Magnetic Data for 11 

Though a number of reports have described the synthesis and structural chemistry of ligand 

decorated [An6O4(OH)4]
12+ hexameric units, to the best of our knowledge the magnetic behavior 

of such compounds have not been extensively described. An important exception is the 

isopolyoxometalate cluster complex, [Cp4(bpy)2][U6O13], described by Duval, Burns, Clark and 

co-workers.216 Formed from oxidation of organometallic precursors, in this case, the average 

uranium oxidation state was determined to be 5f1 U(V) using magnetic susceptibility 

measurements. Variable-temperature and field-dependent magnetic measurements were thus 

performed to examine the magnetic properties of the polynuclear species and also confirm the 

uranium oxidation states in 11 (Figure 5.8). At room temperature, the μeff value (3.09 μB/U) was 

consistent with that expected for a U4+ cation.1, 191, 217-218 Upon cooling, the μeff value decreased 

steadily to 0.63 μB at 2 K. The decrease in moment resulted from the depopulation of crystal field 

levels of the U4+ cations. No saturation of the magnetization in the field dependent measurement 

was observed at 2 K, also characteristic of a uranium(IV) ion.219-220 Overall the magnetic data is 

consistent with the presence of six U4+ cations as observed in 11. 
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Figure 5.8. Variable-temperature molar magnetic data (μeff) for U6O4(OH)4(H2O)6(4-HB)12 

(per uranium cation) and variable field data collected at 2 K (inset). Reprinted (adapted) with 

permission from Inorg. Chem. 2018, 57 (12), 7259-7269. Copyright (2019) American Chemical 

Society. 

 

5.6 Thermogravimetric Analyses for Compounds 10 and 11 

Relatively few reports have examined the thermal stability of ligand decorated hexanuclear 

complexes. 67  The thermal stability of 10 and 11 were thus examined over 30-600 °C under 

flowing nitrogen. The TGA plot for 10 (Appendix G.9) shows a total weight loss of 53% that is 

consistent with the decomposition of Th6O4(OH)4(H2O)6(4-HB)12nH2O where n = 6 to ThO2 (calc 

53.2%). The weight loss occurs in a series of steps, with the first weight loss of 8.4% occurring 

over 67 °C to 127 °C. The first weight loss together with the second weight loss that is observed 

over 127 °C to 232 °C with an additional 4.4% weight loss (total 12.8%) is attributed to the loss 

of the solvent and bound water molecules as well as the -OH groups from the ligand (calc 12.6%). 

Further decomposition of the ligand is then observed over approximately four steps that begins at 

232 °C and is complete by approximately 450 °C.  

The TGA plot for 11 (Appendix G.10) collected under flowing N2 shows a weight loss of 

9.2% over 50 °C to ~125 °C that is consistent with the loss of the solvent and bound water 
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molecules (calc 9.0%) from the structure. This is immediately followed by a second transition that 

corresponds to a weight loss of 6% (total weight loss 15.3%) that is consistent with the loss of the 

hydroxyl groups from the 4-HB ligands (calc 15.0%). Over 238 to 450 °C further decomposition 

of the ligand, occurring in roughly four steps, is observed resulting in a total weight loss of ~64 %. 

The total observed weight loss (53.7%) corresponds to the decomposition of 11 to six equivalents 

of UO2 (calc 54.1%). Thermal treatments under an air atmosphere of previously reported 

carboxylate based compounds consisting of the hexanuclear core were found to decompose to α-

U3O8.
67 We attribute differences in the thermal decomposition products (UO2 versus α-U3O8) to 

the conditions under which the analyses were performed; under a nitrogen atmosphere UO2 is 

formed whereas under air,  α-U3O8 is observed. 

5.7 Summary 

Two novel An(IV) carboxylates consisting of ligand decorated [An6O4(OH)4(H2O)6]
12+ 

hexanuclear cores (An = Th and U) have been synthesized under aqueous conditions. The 

structures have been determined using single crystal X-ray diffraction and the optical, magnetic, 

and thermal behavior have been examined. Further, optical spectroscopy in conjunction with small 

angle X-ray scattering were used to correlate the hexanuclear units observed in the solid state to 

species in solution, prior to precipitation of the crystalline phase. The optical and SAXS data 

suggest that the hydroxybenzoate decorated clusters do not exist to an appreciable extent in 

solution which we attribute to the relatively low solubility of the ligand used in this work. 

However, crystals of the U(IV) could be dissolved intact in acetonitrile. Further, the evolution of 

these oligomers in acetonitrile/water solutions as a function of temperature was explored. The 

optical and SAXS data displayed an evolution of particle size with increasing temperature, with 

the species ultimately transforming to nanoparticles on the order of ~3.2 nm at 75-100 °C as 
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determined by SAXS, supported by DLS and PXRD. The results from these studies collectively 

point to the importance that the ligand may have on both the relative stability and solubility of the 

hexanuclear units as well as their transformation to larger particles in solution. The strong ligating 

character of HB usurped the need to add base to drive hydrolysis and condensation from simple 

An(IV) monomers to hexamers. Such ligand effects and the role that substituted monocarboxylates 

have on complexation, precipitation, and hydrolysis and condensation processes are the subject of 

ongoing investigations. 

5.8 Synthetic Details for 10 and 11 

Both 10 and 11 were synthesized from room temperature reactions of the respective metal 

chloride salt and 4-hydroxybenzoic acid in water. For both thorium and uranium, the yields were 

found to increase with reaction time. This may be attributed to the limited solubility of 4-

hydroxybenzoic acid (0.5g/100 mL) and the slow dissolution of the ligand over time that likely 

limits the amount of 10 or 11 that can form over a given reaction time. In fact, for the synthesis of 

both 10 and 11, the ligand is not completely soluble and even after three days there remains 

unreacted ligand. In an attempt to better understand the role that the availability of the ligand had 

on the reaction yield as well as the identity of the complexes that may exist in solution at various 

time points of the reaction vide infra, for the uranium solutions, we filtered the reactions after one 

hour and determined the amount of ligand that remained undissolved. Only 12 mg (21.8%) of the 

ligand dissolved after 1 hour.  Based on the available ligand in solution, we suspect that if the 

hexamer were to exist as a fully ligand decorated unit in solution as has been established by 

previous literature reports, the 4-HB decorated hexamer could only account for ~22% of the U in 

solution.  
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 Importantly, we added no base to promote hydrolysis to obtain the oxo and hydroxyl 

ligands of the hexamers or to deprotonate the ligand and allow ligation to An(IV). Despite this, the 

hexamer formed. The effect of pH has been investigated prior, and suggests pH >2 is required for 

U(IV)6 self-assembly, while Th(IV)6 is optimally formed at pH~3.22   On the other hand, the 

hexamers have never been isolated without bridging ligands such as carboxylates, and the An(IV)2 

dimer joined by hydroxide has been noted as an important intermediate, which aggregates rapidly 

to hexamers upon addition of a bridging ligand. 56 While the addition of base in these experiments 

would both drive hydrolysis and increase dissolution of the ligand, pH<1.5 without added base 

provided highest yields.  This difference from prior investigations affirms the role of the bridging 

ligand in promoting self-assembly, by bringing metal centers into close proximity.  

5.8.1 Th6O4(OH)4(4-HB)12(H2O)6•12(H2O) (10) 

ThCl4 (0.075 g, 0.2 mmol) was dissolved into 2 mL of H2O. The solution was then 

transferred to a 3 mL shell vial containing 4-hydroxybenzoic acid (0.055 g, 0.4 mmol). The vial 

was then capped, vortexed for less than one minute, and then left on the benchtop at room 

temperature (initial pH 1.25). Colorless block crystals and white, undissolved ligand were 

observed after 24 hours. After 2 days, a colorless solution (pH 0.90) was decanted and the reaction 

product was isolated, washed twice with water, and left under ambient conditions to air dry. We 

note that efforts to wash away unreacted ligand using ethanol resulted in decomposition of the 

crystals. Therefore, block-like crystals of 10 were manually separated from the bulk reaction 

product (yield 0.021 g, 18.1% based on Th). The yield of compound 10 was found to increase with 

reaction time; harvesting the crystals after three days resulted in a yield of 44.8% (0.052 g) based 

on Th. Elemental Analysis: calc (obs): C: 28.76% (28.57%); H: 3.20% (2.93%); N: 0.0% (0.0%). 
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5.8.2 U6O4(OH)4(4-HB)12(H2O)6•12(H2O) (11) 

 U6O4(OH)4(4-HB)12(H2O)6•12(H2O), (11), was synthesized in a nitrogen glove box at 

room temperature following a similar synthetic procedure as that described for 10. A solution of 

UCl4 (0.076 g, 0.2 mmol) in H2O (2.00 g, 111 mmol) was added to a 3 mL shell vial containing 4-

hydroxybenzoic acid (0.055 g, 0.4 mmol). The initial pH of the solution was 0.86. The vial was 

capped, vortexed for less than one minute, and then left undisturbed on the benchtop. After 24 

hours, green block crystals along with white undissolved organic were observed. After 2 days, the 

solution (pH 0.66) was decanted and the product was washed twice with water and then with 

ethanol to remove unreacted organic. The crystals were then left under N2 to dry. Yield based on 

U: 0.010 g, 8.50 %. The yield of 11 was likewise found to increase with reaction time albeit to a 

lesser extent; harvesting the crystals after three days resulted in a yield of 12.8% (0.015 g) based 

on U. Elemental Analysis: calc (obs): C: 27.63% (27.71%); H: 3.55% (3.70%); N: 0.0% (0.0%).  

5.8.3 UO2 Nanoparticle Preparation 

A similar synthetic procedure as described above for 11 was used to study the effects of 

temperature on UO2 nanoparticle formation. A solution of UCl4 (0.076 g, 0.2 mmol) in H2O (2.00 

g, 111 mmol) was added to a 5 mL screw-cap vial containing 4-hydroxybenzoic acid (0.055 g, 0.4 

mmol). The vial was capped, sealed with parafilm, and the reactants were vortexed for less than 

one minute. The reaction solution was then heated at 100 °C for 24 hours. The vial was removed 

from heat and allowed to cool for one hour. UO2 nanoparticles were then separated from the 

reaction solution by first diluting 1 mL of the heated solution into 10 mL of nanopure water. The 

diluted solution was then centrifuged for 1 hour at 14500 rpm and 18 °C, resulting in the formation 

of two layers. A lighter clear, green solution was removed from a dark blackish-green solution. 
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The dark blackish-green solution, containing the UO2 nanoparticles, was then drop-casted onto a 

sample holder for analysis by powder X-ray diffraction. 

5.9 Experimental Methods  

5.9.1 Single Crystal X-ray Diffraction 

Single crystals from the reaction products were used for single crystal X-ray diffractions 

studies and details on the crystallographic refinements can be found in Table 5.1. Single crystal 

X-ray diffraction data were collected at 100(2) K on a Bruker D8 Quest diffractometer equipped 

with an IμS X-ray source (Mo-Kα radiation; λ=0.71073 Å) and a Photon 100 detector. Data were 

integrated using the SAINT software package included with APEX2.169 The absorption correction 

was applied using a multi-scan technique in SADABS.169 The structures were solved using direct 

methods via SHELXT and refined by full-matrix least-squares on F2 using the SHELXL software 

in shelXle.170-171 

5.9.1.1 Refinement Details for 10 and 11 

  For the structure refinement of 10 and 11, the structural models were developed to consist 

of the ligand decorated hexanuclear core as well as twelve solvate water molecules (per formula 

unit); however, the positions of the solvate water molecules were poorly determined. As a result, 

a second model was refined with contributions from the solvent water molecules removed from 

the diffraction data using the bypass procedure in PLATON.221 The electron count from the 

“squeezed” model converged in good agreement with the number of solvate molecules found 

during the refinement of 10 and 11. The squeezed data are reported. For the structures of both of 

10 and 11, the HOAr portions of the ligands were disordered over two positions; the paired O-C 

and C-C distances were thus restrained to be similar. The µ3-hydroxo/oxo groups (O1 and O2) of 

the hexanuclear core as well as the bound water molecule (O3) were each disordered over two sites 
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and refined accordingly. Water and coordinated hydroxyl hydrogen atoms could not be located 

during refinement and as such were not included in the structural model. Hydroxyl hydrogen and 

remaining hydrogen atoms of the ligand were placed in calculated positions. 

 For 10, a structural model consisting of the host plus two disordered water solvate molecules 

per asymmetric unit was developed; however, positions for the idealized solvate molecules were 

poorly determined.  This model converged with wR2 = 0.1496 and R1 = 0.0395 for 359 parameters 

with 822 restraints against 3117 data.  Since positions for the solvate molecules were poorly 

determined a second structural model was refined with contributions from the solvate molecules 

removed from the diffraction data using the bypass procedure in PLATON.  No positions for the 

host network differed by more than two su's between these two refined models.  The electron count 

from the "squeeze" model converged in good agreement with the number of solvate molecules 

predicted by the complete refinement.  The "squeeze" data are reported here.  The HOAr portion 

of both ligands is disordered over two positions.  The like O-C and C-C distances were restrained 

to be similar (esd 0.01 Å). The C12/C12B and C22/C22B atom pairs were constrained to have 

equal x, y, z positions and equal anisotropic displacement parameters.  Both of the bridging 

hydroxyl/oxo groups of the hexamer are disordered over two positions. The two orientations of 

each group are constrained to 50% site occupancy as is required to charge balance the hexamer.  

The terminal water molecule is also disordered over two positions. Similar displacement 

amplitudes (esd 0.01) were imposed on disordered sites overlapping by less than the sum of van 

der Waals radii.  Water and coordinated hydroxyl hydrogen atoms could not be located in the 

difference map and thus were left out of the model.  Hydroxyl hydrogen atom positions, R-OH, 

were optimized by rotation about R-O bonds with idealized O-H and R--H distances.  Remaining 

hydrogen atoms were included as riding idealized contributors.  Hydroxyl hydrogen atom U's were 
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assigned as 1.5 times Ueq of the carrier atom; remaining hydrogen atom U's were assigned as 1.2 

times carrier Ueq. 

 For 11, a structural model consisting of the host plus two disordered water solvate molecules 

per asymmetric unit was developed; however, positions for the idealized solvate molecules were 

poorly determined.  This model converged with wR2 = 0.1747 and R1 = 0.0387 for 366 parameters 

with 842 restraints against 3116 data.  Since positions for the solvate molecules were poorly 

determined a second structural model was refined with contributions from the solvate molecules 

removed from the diffraction data using the bypass procedure in PLATON.  No positions for the 

host network differed by more than two su's between these two refined models. The electron count 

from the "squeeze" model converged in good agreement with the number of solvate molecules 

predicted by the complete refinement.  The "squeeze" data are reported here.  The HOAr portion 

of both ligands is disordered over two positions.  The like O-C and C-C distances were restrained 

to be similar (esd 0.01 Å). The C12/C12B and C22/C22B atom pairs were constrained to have 

equal x, y, z positions and equal anisotropic displacement parameters. Both of the bridging 

hydroxo/oxo groups of the hexamer are disordered over two positions. The two orientations of 

each group are constrained to 50% site occupancy as is required to charge balance the hexamer.  

The terminal water molecule is also disordered over two positions. Similar displacement 

amplitudes (esd 0.01) were imposed on disordered sites overlapping by less than the sum of van 

der Waals radii.  Water and coordinated hydroxyl hydrogen atoms could not be located in the 

difference map and thus were left out of the model.  Hydroxyl hydrogen atom positions, R-OH, 

were optimized by rotation about R-O bonds with idealized O-H and R--H distances.  Remaining 

hydrogen atoms were included as riding idealized contributors.  Hydroxyl hydrogen atom U's were 
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assigned as 1.5 times Ueq of the carrier atom; remaining hydrogen atom U's were assigned as 1.2 

times carrier Ueq. 

Table 5.1. Crystallographic Structure Refinement Details for 10 and 11 (100 K). a 

 10 11 

Formula Th6C84H76O50 U6C84H76O50 

MW (g/mol) 3277.68 3313.62 

Temperature (K) 100(2) 100(2) 

Crystal System Trigonal Trigonal 

Space Group R-3c R-3c 

λ (Å) 0.71073 0.71073 

a (Å) 21.449(1) 21.369(4) 

b (Å) 21.449(1) 21.369(4) 

c (Å) 38.255(2) 38.300(8) 

α (deg) 90 90 

β (deg) 90 90 

γ (deg) 120 120 

Volume (Å3) 15242(2) 15146(6) 

Z 6 6 

ρ (g/cm3) 2.143 2.180 

μ (mm-1) 8.843 9.684 

R1 0.0290 0.0364 

wR2 0.1220 0.1613 

GOF 1.062 1.491 

CCDC 1579521 1579522 
aThe formula and formula weight reported do not reflect the solvent water molecules present in 

the structure. 

 

5.9.2 Powder X-ray Diffraction 

 Powder X-ray diffraction (PXRD) data were collected for compounds 10 and 11 using a Rigaku 

Ultima IV diffractometer (Cu Kα λ = 1.542 Å, 2θ = 3 – 40°). Agreement between the calculated 

and observed patterns (Appendix C.14-C.15) supported that the single crystals used for structure 

determination were representative of the bulk sample. UO2 nanoparticles resulting from the 
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temperature studies vide infra were confirmed through comparison of the experimental powder 

pattern with that reported for UO2 (ICSD reference code 35204; Appendix C.16). The sample was 

prepared by diluting 1 mL of the solution heated at 100 degree Celsius for an hour into 10 mL of 

H2O. The diluted solution was then centrifuged for 1 hour at 14500 rpm and 18 degree Celsius 

resulting in the formation of two layers. A lighter clear, green solution was removed from a dark 

blackish-green solution which was then drop casted onto a sample holder for analysis by powder 

X-ray diffraction. 

5.9.3 Elemental Analysis 

 Combustion elemental analysis (EA) was collected on a PerkinElmer Model 2400 Elemental 

Analyzer. Samples (1.5 – 2.0 mg) were weighed into small tin capsules. The samples were run in 

triplicate and the reported value is the average of three runs.  

5.9.4 Infrared and Raman Spectroscopy 

 Infrared spectra of 10 and 11 were collected on a Perkin Elmer FTIR Spectrum 2 system 

(Appendix D.10). The samples were diluted with dried KBr and pressed into a pellet. Scans were 

collected over 400 – 4000 cm-1 with 16 scans and 2 cm-1 resolution. The data were acquired using 

the Spectrum Quant software program. Raman spectra of single crystals of 10 and 11 were 

collected on a HORIBA LabRAM HR Evolution Raman Microscope with an excitation line of 532 

nm (Appendix D.11). 

5.9.5 Solution Studies 

 As a means of examining the stability of the hexanuclear clusters as well as the effects of 

reaction time and temperature on solution speciation, a series of solutions were prepared for 

analysis by optical spectroscopy and small angle X-ray scattering (SAXS). However, because 

thorium has a [Rn]5f0 electron configuration and is spectroscopically silent, we limited these 
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studies to uranium for which both optical spectroscopy and SAXS could be used synergistically to 

elucidate solution speciation. 

5.9.5.1 Reaction Time Studies 

 The evolution of the reaction solutions as a function of time was investigated. Solutions were 

prepared following the synthetic procedure outlined previously. Aliquots of the mother liquor were 

collected after 1, 24, and 48 hours.  

5.9.5.2 Dissolution Studies 

Crystals of 11 are insoluble in water but were readily soluble in acetonitrile. As such, the 

compounds were dissolved in acetonitrile to examine the stability of the hexanuclear units upon 

dissolution.  

5.9.5.3 Temperature Studies 

 The evolution of speciation as a function of temperature was also examined for reactions 

prepared in 50/50 acetonitrile/water solvent mixture. The choice of solvent systems arose from the 

limited solubility of the ligand in water, the observation that reactions prepared in water showed 

little to no scattering, and the limited solubility of the reactants in 100% acetonitrile. 

Acetonitrile/water reaction solutions were thus prepared with the molar ratios used for the 

preparation of 11. The solutions were heated for one day at 25, 50, 75, and 100 °C. Aliquots of the 

mother liquor were subsequently collected and analyzed. 

5.9.6 UV-vis-NIR Spectroscopy 

Optical data of the uranium (IV) solutions were collected from 400 – 700 nm on an Agilent 

Technologies Cary 5000 UV-Vis-NIR with a double beam liquid attachment. The solutions were 

diluted by a factor of 5 and an aliquot was placed in a quartz cuvette. Solid-state UV-vis-NIR data 
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were collected for 11 using a Craic Technologies microspectrophotometer. A single crystal was 

paced on a quartz slide in immersion oil, and the data were collected from 300 nm to 1100 nm. 

5.9.7 Small Angle X-ray Scattering 

 All solutions were filtered (Target2 NYLON, 0.45 μm) and sealed in 1.5 mm glass capillaries 

(Hampton Research). Data were collected on an Anton-Paar SAXSess instrument utilizing Cu Kα 

radiation (λ = 1.542 Å) and line collimation. Background subtraction was performed using 

acetonitrile, water, or 50/50 acetonitrile/water mixture, mirroring experimental solution 

conditions. SAXS data collections were 30 minutes in length; data were recorded over a range of 

0.08 – 2.5 Å-1 on an image plate at a distance of 26.1 cm from the X-ray source. SAXSQUANT 

software was used for data collection, treatment, and preliminary analysis (normalization, primary 

beam removal, background subtraction, desmearing, and smoothing). Further modeling of the 

SAXS data, including size distribution and PDDF analyses, were performed utilizing IRENA222 

macros within the IGORPro 6.3 software. A simulated scattering curve of 11 was calculated from 

SolX223 using a structural file (xyz) derived from the single crystal X-ray diffraction data. 

5.9.8 Dynamic Light Scattering 

Dynamic light scattering data were collected for the 50/50 acetonitrile/water reaction 

that was heated at 100 °C for 24 hours in an effort to further support the particle size obtained 

from SAXS studies. The mother liquor (1 mL) was diluted with 3 mL of 50/50 

acetonitrile/water solution to reduce the effects of multiple scattering. Samples were prepared 

in duplicate and data were collected at room temperature using an Ar ion laser (λ = 488 nm) 

with a scattering angle of 90° relative to the incident beam. Scattered light was collected by a 

single mode optical fiber, which was coupled to a photon counting avalanche photodiode. The 
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photon count rates were processed by an ALV5000 hardware autocorrelator board. The 

distribution of diffusion times was determined using the ALV NonLin fitting routine, a 

nonlinear constrained regularization of the autocorrelation function based on CONTIN, 

between delay times of 600 ns and 367 ms.224 The Stokes-Einstein relation was used in order 

to convert the distribution of diffusion times to a corresponding distribution of hydrodynamic 

radii, along with the viscosity of the 50/50 acetonitrile water solution mixture of 0.81225 and 

refractive index of 1.3478.226 

5.9.9 Thermogravimetric Analysis 

  Thermogravimetric analysis data were collected on a TA instruments Q50 system 

Thermogravimetric Analyzer. Samples of 10 (10.088 mg) and 11 (9.966 mg) were weighed out 

into platinum pans. The temperature was held at 30 °C for 30 minutes to dry off excess water after 

which the sample was heated to 600 °C at 5 °C min-1 under flowing nitrogen (10 mL min-1). The 

software TA universal analysis was used to collect and process the data (Appendix G.9-G.10). 

5.9.10 Magnetic Studies 

Magnetic data were collected for 11 on a Quantum Design Magnetic Property 

Measurement System (MPMS-7). Temperature-dependent data were collected under applied 1 T 

DC fields from 2 to 300 K, and field dependent data were performed at 2 K with varying applied 

magnetic field strengths ranging from 0 to 7 T. Corrections for the intrinsic diamagnetism of the 

samples were made using Pascal’s constants.227 
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Chapter 6 : U(IV) Hexamers as Precursors for UO2 Nanoparticle Formation 

 In previous work (Chapters 4 and 5), we showed that ligand decorated U6O4(OH)4 

hexamers transformed to UO2 nanoparticles upon heating. In an attempt to further understand 

ligand effects on nanoparticle formation, we prepared a series of carboxylate functionalized 

U6O4(OH)4 hexamers, as the hexameric unit is believed to be a fundamental building block for 

An(IV)-oxo clusters, nanoparticles, and the bulk oxide.32, 38, 56-58, 66-67, 99, 101, 104, 134, 199 Such work 

is motivated by ongoing needs to understand the formation of nanosized An(IV) species as they 

have been shown to facilitate An(IV) transport in environmental systems and pose significant 

challenges in process chemistry. 

The effects of ligand pKa and functionality as well as reaction conditions (i.e. solvent, 

temperature) on the morphology and size of UO2 nanoparticles formed from hexameric U(IV)-

carboxylate precursors thus explored. Six hexamers decorated by carboxylate ligands: 

[U6O4(OH)4(H2O)6(FM)12]•13.062(H2O) (12), [U6O4(OH)4(H2O)10(OAc)8]•4Cl•7(H2O) (13), 

[U6O4(OH)4(H2O)4(ClAA)12]•nH2O (14), [U6O4(OH)4(H2O)6(HGly)12]•12Cl•12(H2O) (15), 

[U6O4(OH)4(H2O)4(BA)12]•1.8(EtOH)•(H2O) (16), and 

[U6O4(OH)4(H2O)8(3,5diHBA)8]•4Cl•n(H2O) (17) (FM = formate, OAc = acetate, ClAA = 

chloroacetate, HGly = protonated glycine, BA = benzoate, EtOH = ethanol, and 3,5 diHBA = 3,5 

dihydroxybenzoic acid) were prepared and their transformation to UO2 nanoparticles was 

investigated. Similar particle sizes were observed for all UO2 nanoparticles formed, irrespective 

of the synthetic conditions (i.e. reaction time, reaction temperature, precursor concentration, and 

solvent) and the hexamer precursor. These results are consistent with a special stability for the 

nanoparticles close to 2 nm in diameter and further lend insight not only to controlled hydrolysis 

and condensation, but also the transformation of uranium from soluble molecular species to 
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nanomaterials. The work presented in this section is in preparation for submission to Inorganic 

Chemistry. 

 

Figure 6.1. The carboxylates focused in this study and their corresponding pKa values. 

 

6.1 Structural Systematics of 12 – 17 

 Compounds 12 - 14 and 16 – 17 are unique novel hexanuclear units while 15 has been 

previously synthesized. The structures of all of the compounds are built from a hexanuclear 

[U6O4(OH)4]
12+ core; however, as discussed in this section variation in ligand decoration and 

binding modes and overall charge on the clusters observed. 

 Compound 12, [U6O4(OH)4(H2O)6(FM)12]•13.062(H2O), crystallizes in the cubic space 

group Fd-3c. The structure is built from one crystallographically unique U(IV) metal center, two 

bound formate ligands, two bound water molecules, and two bound μ3-O/μ3-OH groups. The U(IV) 

is nine coordinate, bound to four oxygen atoms from four bidentate bridging carboxylates, four 

oxygens from four μ3-O/μ3-OH groups, and one water molecule. U-O bond distances range from 

2.215(10) Å to 2.688(4) Å, with the shortest corresponding to a U-3-oxo bond and the longest 

corresponding to a U-H2O bond. The bridging formates link adjacent uranium metal sites with U-

--U distances ranging from 3.823(1) to 3.853(1) Å. 

Compound 13, [U6O4(OH)4(H2O)10(OAc)8]•4Cl•7(H2O), crystallizes in the monoclinic 

space group P21/m. The structure is built from four crystallographically unique U(IV) metal 
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centers, four acetate ligands, six bound water molecules, and four bound μ3-O/μ3-OH groups. 

There are two unique coordination environments for the U(IV) sites. U1 and U3 are eight 

coordinate and bound to two oxygen atoms from two bidentate bridging acetates, four oxygens 

from four μ3-O/μ3-OH groups, and two oxygens from bound water molecules. Alternatively, U2 

and U4 are nine coordinate and bound to four oxygens from four bridging acetates, four oxygens 

from four μ3-O/μ3-OH groups, and one oxygen atom from a water molecule. U-O bond distances 

range from 2.201(8) Å to 2.569(11) Å, with the shortest corresponding to a U-3-oxo bond and the 

longest corresponding to a U-H2O bond. The bridging acetate link adjacent uranium metal sites 

with U---U distances ranging from 3.775(1) to 3.838(4) Å. The ligand capped hexanuclear cluster 

has an overall charge of +4 that is charge balanced by four chlorides in the outer coordination 

sphere. 

Compound 14, [U6O4(OH)4(H2O)4(ClAA)12]•nH2O, crystallizes in the triclinic space group 

P-1. The structure is built from six crystallographically unique U(IV) metal centers, twelve 

chloroacetate ligands, four bound water molecules, and eight bound μ3-O/μ3-OH groups. U1 and 

U2 are both eight coordinate, eight oxygen atoms from eight bidentate bridging carboxylates, and 

eight oxygens from eight μ3-O/μ3-OH groups. The other four unique metal centers, U3 - U6, are 

nine coordinate and bound to nine oxygen atoms from two bidentate bridging carboxylates, one 

chelating carboxylate, four μ3-O/μ3-OH groups, and one water molecule. Each of the U(IV) sites 

build a [U6O4(OH)4(H2O)4(ClAA)12] cluster within the structure. The bridging chloroacetate 

ligands link adjacent uranium metal sites into the hexanuclear cluster with U---U distances ranging 

from 3.811(1) to 3.864(7) Å. U-O bond distances range from 2.215(20) Å to 2.729(7) Å, with the 

shortest corresponding to a U-3-oxo bond and the longest corresponding to a U-H2O bond. 
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Compound 15, [U6O4(OH)4(H2O)6(HGly)12]•12Cl•12(H2O), has previously been 

published, yet for the sake of comparison a brief description is provided.103 The compound 

crystallizes in the trigonal space group R-3. The structure is built from one crystallographically 

unique U(IV) metal center, two glycine ligands, one bound water molecule, and two bound μ3-

O/μ3-OH groups. U1 is eight coordinate and bound to four oxygens from four μ3-O/μ3-OH, one 

oxygen from one bound water molecule, and three oxygens from three bidentate bridging 

carboxylates that builds with the symmetry equivalents into a [U6O4(OH)4(H2O)6(HGly)12] cluster. 

U-O bond distances range from 2.233(10) Å to 2.645(3) Å, with the shortest corresponding to a 

U-3-oxo bond and the longest corresponding to a U-H2O bond. The bridging glycine ligands link 

adjacent uranium metal sites into the hexanuclear cluster with U---U distances of 3.841(1) Å. 

Overall, the ligand capped hexanuclear cluster has a charge of +12 that is charge balanced with 

twelve chloride anions in the outer coordination sphere. 

Compound 16, [U6O4(OH)4(H2O)4(BA)12]•1.8(EtOH)•(H2O), crystallizes in the 

monoclinic space group P21/n. The structure is built from six crystallographically unique U(IV) 

metal centers, twelve benzoate ligands, four bound water molecule, and eight bound μ3-O/μ3-OH 

groups. Each of the U(IV) sites exhibits a unique coordination environment and overall there are 

two unique [U6O4(OH)4(H2O)4(BA)12] clusters within the structure. The first cluster is composed 

of U1 - U3 and their symmetry equivalents. U1 and U3 are both nine coordinate, bound to four 

oxygens from four bidentate bridging carboxylates, four oxygens from two chelating carboxylates, 

two oxygens from two bound water molecules, and eight oxygens from eight μ3-O/μ3-OH groups. 

Alternatively, U2 is eight coordinate, bound to four oxygens from four μ3-O/μ3-OH groups, and 

four oxygens from four bridging carboxylates. U-O bond distances range from 2.186(10) Å to 

2.675(3) Å, with the shortest corresponding to a U-3-oxo bond and the longest corresponding to 
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a U-H2O bond. The bridging benzoate ligands link adjacent uranium metal sites into the 

hexanuclear cluster with U---U distances ranging from 3.791(1) to 3.915(2) Å. The second cluster 

is built from U4 - U6 and their symmetry equivalents. Similar to the cluster described above, U4 

and U6 are nine coordinate while U5 is eight coordinate. U4 and U6 are bound to two oxygens 

from two bound water molecules, four oxygens from four bridging bidentate carboxylates, four 

oxygens from two chelating carboxylate, and eight oxygens from eight μ3-O/μ3-OH groups. U5 is 

bound to four oxygens from four μ3-O/μ3-OH groups and four oxygens from four bridging 

bidentate carboxylates. U-O and U---U distances range from 2.189(11)-2.685(4) Å and 3.793(1)-

3.907(1) Å, respectively. 

Compound 17, [U6O4(OH)4(H2O)8(3,5diHBA)8]•4Cl•n(H2O), crystallizes in the tetragonal 

space group I4/mmm. The structure is built from two crystallographically unique U(IV) metal 

centers, one 3,5-dihydroxybenzoate ligand, one bound water molecule, and one bound μ3-O/μ3-

OH. Each of the U(IV) sites exhibits a unique coordination environment. U1 and U2 are both eight 

coordinate with U1 bound to four atoms from four μ3-O/μ3-OH groups and four oxygens from four 

bridging bidentate carboxylates while U2 is bound to four oxygens from four μ3-O/μ3-OH, two 

oxygens from two bound water molecules, and two oxygens from two bridging bidentate 

carboxylates. U-O bond distances range from 2.228(8) Å to 2.547(7) Å, with the shortest 

corresponding to a U-3-oxo bond and the longest corresponding to a U-H2O bond. The bridging 

3,5 dihydroxybenzoates link adjacent uranium metal sites with U---U distances ranging from 

3.813(1) to 3.819(1) Å. The cluster has an overall charge of +4, which is charge balanced by four 

chloride anions in the outer coordination sphere. 

The six structures presented above consist of [U6O4(OH)4]
12+ hexameric units and vary in 

the binding modes of the carboxylate, charge of the cluster, and number of carboxylates and water 
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molecules bound. A generic formula for the clusters, excluding the outer coordination sphere ions 

and solvents, can be formulated as [U6O4(OH)4(H2O)x(RCOO)y] with x = 4, 6, 8, or 10 and y = 8 

or 12. Overall, four unique clusters are observed as shown in Figure 6.2. Figure 6.2(a) represents 

the core for 13 which has eight μ3-O/μ3-OH, eight bidentate bridging ligands, and ten water 

molecules. Figure 6.2(b) represents the core for 17 which has eight μ3-O/μ3-OH, eight bidentate 

bridging ligands, and eight water molecules. The cores of 12 and 15 are represented by Figure 

6.2(c) which have eight μ3-O/μ3-OH, twelve bidentate bridging ligands, and six water molecules. 

Figure 6.2(d) shows alternative binding modes that were observed for the two hexamers, 14 and 

16. These two cores have eight μ3-O/μ3-OH, four water molecules, and twelve ligands, however, 

instead of having all twelve ligands bridge bidentate there are four chelating ligands and eight 

bidentate bridging ligands. 
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Figure 6.2. Illustration of the four generic ligand decorated clusters observed in (a) 13, (b) 

17, (c) 12 and 15, and (d) 14 and 16. Though the hexanuclear [An6O4(OH)4]
12+ core is common 

to each structure, differences in the surface decoration of the clusters attributed to changes in the 

local coordination environment of each U(IV) metal center as well as variation in carboxylate 

bonding modes are observed. Green, red, and black spheres represent uranium, oxygen, and carbon 

atoms, respectively. The R- group of the carboxylate has been omitted for clarity. Hydrogen atoms 

and crystallographic disorder in the cluster are not shown.  
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Under aqueous reactions conditions, the formation of a hexanuclear unit for An(IV)-

carboxylates is well established.32, 38, 56-57, 66-67, 99, 134 However, only a handful of carboxylates have 

stabilized the [An6O4(OH)4]
12+ hexanuclear core in the solid state, including acetate,65 benzoate,58 

chloroacetate,65 formate,22, 67, 69, 117 glycine,56, 64, 103, 122 4-hydroxybenzoate,99 (2-

hydroxylethyl)ethylenediaminetriacetate,85 1,4,7,10‐tetraazacyclododecane‐1,4,7,10‐

tetraacetate,57 2,2′-dimethylbiphenyl-4,4″-dicarboxylate,132 and 2-furoate as discussed in Chapter 

4. Several U(IV) benzoate hexamers have been previously published by Mazzanti et al.; however, 

the benzoate hexamers synthesized incorporate nitrates or pyridine molecules in place of water 

molecules. Moreover, the synthetic conditions vary greatly as compared to those described above 

for compound 16.58, 101, 104 There are also several U(IV) formate hexamers that have been 

previously published; however, the majority are hexamers that propagate into either 1-D chains117 

or 3-D networks.67 The U(IV) formate hexamer synthesized by Hennig et al. has the same formula 

as the cluster in 12; however, it was synthesized under different synthetic conditions and thus 

incorporates different molecules in the outer coordination sphere.22 

6.2 Comparison of Solid Optical Spectra for 12 – 17 

After exploring variations in the structural chemistry, the solid optical spectra of the U(IV) 

hexamers was investigated in order to determine how differences in the coordination environment 

influence the resulting spectra. This work indicates that variations in the optical spectra can be 

attributed to solvent effects and the variations in the coordination environment. Optical 

spectroscopy is a simple in-house technique that can establish the presence of hexamer in solution, 

particularly in the region of 610-690 nm.57, 99, 103 The hexanuclear motifs are identified by three 

key electronic transitions, 3H4 → 3P0,
 3H4 → 1G4, and 3H4 → 1D2, in this region. The hexameric 

units have a characteristic peak intensity with a ratio of less than 1 when the peak centered around 
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654 nm is divided by the peak centered at 668 nm. Comparing all six solid optical spectra seen in 

Figure 6.3, the optical spectra are nearly indistinguishable except for the splitting centered around 

650 nm. The optical spectra for formate (12) and glycine (15) are virtually identical to each other 

while acetate (13), chloroacetate (14), and 3,5-dihydroxybenzoate (17) show a similar loss in 

splitting intensity around 650 nm. This loss in splitting intensity has been observed before and may 

be due to differences in the local coordination sphere.103, 117 Formate and glycine hexamers have 

one crystallographically unique metal center in the hexanuclear unit while acetate, chloroacetate, 

and 3,5-dihyrdroxybenzoate have two or more unique metal centers. It is also of interest to note 

that formate and glycine have higher symmetry than the other hexamers; the outer coordination 

sphere solvents also vary. It is proposed that the variations in the local coordination sphere and 

solvent may have led to the loss of splitting intensity observed for the peaks around 650 nm. The 

most significant change for the peaks around 650 nm is observed for 16. As has previously been 

discussed, this difference is attributed to the incorporation of outer coordination sphere solvents. 

To support this claim, the outer coordination sphere solvent in 16 was removed by 

thermogravimetric methods and the optical spectrum was subsequently recollected. The sample 

was heated to 100 ºC and held at this temperature for 30 minutes (Appendix G.11). The loss of 1.8 

ethanol and one H2O molecule was observed with the weight loss of 3.29% (calc 3.14%). The 

optical spectrum was recollected (Appendix E.8) and the absorption bands shift to more closely 

resemble the spectra measured for the other hexamers, supporting the idea that solvent 

incorporation influences the absorption spectra. From this whole body of work, the absorption 

spectra have provided further evidence that optical spectroscopy is a valuable handle that can be 

used for determining speciation, particularly of U(IV) hexameric units. 



143 

 

 

Figure 6.3. Solid-state UV-vis spectra for compounds 12 – 17. 
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6.3 Synthetic Exploration of UO2 Nanoparticles 

It is well known that increasing the temperature pushes hexanuclear units to the formation 

of UO2 nanoparticles. Synthetic conditions and precursors identity have also been shown to 

influence morphology and particle size.185, 228 As shown in Figure 6.4, the hexanuclear unit is a 

proposed building unit for bulk UO2 and is generally thought to be a fundamental building block 

for An-oxo clusters. With this in mind, in this work, the effects of surface ligation of U6 species as 

well as synthetic modifications (i.e. solvent identity, reaction time, temperature, and precursor 

concentration) on UO2 nanoparticle formation was examined. 

 

Figure 6.4. The hexanuclear cluster (right) are thought to be precursors for UO2 

nanoparticles and fundamental building units for bulk UO2. Green, red, and black spheres 

represent uranium, oxygen, and carbon atoms, respectively. For clarity, the carboxylates and bound 

water molecules are omitted for clarity. 
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The choice of solvent for this work was based on the solubility of the complexes. It was 

found that some hexamers were soluble in acetonitrile (14, 16, 17) while others were soluble in 

water (12, 13, 15). As such, a mixed solvent system (ACN/H2O) was used to ensure complete 

solubility of the U6 precursors. Acetonitrile, oleylamine and a mixture of oleylamine/octadecene 

were also explored as these are common solvents for nanoparticle synthesis;185-186, 229 however, it 

is worth noting that the use of these solvents resulted in incomplete dissolution of the hexamer 

precursors in several instances. The reaction time was also explored; longer reaction times showed 

no indication of a significant change to particle size. Reactions were heated at two temperatures, 

100 ºC and 200 ºC, and similarly there was no indication that an increase in temperature influenced 

the size of the resulting UO2 nanoparticles. However, increased aggregation was observed 

(Appendix I.15, I.18, I.22, and I.25). Below 100 ºC, UO2 nanoparticles were not observed. 

Precursor concentrations were kept consistent. Due to the low yield of 13 and 15, precursor 

concentrations of 0.001, 0.003, and 0.008 μM were used in these studies. There was no indication 

of a significant change in particle size based on concentration. Increasing the ligand concentration 

of 15 and 17 was also explored; however, excess of ligand led to no observable change in particle, 

only the amount of recrystallized ligand. The solution from which 17 crystallized was heated to 

see if there was a difference between dissolving the hexamer precursor and heating the solution 

and just heating the solution before the hexamer crystallized, but no change in particle size was 

observed. The preliminary investigations into synthetic modifications showed that the variations 

led to no significant changes in particle size or morphology. It should be of note that the UO2 

nanoparticles synthesized by May Nyman et al. using glycine formed particles that varied in size 

between 6.2 and 8.5 nm.103 However, sub-2 nm particles are observed in this study. These 

differences may be attributed to variations in precursor concentration (0.001 – 0.008 μM versus 
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70 mM) and synthetic conditions. Dissolution of the U(IV)-glycine hexamers (15) in exclusively 

H2O at a concentration of 70 mM, similarly yielded particles ranging in size between 6.2 nm and 

8.5 nm (Appendix I.19). Studies focused on the effects of synthetic modifications, particularly 

precursor concentration and solvent identity are currently ongoing. 

6.4 Characterization of UO2 Nanoparticles 

 There are a number of characterization techniques that can be used for UO2 nanoparticles; 

however, for this chapter PXRD, DLS, and TEM were used. The PXRD confirmed the formation 

and identity of UO2 nanoparticles (Appendix C.17 – C.20, C.22, and C.23). To examine the size 

and distribution of particles, dynamic light scattering data were collected. A normalized fit was 

obtained with a linear number weighted distribution that showed particles with an average size of 

2.18(10) to 3.50(24) nm for 12 – 17, respectively, no matter the reaction conditions. The 

distribution showed a component at larger particle size that is likely due to aggregates. TEM 

imaging confirmed the presence of sub-3 nm UO2 nanocrystals in each sample, which are similar 

in size to those described in Chapter 4, abut, smaller than those previously reported (5 – 9 nm).99, 

103, 185-186 The PXRD pattern from the heated solution of 14 is shown in Figure 6.5(a) and shows a 

typical PXRD pattern observed for the resulting particles; the TEM images in Figure 6.5(b) shows 

the typical particle size of sub-3 nm. From high resolution TEM imaging, the atomic spacing was 

determined to be 3.2 Å and corresponds to the {111} lattice plane of UO2 (Figure 6.5 and 

Appendixes I10, I12, I14, I17, I21, and I24).  
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Figure 6.5. (a) PXRD pattern of the UO2 nanoparticles from the heated solution of 14 (red) 

overlaid with UO2 CIF (black, ICSD collection code: 29086). (b) TEM image of the UO2 

nanoparticles. The inset shows d-spacing of 3.2 Å for a single particle. 

 

 The UO2 particle sizes determined from DLS and TEM measurements are shown in Table 

6.1. There data are for reactions with a hexamer precursor concentration of 16 μmol in 2 mL 

ACN/H2O, heated at 100 ºC for 45 mins (Appendix I.9, I.11, I.13, I.16, I.20, and I.23). The size of 

the particles observed for all synthetic modifications for 14, 15, 16, and 17 were averaged and the 

averaged particle size fell between 2.2 – 2.5 nm (Appendix I.15, I.18, I.22, and I.25). The observed 

sizes are smaller than the few reports that have been published where An(IV)-carboxylates were 

used as precursors for UO2 nanoparticle formation (5 – 9 nm).103, 186, 230 However, there is one 

report were U(VI)-glutathione systems were investigated as precursors and mixed valence uranium 

nanoparticles ranging in size from 2 – 5 nm were observed.230 There are also reports where aqueous 

solutions of thorium nitrate or  plutonium that were pH adjusted with base (i.e. ammonium or 

sodium hydroxide) formed AnO2 nanocrystals that range between 2 – 3 nm sizes.228, 231-232 

Additionally, the formation of ThO2 nanocrystals that were only a few hundredths of a nanometer 

in size have been reported.229, 233 It is not uncommon to have small nanoparticles that further 
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aggregate to form larger particles, which may have occurred in the case when aggregation was 

observed when the temperature was increased.234 The variation in pKa and bulkiness of the ligand 

does not seem to influence the size of the particle. Preliminary results indicate that the particle size 

is not influenced by synthetic conditions either; however, only a small number of synthetic 

conditions are explored. It would be of great interest to further investigate higher precursor 

concentration and a larger range of modified synthetic conditions to confirm the influence of each 

on size and morphology. Only the hexamer precursor was explored in the work but studying other 

precursors and organic ligands that have larger variety in their pKa and sterics should be examined. 

For example, sulfonates should bind less tightly resulting in larger particle sizes and phosphonates 

should bind tighter resulting in smaller particles. Sulfonates and phosphonates are the next organic 

ligand our group is interested in examining. This preliminary work is significant to the community 

as there is a limited number of reports that have explored the formation of AnO2 nanoparticles 

from An(IV)-carboxylate precursors and even fewer focused on UO2 nanoparticles. 

 

Table 6.1. UO2 particle size calculated from DLS and TEM for 12 – 17. 

Hexamer Precursor pKa DLS (nm) TEM (nm) 

[U6O4(OH)4(H2O)6(FM)12]•13.062(H2O) (12) 3.75 2.18(10) 1.9(4) 

[U6O4(OH)4(H2O)10(OAc)8]•4Cl•7(H2O) (13) 4.75 3.46(13) 2.7(6) 

[U6O4(OH)4(H2O)4(ClAA)12]•nH2O (14) 2.87 3.00(18) 2.5(4) 

[U6O4(OH)4(H2O)6(HGly)12]•12Cl•12(H2O) (15) 2.34 2.30(21) 2.1(3) 

[U6O4(OH)4(H2O)4(BA)12]•1.8(EtOH)•(H2O) (16) 4.20 2.46(13) 2.3(4) 

[U6O4(OH)4(H2O)8(3,5diHBA)8]•4Cl•n(H2O) (17) 4.04 3.03(13) 2.6(3) 
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6.5 Summary 

 This chapter presents an exploration into the reactivity of U(IV) hexamers as precursors 

for the formation of UO2 nanoparticles. A variety of carboxylate ligands that ranged in pKa and 

functionality were explored resulting in ligand decorated hexanuclear units of the general formula: 

[U6O4(OH)4(H2O)x(RCOO)y] (x = 4, 6, 8, or 10 and y = 8 or 12). Our results showed that the 

precursor identity and synthetic conditions (i.e. reaction time, reaction temperature, solvent, and 

precursor concentration) had little influence on the resulting particle size. These preliminary 

studies using the hexamer structural unit as a precursor highlight the need to further study other 

structural units and reaction conditions on understanding the influence of these factors on the 

particle size. 

6.6 Synthetic Details for 12 – 17 

6.6.1 [U6O4(OH)4(H2O)6(FM)12]•13.062(H2O) (12) 

Compound 12, [U6O4(OH)4(H2O)6(FM)12]•13.062(H2O), was synthesized using uranium 

hydroxide as the uranium starting material. Uranium hydroxide was prepared via precipitation by 

addition of NH4OH (0.44 g, 1.3 mmol) to a solution of UCl4 (0.19 g, 0.50 mmol) in H2O (1.0 g, 

56 mmol) in a 30 mL centrifuge tube. Once NH4OH was added, a green precipitate immediately 

formed. The tube was centrifuged at 4500 rpm for four minutes and the clear, colorless supernatant 

was removed. Concentrated formic acid (2.4 g, 53 mmol) was immediately added to the green 

precipitate. The green pellet dissolved into solution after vortexing for two minutes. The clear, 

green solution was then transferred to a 10 mL glass vial and left uncapped under N2 to slowly 

evaporate. After ten days, green block crystals formed. After an additional 48 hours, the crystals 

were separated from solution and dried for 24 hours under N2. Yield based on U: 0.074 g, 37%. 

Elemental Analysis: calc (obs): C: 6.00% (6.20%); H: 0.50% (0.66%); N: 0.0% (0.0%). 
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6.6.2 [U6O4(OH)4(H2O)10(OAc)8]•4Cl•7(H2O) (13) 

 UCl4 (0.075 g, 0.20 mmol) was dissolved in H2O (2.0 g, 111 mmol) then transferred to a 10 mL 

glass vial containing sodium acetate (0.016 g, 0.20 mmol). The clear green solution was then left 

to evaporate in a N2 glovebox. After three weeks, green cube crystals and colorless square crystals 

(recrystallized sodium acetate) were observed. The green crystals were manually separated from 

recrystallized ligand. Yield based on U: 0.025 g, 31%. Elemental Analysis: calc (obs): C: 7.87% 

(7.93%); H: 0.99% (1.12%); N: 0.0% (0.0%). 

6.6.3 [U6O4(OH)4(H2O)4(ClAA)12]•n(H2O) (14) 

UCl4 (0.075 g, 0.20 mmol) was dissolved into H2O (2.0 g, 111 mmol) then transferred to a 

10 mL glass vial containing chloroacetic acid (0.038 g, 0.40 mmol). The pH was adjusted with 2 

M NaOH (500 uL) where a white gel-like phase formed immediately. The solution was capped 

and slightly shaken by hand and the white gel-like phase dissolved back into solution. After 24 

hours, green cube crystals had precipitated from the clear green solution. The crystals were 

separated from solution after four days and dried for 24 hours under N2. Yield based on U: 0.016 

g, 18%. Elemental Analysis: calc (obs): C: 10.52% (10.83%); H: 0.81% (1.24%); N: 0.0% (0.0%). 

6.6.4 [U6O4(OH)4(H2O)6(HGly)12]•12Cl•12(H2O) (15) 

Compound 19, [U6O4(OH)4(H2O)6(HGly)12]·12Cl·12(H2O), was previously synthesized 

by May Nyman et al.;103 however, the synthesis reported below was determined to precipitate the 

same phase. UCl4 (0.038 g, 0.10 mmol) and NaCl (0.058 g, 1.0 mmol) were dissolved into H2O 

(2.0 g, 111 mmol). The solution was then transferred to a 10 mL glass vial containing glycine (0.25 

g, 3.5 mmol) and left to evaporate under N2. After two weeks, green cube crystals and colorless 

cube crystals, recrystallized glycine, formed at the bottom of the layer. The green cube crystals 
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were manually separated from recrystallized glycine. Yield based on U: 0.016 g, 41%. Elemental 

Analysis: calc (obs): C: 6.17% (6.07%); H: 1.29% (1.43%); N: 3.60% (3.58%). 

6.6.5 [U6O4(OH)4(H2O)4(BA)12]•1.8(EtOH)•(H2O) (16) 

UCl4 (0.075 g, 0.20 mmol) was dissolved into a mixture of water (1.0 g, 56 mmol) and 

ethanol (0.79 g, 17.1 mmol). The solution was then transferred to a 10 mL glass vial containing 

benzoic acid (0.048 g, 0.40 mmol) and capped. After 24 hours, green cube crystals formed at the 

bottom of the vial. The crystals were separated from a clear green solution after 4 days and dried 

for 24 hours under N2. Yield based on U: 0.053 g, 50%. Elemental Analysis: calc (obs): C: 33.02% 

(33.13%); H: 2.54% (2.56%); N: 0.0% (0.0%). 

6.6.6 [U6O4(OH)4(H2O)8(3,5diHBA)8]•4Cl•n(H2O) (17)  

 UCl4 (0.075 g, 0.20 mmol) was dissolved into H2O (2.0 g, 111 mmol) then transferred to a 10 

mL glass vial containing 3,5 dihydroxybenzoic acid (0.062 g, 0.40 mmol). The pH was adjusted 

with pyridine (0.010 g, 0.12 mmol) where a white gel-like phase formed, however, the gel-like 

phase went back into solution once the vial was shaken by hand leaving a clear green solution. 

After 24 hours, green cube crystals formed at the bottom of the vial. The crystals were separated 

from solution after 4 days and dried for 24 hours under N2. Yield based on U: 0.035 g, 35%. 

Elemental Analysis: calc (obs): C: 22.05% (22.33%); H: 1.32% (1.56%); N: 0.0% (0.0%). 

6.6.7 UO2 Nanoparticle Synthesis 

 Crystals from the synthetic procedures described above for 12 - 17 were used as precursors 

for the synthesis of UO2 nanoparticles. A generic procedure is described below while a more 

detailed analysis of the modifications for reaction time (45 minutes, 1 hour, 2 hours, and 24 hours), 

reaction temperature (100 ºC and 200 ºC), precursor concentration (0.001 μM, 0.003 μM, and 
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0.008 μM), and solvent (oleylamine, oleylamine/octadecene, acetonitrile, and acetonitrile/water 

mixture) are presented in section 6.5. 

Crystals (16.0 μmol) were dissolved in a mixture of water (0.50 g, 27.8 mmol) and 

acetonitrile (1.57 g, 38.3 mmol) and placed into a 15 mL thick walled pressure tube. The green 

solution was then heated at 100 ºC for 45 minutes. The tube was removed from heat and allowed 

to cool for an hour. The greenish-black colored solution and black precipitate were transferred to 

a 30 mL centrifuge tube. The tube was centrifuged for 10 minutes at 4500 rpm to separate the 

solution and precipitate. The tubes were than washed with 7.5 mL ethanol and centrifuged for 10 

minutes at 4500 rpm. The tube containing the heated solution resulted in the formation of two 

layers, a clear layer and a dark green layer. The clear supernatant was disposed and 2 mL H2O was 

added before the tubes went through another two washes for a total of three washes. The dark 

green layer was drop-casted onto a sample holder for analysis with powder X-ray diffraction as 

well as the precipitate. Samples for dynamic light scattering (DLS) were set up by diluting 100 uL 

reaction solution with 2 mL H2O. Samples for TEM were set up by dipping carbon-coated copper 

grids into a mixture of 10 μL reaction solution and 5 mL H2O. It is of importance to note that when 

the reaction solutions of redissolved 15 and 16 were heated, no precipitate was observed, only a 

dark green solution. 

6.7 Experimental Methods 

6.7.1 Single Crystal X-ray Diffraction 

Single crystals from the reaction products were used for single crystal X-ray diffractions 

studies and details on the crystallographic refinements can be found in Table 6.2. Single crystal 

X-ray diffraction data were collected at 100(2) K on a Bruker D8 Quest diffractometer equipped 

with an IμS X-ray source (Mo-Kα radiation; λ=0.71073 Å) and a Photon 100 detector. Data were 



153 

 

integrated using the SAINT software package included with APEX2.169 The absorption correction 

was applied using a multi-scan technique in SADABS.169 The structures were solved using direct 

methods via SHELXT and refined by full-matrix least-squares on F2 using the SHELXL software 

in shelXle.170-171 

6.7.1.1 Refinement Details 

  There is substitutional disorder at the oxo/hydroxyl positions in the cluster for 12. Three of 

the lattice water molecules (O9, O10, O11) are partially occupied and disordered over two 

positions.  Similar displacement amplitudes (esd 0.01) were imposed on disordered sites 

overlapping by less than the sum of van der Waals radii.  The water and hydroxo hydrogen atoms 

could not be located in the difference map and thus were left off of the model.  Remaining 

hydrogen atoms were included as riding idealized contributors.  Hydrogen atom U's were assigned 

as 1.2 times carrier Ueq. The crystal structure of 13 reported in this thesis is not publishable quality 

data due to high unresolved electron density, however, the data refined enough that the formula 

and bond connectivity was able to be resolved. Therefore, it is discussed in section 6.4 and the 

formula was confirmed with other characterization techniques. 

 For 14, a structural model consisting of the host plus 10.5 disordered water solvate molecules 

per asymmetric unit was developed; however, positions for the idealized solvate molecules were 

poorly determined.  Since positions for the solvate molecules were poorly determined a second 

structural model was refined with contributions from the solvate molecules removed from the 

diffraction data using the bypass procedure in PLATON.  No positions for the host network 

differed by more than two su's between these two refined models.  The electron count from the 

"squeeze" model converged in good agreement with the number of solvate molecules predicted by 

the complete refinement.  The "squeeze" data are reported here. 
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 There is substitutional disorder of all eight cluster oxo/hydroxo groups.  Portions of four of the 

ligands are disordered over two positions.  The like C-Cl and C-C distances were restrained to be 

similar (esd 0.01Å).  Similar displacement amplitudes (esd 0.01) were imposed on disordered sites 

overlapping by less than the sum of van der Waals radii.  The water and hydroxide hydrogen atoms 

could not be located in the difference map, so they were left off of the model.  Hydrogen atoms 

were included as riding idealized contributors.  Hydrogen atom U's were assigned as 1.2 times 

carrier Ueq. 

 Crystals of 15 have already been published by Nyman et al., however, the structural unit is still 

discussed in section 6.1. All oxo/hydroxo groups of both clusters for 16 are substitutionally 

disordered.  One ethanol molecule is disordered over two orientations.  The like C-O and C-C 

distances were restrained to be similar (esd 0.01Å).  The other ethanol molecule is partially 

occupied.  It refines to approximately 77.8% occupancy.  Similar displacement amplitudes (esd 

0.01) were imposed on disordered sites overlapping by less than the sum of van der Waals radii.   

All water hydrogen atoms were located in the difference map.  The O-H distances were restrained 

to be 0.88 (esd 0.01Å).  The hydrogen atoms on disordered oxo/hydroxo positions could not be 

located in the difference map and thus were left off of the model. Hydroxyl hydrogen atom 

positions, R-OH, were optimized by rotation about R-O bonds with idealized O-H and R--H 

distances. Remaining hydrogen atoms were included as riding idealized contributors.  Hydroxyl 

and water hydrogen atom U's were assigned as 1.5 times Ueq of the carrier atom; remaining 

hydrogen atom U's were assigned as 1.2 times carrier Ueq. 

 All crystals of 17 examined exhibited non-merohedral twinning. This structural model was 

solved and refined using data from both domains.  A structural model consisting of the host plus 

~90 disordered water solvate molecules per unit cell was developed; however, positions for the 
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idealized solvate molecules were poorly determined.  Since positions for the solvate molecules 

were poorly determined a second structural model was refined with contributions from the solvate 

molecules removed from the diffraction data using the bypass procedure in PLATON.  No 

positions for the host network differed by more than two su's between these two refined models. 

The electron count from the "squeeze" model converged in good agreement with the number of 

solvate molecules predicted by the complete refinement.  The "squeeze" data are reported here.  

 The ligand is disordered over two positions across a symmetry site.  The aryl rings are 

constrained to be ideal hexagons.  The C-O hydroxyl distances were restrained to be 1.30 (esd 

0.02Å).  There is substitutional disorder at the cluster oxo/hydroxo site.  One of the chloride anions 

is disordered over two positions.  Similar displacement amplitudes (esd 0.01) were imposed on 

disordered sites overlapping by less than the sum of van der Waals radii.  The cluster water and 

hydroxy hydrogen atoms could not be located in the difference map and thus were left off of the 

model.  The ligand hydroxyl hydrogen atoms could not be located in the difference map.  Hydroxyl 

hydrogen atom positions, R-OH, were optimized by rotation about R-O bonds with idealized O-H 

and R--H distances.  Remaining hydrogen atoms were included as riding idealized contributors.  

Hydroxyl hydrogens atom U's were assigned as 1.5 times Ueq of the carrier atom; remaining 

hydrogen atom U's were assigned as 1.2 times carrier Ueq. 
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Table 6.2. Crystallographic Structure Refinement Details for 12-17. a 

 12 13 14 15 16 17 

Formula U6O51.06C12H12 U6O41C16H24Cl4 U6O36C24H24Cl12 U6O50C24N12Cl12H112 U6O38.78C87.56H80.68 U6O48C56H40Cl4 

MW (g/mol) 2401.39 2442.32 2742.01 3222.80 3181.60 3050.86 

Temperature (K) 100(2) 100(2) 100(2) 100(2) 100(2) 100(2) 

Crystal System Cubic Monoclinic Triclinic Trigonal Monoclinic Tetragonal 

Space Group Fd-3c P21/m P-1 R-3 P21/n I4/mmm 

λ (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 

a (Å) 33.1904(10) 11.3616(6) 11.3181(10) 22.3240(9) 15.7847(6) 16.7084(9) 

b (Å) 33.1904(10) 20.7325(11) 12.3375(11) 22.3240(9) 24.6826(9) 16.7084(9) 

c (Å) 33.1904(10) 12.2761(7) 23.804(2) 15.0936(7) 23.8744(10) 24.8816(18) 

α (deg) 90 90 96.336(3) 90 90 90 

β (deg) 90 105.315(2) 90.656(3) 90 95.165(1) 90 

γ (deg) 90 90 96.802(3) 120 90 90 

Volume (Å3) 36563(3) 2789.0(3) 3279.3(5) 6514.3(6) 9263.9(6) 6946.2(9) 

Z 32 2 2 6 4 2 

ρ (g/cm3) 3.490 2.879 2.777 3.569 2.281 1.459 

μ (mm-1) 21.320 17.643 15.332 22.44 10.541 7.104 

R1 0.0207 0.0495 0.0302 0.0425 0.0308 0.0670 

wR2 0.0465 0.1455 0.0645 0.0960 0.0523 0.2188 

GOF 1.248 1.033 1.1196 1.006 1.033 1.680 

CCDC    1530220   

aThe formula and formula weight reported for 12 – 14, 16 and 17 excludes hydrogens and solvent 

molecules in the outer coordination sphere as these were not located during refinement. 

 

6.7.2 Powder X-ray Diffraction 

 Powder X-ray diffraction (PXRD) data were collected using a Rigaku Ultima IV diffractometer 

(Cu Kα λ = 1.542 Å, 2θ = 10 – 80°). UO2 nanoparticles were drop casted onto powder sample 

holders and comparison of the experimental powder pattern with that reported for UO2 (ICSD 

reference code 29086; Appendix C.17-C.23) confirmed transformation to UO2. 
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6.7.3 Elemental Analysis 

 Combustion elemental analysis (EA) was collected on a PerkinElmer Model 2400 Elemental 

Analyzer. Samples of 12 - 17 (1.5 – 2.0 mg) were weighed into small tin capsules. The samples 

were run in triplicate and the reported value is the average.  

6.7.4 UV-vis-NIR Spectroscopy 

 Optical spectra for 12 – 17 were collected on an Agilent Technologies Cary 5000 UV-Vis-NIR 

using a diffuse reflectance attachment. The solid sample (20.0 mg) was mixed with 

polymethylmethacrylate (0.100 g) to give a uniform sample coverage in the solid-state sample 

holder. The spectra were collected from 400 to 700 nm with a scan rate of 600 nm/min using the 

Cary WinUV program. 

6.7.5 Dynamic Light Scattering 

 Dynamic light scattering data were collected in an effort to further support the particle size 

obtained from TEM analysis. The mother liquor (1 mL) was diluted with 3 mL of water to reduce 

the effects of multiple scattering. Samples were prepared in duplicate and data were collected at 

room temperature using an Ar ion laser (λ = 488 nm) with a scattering angle of 90° relative to the 

incident beam. Scattered light was collected by a single mode optical fiber, which was coupled to 

a photon counting avalanche photodiode. The photon count rates were processed by an ALV5000 

hardware autocorrelator board. The distribution of diffusion times was determined using the ALV 

NonLin fitting routine, a nonlinear constrained regularization of the autocorrelation function based 

on CONTIN, between delay times of 600 ns and 367 ms.224 The Stokes-Einstein relation was used 

in order to convert the distribution of diffusion times to a corresponding distribution of 

hydrodynamic radii, along with the viscosity of the water solution mixture of 0.89 and refractive 

index of 1.3325.235  
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6.7.6 High-resolution Transmission Electron Microscopy 

Solutions were prepared following the procedure that yielded 12 – 17 and subsequently heated to 

100-120 C. Particle imaging was performed on a JEOL JEM-2100F FEG-TEM operated at 200 

kV at the Advanced Imaging and Microscopy Lab in University of Maryland. Samples were 

prepared by dipping carbon-coated copper grids in dilute nanomaterial solutions and drying at 

room temperature. Fourier transform measurements of the images were performed using ImageJ 

software to generate diffraction spots for determining distances between atomic planes (Appendix 

I.9 – I.25). 

6.7.7 Thermogravimetric Analysis  

 Thermogravimetric analysis data were collected on a TA instruments Q50 system 

Thermogravimetric Analyzer. The outer coordination solvent molecules were driven off for 16 

when the sample was heated to 100 °C at 5 °C · min-1 under flowing nitrogen (10 mL · min-1) and 

held at 100 °C for 30 minutes before the sample was heated to 600 °C.  The software TA universal 

analysis was used to collect and process the data (Appendix G.11). 
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Chapter 7 : Dissertation Summary 

7.1 Summary 

 Insight into the species that persist in solution and/or precipitate in the solid state is critical 

to our understanding of actinide chemical behavior under conditions relevant to separation 

chemistries, waste management, and environmental remediation. Such knowledge requires an 

understanding of the factors that influence species formation, including redox chemistry, 

hydrolysis and condensation, and ligand complexation. In this work, we have sought to elucidate 

the conditions over which various An(IV) species are stable. Towards this aim we: (1) established 

variations in structural chemistry through controlled synthetic modifications, (2) correlated the 

species formed in solution with those precipitated into the solid state, (3) studied the influences of 

the metal center (i.e. differences in Th(IV) and U(IV) structural chemistry), and (4) developed an 

understanding of reactivity of various structural units. Further, as optical spectroscopy has been 

reported as a potentially useful technique in probing An(IV) speciation, we have looked to further 

develop optical spectroscopy as an in-house technique for probing metal complex formation, 

beyond mononuclear and hexanuclear complexes. Variations in the solid-state optical spectra were 

observed for compounds that vary in nuclearity (i.e. tetramer, hexamer), dimensionality (i.e. 

isolated (0-D) units, 1-D chains, etc.), and solvent incorporation (i.e. THF, DMF, and H2O). We 

have also looked to control structural unit formation through systematic examination of the 

synthetic conditions (i.e. solvent, metal to ligand ratio, pH, and temperature) to guide our 

understanding on the competition between hydrolysis and condensation and ligand complexation. 

Moreover, we have investigated the influence of U(IV)-carboxylate hexamer precursors and the 

synthetic conditions on the formation of UO2 nanoparticles. This preliminary study showed neither 
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the precursor nor the synthetic conditions have any notable effects on particle size or morphology, 

pointing to the special stability of nanoparticles of 2 – 3 nm. 

 In Chapter 3, the structural chemistry of Th(IV)-furoate and 2,5-furan dicarboxylate 

compounds were explored. Modification of the synthetic conditions gave rise to four unique 

compounds that varied in nuclearity, overall connectivity, and dimensionality. The influence of 

organic ligand, metal to ligand ratio, temperature, and pH were explored to highlight the impact of 

the ligand and synthetic modification on the structural chemistry. Th(IV)-furoate complexes gave 

rise to 1-D chains no matter the synthetic modification while two different compounds were 

synthesized when 2,5 furan dicarboxylic acid was chosen as the ligand. Room temperature 

reactions led to the formation of an isolated dimeric unit while hydrothermal reactions led to a 3-

D extended network. This chapter highlights the importance of the organic ligand and synthetic 

conditions on species formation. 

Chapter 4 explored U(IV)-2-furoate structural chemistry and discussed the influence of the 

metal centers, Th(IV) and U(IV), on the species precipitated.  This chapter highlighted the rich 

structural diversity of U(IV)-2-furoate complexes that can be accessed through control of the 

synthetic variables such as solvent, metal to ligand ratio, and temperature. Modification of the 

synthetic conditions led to four novel U(IV)-2-furoate polynuclear clusters and a U(IV)-2-furoate 

1-D chain. Limiting the amount of water in the solution led to the formation of a tetramer while 

increasing the amount of ligand pushed towards the formation of a 1-D chain. Increasing the 

amount of water favored the formation of hexanuclear units that varied in binding modes and 

solvents in the outer coordination sphere. The solid-state optical spectra of these compounds varied 

substantially; thus, optical spectroscopy was examined as a potential handle for understanding the 

species in solution. 
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In Chapter 5, two novel An(IV)-4-hydroxybenzoate hexameric units (An = Th and U) were 

synthesized under aqueous conditions. This chapter focused on species formation in solution and 

the solid state for U(IV) using optical spectroscopy and Small Angle X-ray scattering techniques. 

The optical and SAXS data suggest that the hydroxybenzoate decorated clusters do not exist to an 

appreciable extent in solution, which was attributed to the relatively low solubility of the 4-

hydroxybenzoic acid ligand. The U(IV) crystals were dissolved into solution and the hexamer was 

found to stay intact. Further, the evolution of these species as a function of temperature was 

explored. An evolution of species and increase in particle size to yield ultimately nanoparticles 

was observed. This chapter highlighted the impact the ligand had on both the stability and 

solubility of the hexanuclear unit as well as the utility of the organic ligand thwarting hydrolysis 

and condensation. 

Finally, in Chapter 6, an exploration into the reactivity of U(IV) hexamers as precursors 

for the formation of UO2 nanoparticles and the influence of synthetic conditions on the size and 

morphology of the particles formed was presented. Using a variety of carboxylates that ranged in 

pKa and functionality, six U(IV) hexamers were synthesized. The solid-state optical spectra 

showed peaks consistent with U(IV) hexamers and the variation observed was attributed to the 

outer sphere coordination solvents. Similar sized UO2 nanoparticles were observed for all hexamer 

precursors no matter the synthetic modifications (i.e. solvent, precursor concentration, reaction 

time, and reaction temperature). This chapter showed the size and morphology of the particle was 

not influenced by the hexamer precursor and investigations are ongoing in examining other 

structural units and reaction conditions for their influence on UO2 nanoparticle size and 

morphology. 
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 Syntheses of An(IV)-carboxylate compounds are non-trivial as redox chemistry, hydrolysis 

and condensation, and ligand complexation all must be accounted for and considered. One of the 

main aims of this research has been to establish synthetic avenues to arrive at targeted An(IV)-

carboxylate compounds with an eye towards phase control. A systematic approach via 

manipulation of synthetic variables (i.e. solvent, metal to ligand ratio, pH, and temperature) led to 

a breadth of compounds isolated that ranged in metal ion coordination, nuclearity, and overall 

dimensionality. The synthetic strategies reported in this dissertation present several new avenues 

to control the competition between hydrolysis and condensation and complexation with the organic 

ligand, which impacts the formation of unique structural units. 

Prior to this work, most accounts of An(IV)-carboxylate compounds have used a fairly 

limited carboxylate ligand donor set focused on the impact on hydrolysis and condensation on 

structure formation. Only recently has the competition of hydrolysis and condensation and ligand 

complexation been examined. Also, there is a lack of information on the transformation of An(IV)-

carboxylate complexes to AnO2 nanoparticles. Significant time and effort were spent dealing with 

synthetic challenges in isolating the compounds presented herein. This work has added to our 

understanding of species formation where it was found that controlled synthetic conditions, metal 

center, and ligand identity can influence the units that form. Moreover, hexanuclear unit precursors 

were analyzed to determine the effect on nanoparticle size, making this one of the first studies that 

analyzed the influence of U(IV)-carboxylate hexanuclear precursors on UO2 nanoparticle particle 

size and morphology. This has allowed a more thorough analysis of the competition between 

hydrolysis and condensation and ligand complexation, which inform on species formation and 

provides a basis to further develop how the precursor can influence the transformation to UO2. 
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7.2 Outlook 

 The research presented herein provides several avenues for future research; 

however, a key step forward is computational analysis to further investigate the influence of the 

coordination environment on the optical spectrum that is experimentally observed. The theoretical 

analysis should complement experimental data and help understand the factors (i.e. symmetry, 

nuclearity, coordination environment, and solvent) that give rise to the variations observed in the 

optical spectra. Five novel U(IV)-carboxylate one-dimensional chains were synthesized in order 

to examine the variations in the optical spectra based on differences in the coordination 

environment. The 1-D chains that were complexed with furoate ligands had the most intense 

splitting observed in the optical spectra. Computational analysis of the U(IV)-carboxylate 1-D 

chains is ongoing and will provide information on the factors that contribute to variations observed 

in the optical spectra. Examining optical spectroscopy as an in-house technique for probing 

speciation not only allows for an easily accessible technique, but might also led to a more 

informative correlation between the species that exist in solution and the solid state. 

Another avenue of research should investigate how the An(IV) precursor and reaction 

conditions effect the size of nanoparticles formed. This work suggests that no matter the U(IV)-

carboxylate hexanuclear unit, the transformation leads to the same size UO2 nanoparticles, 

whereas, the few reports from literature that explore the transformation of U(IV)-carboxylate 

complexes show UO2 nanoparticles that are larger in size than observed in this work. Development 

of additional studies using precursors that have a wider range of nuclearity and dimensionality and 

a larger exploration of reaction conditions would provide a greater basis for understanding the 

influence of each on particle size. However, synthesizing a variety of similar structural units (i.e. 

tetramers or 1-D chains) using carboxylic acids that vary in pKa and steric hindrance will be 
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challenging as was observed for the hexamers synthesized in this work. Further exploration of 

other ligands that increase in complexity (i.e. sulfonates and phosphonates) will further inform the 

role the ligand plays in species formation. 

Overall, An(IV)-carboxylates are a promising class of compounds for understanding 

actinide chemical behavior and the competition of hydrolysis and condensation and ligand 

complexation, specifically, as well as the influence of synthetic conditions on species formation. 

This dissertation has presented several synthetic strategies through thoughtful synthetic design that 

have expanded our knowledge of Th(IV) and U(IV) structural chemistry, presented a basis for 

using optical spectroscopy as an in-house to probe speciation, and examined the transformation to 

UO2 nanoparticles. 
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 : Ongoing Investigations: Developing Optical Spectroscopy as a Tool to Probe 

Speciation 

The syntheses, structural comparison, and variations in the optical spectra of U(IV)-

carboxylate 1-D infinite chains are of interest and the preliminary exploration is presented in this 

Appendix. The intent is to determine variations in the optical spectra for several U(IV)-carboxylate 

1-D chain array and attribute these differences to variances in the coordination environment. If 

optical spectroscopy could be used as a handle for establishing the structural unit that exists in 

solution and correlate to the solid state, then the actinide community would gain a cheap and simple 

in-house technique that could provide essential information for speciation. The five 1-D chains 

that were studied are [UCl2(2-FA)2(H2O)2]n (5), [UCl(H2O)(PA)3]n (18), [U(OAc)4]n· (AA) (19), 

[U(3-FA)4]n (20), and [U(2-FA)4]n (21) (2-FA = 2 furoate, PA = propionate, OAc = acetate, AA = 

acetic acid, 3-FA = 3 furoate). The compounds were found to vary in the coordination environment 

dependent on the identity of the ligand, highlighting the unique structural diversity. There 

variations in the coordination environment led to notable differences in the solid optical spectra. 

The synthesis, structural description, and characterization of these compounds are reported in this 

section. 

 Overall, work presented here demonstrates the complexity in understanding the role that 

the coordination environment plays in the shifting and increase in splitting of the peaks observed 

in the optical spectra. Furthermore, the work provides insights into how coordination environment 

and ligand complexation affect the observed optical spectra. The work presented in this section 

currently has computational analysis ongoing. 
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A.1 Structural Systematics of 5, 18 – 21 

To study the variations in the optical spectra, four novel U(IV) 1-D chains were synthesized 

to compare their optical spectra. Compound 5, previously reported in Chapter 4 will also be 

compared. The structural comparison of the U(IV)-carboxylate chains are presented herein. 

 Compound 5, [UCl2(2-FA)2(H2O)2]n, previously described in Chapter 4, crystallizes in the 

monoclinic space group C2/c. The structure is built from one crystallographically unique U(IV) 

metal center, one chloride, one water molecule, and one distinct furoate ligand. The uranium metal 

center is 8-coordinate bound to two Cl ions, two bound water molecules, and four oxygens from 

four bridging bidentate 2-furoates. The local coordination sphere and one crystallographic unique 

2-furoate are shown in Figure A.1a. The adjacent metal centers bridged through 2-furoate into 1-

D chains that propagate along the [001] (Figure A.1b) with a U···U interatomic distance of 

5.165(2) Å. Overall the structure adopts a three dimensional supramolecular network through - 

stacking interactions of the furan rings with minimum Cg···Cg distances of 3.470(1) Å and a slip 

angle of 16.4º. 
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Figure A.1 (a) Ball and stick representation of the local coordination sphere for 5 showing 

one crystallographically unique 2-furoate. (b) Polyhedral representation of 5, highlighting the 

ligand bridged 1-D chain that extends along the [001]. Dark green, light green, red, and black 

spheres represent uranium(IV), chlorine, oxygen, and carbon atoms, respectively. Green polyhedra 

are 8-coordinate U(IV). Hydrogen atoms are not shown for clarity. Superscript denotes symmetry 

operators: (i) -x + 1, -y + 1, -z + 1; (ii) -x+1, y, -z + 3/2; (iii) x, -y+1, z + 1/2. 

 

Compound 18, [UCl(H2O)(PA)3]n, crystallizes in the monoclinic space group P21/c. The 

structure is built from one crystallographically unique U(IV) metal center, one chloride, one water 

molecule, and three distinct propionate ligands. The uranium metal center is 9-coordinate bound 

to one chloride ion, one bound water molecule, two oxygens from one chelating bridging 

monodentate propionate and five oxygens from five bridging bidentate propionates. The local 

coordination sphere and three crystallographic unique propionates are shown in Figure A.2a. 

Adjacent metal centers bridged through propionate units into 1-D chains that propagate along the 

[001] (Figure A.2b) with a U···U interatomic distance of 4.170(1) Å.  
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Figure A.2. (a) Ball and stick representation of the local coordination sphere for 18 showing 

the three crystallographically unique propionates. (b) Polyhedral representation of 18, 

highlighting the ligand bridged 1-D chain that extends along the [001]. Dark green, light green, 

red, and black spheres represent uranium(IV), chlorine, oxygen, and carbon atoms, respectively. 

Green polyhedra are 9-coordinate U(IV). Hydrogen atoms are not shown for clarity. Superscript 

denotes symmetry operators: (i) -x+1, -y+1, -z and (ii) -x+1, -y+1, -z+1. 

 

Compound 19, [U(OAc)4]n· (AA), crystallizes in the monoclinic space group P2/c. The 

structure is built from one crystallographically unique U(IV) metal center and two distinct acetate 

ligands. The uranium metal center is 10-coordinate bound to ten oxygens from ten bridging 

bidentate acetates. The local coordination sphere and two crystallographic unique acetates are 

shown in Figure A.3a. Adjacent metal centers bridged through acetate units into 1-D chains that 

propagate along the [001] (Figure A.3b) with a U···U interatomic distances of 4.194(2) Å. 
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Figure A.3. (a) Ball and stick representation of the local coordination sphere for 19 showing 

the two crystallographically unique acetates. (b) Polyhedral representation of 19, highlighting 

the ligand bridged 1-D chain that extends along the [001]. Dark green, red, and black spheres 

represent uranium(IV), oxygen, and carbon atoms, respectively. Green polyhedra are 10-

coordinate U(IV). Hydrogen atoms are not shown for clarity. Superscript denotes symmetry 

operators: (i) -x+1, -y+1, -z+1; (ii) -x+1, y, -z+1/2; and (iii) x, -y+1, z-1/2. 

 

 Compound 20, [U(3-FA)4]n crystallizes in the monoclinic space group P21/m. The structure 

is built from one crystallographically unique U(IV) metal center and four distinct 3-furoate ligands. 

The uranium metal center is 8-coordinate bound to eight oxygens from eight bridging bidentate 3-

furoates. The local coordination sphere and one crystallographic unique 3-furoate are shown in 

Figure A.4a. Adjacent metal centers bridged through 3-furoate units into 1-D chains that propagate 

along the [100] (Figure A.4b) with a U···U interatomic distance of 4.637(1) Å. No π-π stacking 

interactions are discussed due to an inability to observe these interactions from the disorder. 



185 

 

 

Figure A.4. (a) Ball and stick representation of the local coordination sphere for 20 showing 

one crystallographically unique 3-furoates. (b) Ball and stick representation of 20, highlighting 

the ligand bridged 1-D chain that extends along the [001]. Dark green, red, and black spheres 

represent uranium(IV), oxygen, and carbon atoms, respectively. Hydrogen atoms and disorder of 

the ligand are not shown for clarity. Superscript denotes symmetry operators: (i) x, -y+3/2, z and 

(ii) x+1, y, z. 

 

 Compound 21, [U(2-FA)4]n, crystallizes in the orthorhombic space group Pbcm. The 

structure is built from one crystallographically unique U(IV) metal center, and four distinct 2-

furoate. The local coordination sphere (Figure A.5a) shows the uranium metal center is 8-

coordinated bound by eight oxygens from eight bridging bidentate 2-furoates. Adjacent metal 

centers are bridged through 2-furoate into 1-D chains that propagate along the [100] (Figure A.5b) 

with a U···U interatomic distance of 4.700(1) Å. No π-π stacking interactions are discussed due to 

an inability to observe these interactions from the disorder. Due to the crystal disorder, the authors 

are not confident of the exact space group of this compound. 
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Figure A.5. (a) Ball and stick representation of the local coordination sphere for 21 showing 

one crystallographically unique 2-furoate. (b) Ball and stick representation of 21, highlighting 

the ligand bridged 1-D chain that extends along the [100]. Dark green, red, and black spheres 

represent uranium(IV), oxygen, and carbon atoms, respectively. Hydrogen atoms and disorder of 

the ligand are not shown for clarity. Superscript denotes symmetry operators: (i) x-1, y, z. 

 

The 1-dimensional chains observed vary in coordination number, coordination 

environment, binding ligands, and binding modes of the carboxylate. The 1-D chains observed in 

5 and 18 have coordination environments that are fairly unique within An(IV) structural chemistry. 

There are a limited number of related linear chains that have been isolated. For example, 

[U(OAc)4]n
113, 133 and [U(ox)4]n

112, 135 chains (OAc = acetate and ox = oxalate) have been 

published, which consists of U(IV) sites bridged by four acetate or oxalate ligands. There are also 

are a few Th(IV) chains that have been reported with oxalate,75, 91, 112, 120, 130-131 glycine,122 2-

sulfobenzoate,121 and benzoate128 ligands. The Th(IV) and U(IV) carboxylate chains published can 

be classified into two generic formulas: [An(RCOO)4]n or [An(RCOO)x(H2O)y]n (x = 2 or 3 and y 

= 3). The 1-D chains for 19, 20, and 21 are similar in structure to previously reported structures 
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while 5 and 18 involve U(IV)-carboxylate bridged chains with both chloride and carboxylate 

coordination that has not been reported. 

A.2 Variations in U(IV)-Carboxylate Optical Spectra 

 Tetravalent uranium has characteristic f-f transitions from the 3H4 ground state that 

dominate the electronic absorption spectrum. Therefore, it is a powerful tool for determination of 

oxidation state and may provide information towards the species that exist in solution and the solid 

state. Currently, there has been limited success to identify nuclearity of structural units in solution 

by correlating solution features with the solid state, though, it is limited to monomeric55 and 

hexanuclear57, 99, 103 structural units. As presented in Chapter 4, the optical spectra for the tetramer, 

1-D chain, and U38 cluster had very distinct solid optical spectra. This led to our interest in 

exploring similar structural units that have differing coordination environments to establish how 

the coordination environment lends to variations in the solid optical spectra, thereby, extending 

the utility of this technique. Coordination environment, coordination number, and solvent have 

been shown to influence the observed transitions with changes in the peak position and relative 

intensity of the absorption bands and will be discussed below.55, 67, 136 

 The solid-state UV-visible absorption spectra of compounds 5, 18 – 21 are all consistent 

with tetravalent uranium, yet exhibit slight shifts in the energy, relative intensities, and splitting of 

the observed bands (Figure A.6). The optical spectra collected for compounds 5, 20, and 21, exhibit 

increased splitting relative to the other phases presented, particularly in the region from 575-700 

nm, which are attributed to the 3H4 → 3P0,
 3H4 → 1G4, and 3H4 → 1D2 transitions.187-188 However, 

unique assignment of these bands is nontrivial due to the overlap and splitting of the peaks. Taking 

a look at the symmetry for all the chains, 5 has the highest symmetry of C2/c and 20 has the lowest 
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symmetry of P21/m yet 5, 20, and 21 have the highest splitting intensity which suggests the 

coordination environment and ligand may influence the observed solid-state optical spectra. 

Beyond the complexes presented in this chapter, there are no published solid-state optical 

spectra for one-dimensional U(IV) chains bridged through the ligand. Optical spectra for U(IV) 3-

D frameworks with isophthalate or pyromellitate ligands have been reported displaying shifting of 

the bands due to a change in the coordination environment around the uranium metal center.136 

However, the degree of splitting observed for 5, 20 and 21 are fairly unique for higher coordinate 

U(IV) complexes and extended networks. To gain a better handle on how the coordination 

environment and ligand influence the variations observed in the solid optical spectra, 

computational analyses are ongoing. 
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Figure A.6. Solid state UV-vis spectra for compounds 5, 18 – 21.  

 

A.3 Thermogravimetric Analyses of Compounds 5, 18 – 21 

 The number of reports focused on the thermal stability of ligand decorated U(IV) 

complexes are limited and as such the thermal behavior of 5, 18 – 21 were examined over 25 – 

600 ºC under flowing nitrogen.67, 92, 99 All compounds were found to thermally decompose over 
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several steps (Appendix G.5, G.12 – G.15) with differences observed in the proposed 

decomposition products. The total weight loss observed for 5 (52.2%), 19 (48.6%), 20 (61.2%), 

and 21 (61.1%) were consistent with thermal decomposition of the compounds to UO2 for 5, 19, 

20, and 21 (calculated 52.4%, 49.5%, 60.4%, and 60.4% for 5, 19, 20 and 21, respectively). This 

result is consistent with the previous chapters where the compounds were found to thermally 

decompose to UO2 under flowing nitrogen. There has been precedence for phases to thermally 

decompose to -U3O8, however, the differences are attributed to the conditions over which the 

experiment is conducted. The formation of UO2 occurs under a nitrogen atmosphere while -U3O8 

forms under ambient air. While the rest of the compounds degraded to UO2, the total weight loss 

observed for 18 (36.2%) was consistent with thermal decomposition of the compound to UOCl2 

(calculated 36.4% for 18). The 1-D chain for 18 has chloride attached to the metal center which 

supports degradation to UOCl2. The 1-D chain for 5, however, degrades to UO2 even though it has 

a similar coordination environment to 18. 

A.4 Summary 

 Five novel U(IV)-carboxylate one-dimensional chains were synthesized in order to 

examine the variations in the optical spectra based on differences in the coordination environment. 

The complexes have been examined using single crystal X-ray diffraction, optical spectroscopy, 

and thermogravimetric analyses. Variations in the optical spectroscopy were attributed to the 

coordination environment and identity of the organic ligands. Compounds with furoate ligands 

were found to have increased splitting in the spectra compared to the other phases. Computational 

analyses are ongoing to further investigate how the coordination environment influences the 

variations observed in the solid optical spectra. Investigations into the role of coordination 
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environment and ligand on the optical spectra observed for U(IV)-carboxylate structural units are 

ongoing. 

A.5 Synthetic Details for 5, 18 – 21 

A.5.1 [UCl2(2-FA)2(H2O)2]n (5) 

The synthesis of 5 has previously been reported in Chapter 4, thus, a condensed synthetic 

description follows. 2-furoic acid (0.34 g, 3.0 mmol) was dissolved into a solution of UCl4 (0.075 

g, 0.20 mmol) in THF (1.77 g, 24.5 mmol) and H2O (0.010 g, 0.56 mmol) in a 15 mL thick walled 

pressure tube. The pressure tube was heated at 50 °C and after five days, green rectangular crystals 

were deposited at the bottom of the tube. The crystals were separated from a clear, green solution 

and left to dry under N2. Yield based on U: 0.078 g, 70%. Elemental Analysis: calc (obs):C: 

21.50% (21.18%); H: 1.83% (1.78%); N: 0.0% (0.0%). 

A.5.2 [UCl(PA)3(H2O)]n (18) 

 Sodium chloride (0.058 g, 1.0 mmol) was dissolved into a solution of propionic acid (1.0 

g, 13 mmol) in a 10 mL glass vial. In a separate 10 mL glass vial, UCl4 (0.075 g, 0.2 mmol) was 

dissolved in H2O (1.0 g, 55.6 mmol). The UCl4 solution was then added to the other vial and 500 

uL of 0.5 M NaOH was used to adjust the pH of the green solution. Once the base was added, a 

white cloudy phase was observed in the vial which proceeded to solubilize when the vial was 

shaken by hand leaving a clear green solution. The vial was then left uncapped in an N2 glovebox 

at room temperature to slowly evaporate the solution. After two weeks, green needle crystals were 

observed at the bottom of the vial. The crystals were separated from a clear green solution two 

days later and left to dry under N2. Yield based on U: 0.050 g, 49%. Elemental Analysis: calc 

(obs): C: 21.17%, (20.72%); H: 3.35% (3.26%); N: 0.0% (0.0%). 
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A.5.3 [U(OAc)4]n· (AA) (19) 

UCl4 (0.038 g, 0.10 mmol) was dissolved into a solution of acetic acid (1.0 g, 17 mmol) 

and H2O (0.20 g, 11 mmol) in a 10 mL glass vial. The clear green solution was then left uncapped 

in a N2 glovebox at room temperature to slowly evaporate. After five days, green needle crystals 

were deposited at the bottom of the vial. The crystals were separated from the clear green solution 

after an additional two days and left to dry under N2. Yield based on U: 0.048 g, 45%. Elemental 

Analysis: calc (obs): C: 22.48%, (22.22%); H: 3.02% (2.83%); N: 0.0% (0.0%). 

A.5.4 [U(3-FA)4]n (20) 

3-Furoic acid (0.34 g, 3.0 mmol) was dissolved into a solution of UCl4 (0.075 g, 0.20 mmol) 

in dimethyl formamide (1.89 g, 26 mmol) in a 15 mL thick walled pressure tube. The pressure tube 

was sealed and heated at 120 °C in a heating block. After two weeks, green needle crystals were 

deposited at the bottom of the tube. The crystals were separated from a clear, green solution and 

left to dry under N2. Yield based on U: 0.078 g, 57%. Elemental Analysis: calc (obs):C:35.20% 

(35.66%); H: 1.77% (1.47%); N: 0.0% (0.0%). 

A.5.5 [U(2-FA)4]n (21) 

2-Furoic acid (0.34 g, 3.0 mmol) was dissolved into a solution of UCl4 (0.075 g, 0.20 mmol) 

in dimethyl formamide (1.89 g, 26 mmol) in a 15 mL thick walled pressure tube. The pressure tube 

was sealed and heated at 120 °C in a heating block. After two weeks, green needle crystals were 

deposited at the bottom of the tube. The crystals were separated from a clear, green solution and 

left to dry under N2. Yield based on U: 0.070 g, 51%. Elemental Analysis: calc (obs):C: 35.20% 

(35.63%); H: 1.77% (1.55%); N: 0.0% (0.0%). Though many attempts were made to collect single 

crystal data of 21, the needle crystals grew twinned and a publishable refinement could not be 

determined, though other characterization methods were used to support the formula provided. 
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A.6 Experimental Methods 

A.6.1 Single Crystal X-Ray Diffraction 

Single crystals of each compound were selected from the bulk and mounted in paratone oil 

on a Mitegen micromount. Data for compounds 5, 18 – 21 were collected on a Bruker D8 Quest 

equipped with a Mo-Kα radiation source (λ = 0.71073 Å) and a Photon100 CMOS detector at 100 

K. Data were collected using a combination of phi and omega scans and integrated with the Bruker 

SAINT program.169 Intensities were corrected for Lorentz and polarization effects and an empirical 

absorption correction was applied using SADABS (TWINABS v2012 for 18).169, 236 Structure 

solutions were performed using the SHELXTL software suite.169 Details on the crystallographic 

refinements can be found in Table A.1. Many attempts were made to collect a suitable dataset for 

21; however, the crystals were highly twinned and only a very crude preliminary could be obtained. 

Nonetheless, the formula provided is supported by elemental and thermogravimetric analysis and 

the refinement allowed for the coordination environment to be determined and discussed. 

A.6.1.1 Refinement Details 

 All crystals of 18 exhibited non-merohedral twinning with greater than two twin domains 

present. This structural model was solved and refined using data only from the primary and 

secondary domains. Therefore, a structural model was refined with 95.9% data completeness, 

which is sufficient for refining a reliable model. The water hydrogen atoms were located in the 

difference map. The O-H distances and H-O-H angles were restrained. Methyl hydrogen atom 

positions, R-CH3, were optimized by rotation about R-C bonds with idealized C-H, R--H and H--

H distances. Remaining hydrogen atoms were included as riding idealized contributors. Methyl 

and water hydrogen atom U’s were assigned as 1.5 times Ueq of the carrier atom; remaining 

hydrogen atom U’s were assigned as 1.2 times carrier Ueq. 
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 All crystals of 19 exhibited non-merohedral twinning as well. This structural model was solved 

and refined using data from both domains. The acetic acid molecule in the outer coordination 

sphere is partially occupied and disordered across a symmetry site, therefore, negative PART 

commands were employed to model the disorder. The like C-C and C-O distances were restrained 

to be similar (esd 0.01Å).   Similar displacement amplitudes (esd 0.01) were imposed on disordered 

sites overlapping by less than the sum of van der Waals radii.  Methyl H atom positions, R-CH3, 

were optimized by rotation about R-C bonds with idealized C-H, R--H and H--H distances.  

Hydroxyl hydrogen atom positions, R-OH, were optimized by rotation about R-O bonds with 

idealized O-H and R--H distances.  Methyl and hydroxyl hydrogen atom U's were assigned as 1.5 

times Ueq of the carrier atom. 

 For 20, All four ligands are disordered over symmetry sites, thus, negative PART commands 

were used to model the disorder.  Ligands one and two are disordered over two positions each, 

while ligands three and four are disordered over three positions each.  The like C-O and C-C 

distances were restrained to be similar (esd 0.01/%A).  The O31/O31C and O32/O32C atom pairs 

were constrained to have equal x,y,z positions.  All carboxylate oxygen atoms were constrained to 

have equal anisotropic displacement parameters.  Similar displacement amplitudes (esd 0.01) were 

imposed on disordered sites overlapping by less than the sum of van der Waals radii.  Hydrogen 

atoms were included as riding idealized contributors.  Hydrogen atom U's were assigned as 1.2 

times carrier Ueq. 

 Though many attempts were made to collect 21, all needle crystals were significantly twinned 

and a publishable refinement could not be determined so only a preliminary refinement is given. 

There is significant positional disorder around the uranium metal center and the ring from the 

carboxylate of the adjacent chain grows a distance that is too close to one another. A thorough 
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attempt was made to resolve this disorder but efforts were unsuccessful. Nevertheless, the 1-D 

chain is mostly resolved and discussed in section 6.4 as well as other characterization methods, 

including elemental analysis and thermogravimetric analysis, were used to support the formula 

provide. 
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Table A.1. Crystallographic Structure Refinement Details for 5, 18-21. 

 

 5 18 19 20 21 

Formula UC12O8C10H10 UClC9O7H17 UC10H16O10 UC20H12O12 UC20H12O12 

MW (g/mol) 567.11 510.71 534.26 682.33 682.33 

Temperature (K) 100(2) 100(2) 100(2) 100(2) 100(2) 

Crystal System Monoclinic Monoclinic Monoclinic Monoclinic Orthorhombic 

Space Group C2/c P21/c P2/c P21/m Pbcm 

λ (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 

a (Å) 21.5967(11) 10.7563(9) 11.144(3) 4.6372(3) 4.6995(2) 

b (Å) 6.6177(4) 14.4976(12) 8.235(3) 20.3820(12) 21.9299(11) 

c (Å) 10.3121(5) 9.2299(8) 8.318(3) 10.7968(6) 19.3631(9) 

α (deg) 90 90 90 90 90 

β (deg) 110.122(2) 107.836(2) 105.178(8) 96.807(2) 90 

γ (deg) 90 90 90 90 90 

Volume (Å3) 1383.85(13) 1370.1(2) 736.7(4) 1013.27(11) 1995.55(16) 

Z 4 4 2 2 4 

ρ (g/cm3) 2.703 2.476 2.408 2.236 2.271 

μ (mm-1) 12.150 12.063 11.063 8.078 8.204 

R1 0.0139 0.0684 0.0587 0.0177 0.0918 

wR2 0.0307 0.1861 0.1207 0.0362 0.2781 

GOF 1.089 1.046 1.123 1.109 2.384 

CCDC 1916310     



197 

 

A.6.2 Elemental Analysis 

 Combustion elemental analysis (EA) was collected on a PerkinElmer Model 2400 Elemental 

Analyzer. Samples of 5, 18 – 21 (1.5 – 2.0 mg) were weighed into small tin capsules. The samples 

were run in triplicate and the reported value is the average.  

A.6.3 Infrared and Raman Spectroscopy 

 Infrared spectra of 5, 18 – 21 were collected on a Perkin Elmer FTIR Spectrum 2 system 

(Appendix D.5, D.12-D.15). The samples were collected using a diamond ATR-FTIR attachment. 

Data were collected over 400 – 4000 cm-1 with 16 scans and 2 cm-1 resolution. The data were 

acquired using the Spectrum Quant software program. Raman spectra of single crystals of 5, 18 – 

21 were collected on a HORIBA LabRAM HR Evolution Raman Microscope over 150 – 3500 cm-

1 with an excitation line of 532 nm at 40 accumulations and an acquisition time of 6 seconds 

(Appendix D.5, D.12-D.15). 

A.6.4 UV-vis-NIR Spectroscopy 

 Optical spectra for 5, 18 – 21 were collected on an Agilent Technologies Cary 5000 UV-Vis-

NIR using a diffuse reflectance attachment. The solid sample (20.0 mg) was mixed with 

polymethylmethacrylate (0.100 g) to give a uniform sample coverage in the solid-state sample 

holder. The spectra were collected from 400 to 700 nm with a scan rate of 600 nm/min using the 

Cary WinUV program. 

A.6.5 Thermogravimetric Analysis 

 Thermogravimetric analysis data were collected on a TA instruments Q50 system 

Thermogravimetric Analyzer. Samples of 5 (10.4690 mg), 18 (12.3010 mg), 19 (9.8120 mg), 20 

(18.3870 mg) and 21 (10.0870 mg) were weighed out into platinum pans. The temperature was 

held at 25 °C for 5 minutes to dry off excess water after which the samples were heated to 600 °C 
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at 5 °C · min-1 under flowing nitrogen (10 mL · min-1). The software TA universal analysis was 

used to collect and process the data (Appendix G.5, G.12-G.15). 
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 : Bond Valence Summation Values 

Table B.1. Bond Valence Summation Values for U1 – U7 for 9. 

 

Parameters were obtained from: Brese, N. E. O. K., M., Bond-Valence Parameters for Solids. Acta 

Cryst. 1991, B47, 192-197. 

U(IV) Parameters for Bond Valence: 2.112 for O and 2.48 for Cl 

b = 0.37 

U1     U4     U7     

ATOM DISTANCE   ATOM DISTANCE   ATOM DISTANCE   

Cl1 3.029 0.226778 O2 2.341 0.538526 Cl4 2.825 0.393595 

Cl2 2.829 0.389363 O2(2) 2.341 0.538526 Cl4(2) 2.814 0.405472 

Cl2(2) 2.829 0.389363 O2(3) 2.345 0.532736 Cl6 2.72 0.522752 

O1 2.212 0.763173 O2(4) 2.345 0.532736 Cl7 3.054 0.211961 

O1(2) 2.212 0.763173 O3 2.392 0.469186 O4 2.242 0.703736 

O6 2.3 0.601633 O3(2) 2.392 0.469186 O7 2.228 0.730875 

O6(2) 2.3 0.601633 O6 2.36 0.51157 O8 2.353 0.521341 

O9 2.542 0.312809 O6(2) 2.36 0.51157 O8(2) 2.336 0.545853 

  SUM 4.047925   SUM 4.104036   SUM 4.035585 

U2     U5        

ATOM DISTANCE   ATOM DISTANCE      

Cl1 3.073 0.201352 O1 2.312 0.582433    

Cl3 2.697 0.556278 O2 2.435 0.417708    

Cl5 2.835 0.3831 O3 2.396 0.464141    

Cl5(2) 2.835 0.3831 O4 2.273 0.647177    

O1 2.21 0.76731 O6 2.423 0.431477    

O1(2) 2.21 0.76731 O7 2.299 0.603261    

O3 2.324 0.563847 O8 2.376 0.48992    

O3(2) 2.324 0.563847 O10 2.578 0.283807    

  SUM 4.186142   SUM 3.919925    

U3     U6        

ATOM DISTANCE   ATOM DISTANCE      

O2 2.372 0.495245 Cl1 3.044 0.217768    

O2(2) 2.372 0.495245 Cl2 2.849 0.368875    

O2(3) 2.372 0.495245 Cl5 2.813 0.40657    

O2(4) 2.372 0.495245 O3 2.298 0.604894    

O8 2.353 0.521341 O4 2.227 0.732853    

O8(2) 2.353 0.521341 O5 2.465 0.385176    

O8(3) 2.353 0.521341 O6 2.323 0.565373    

O8(4) 2.353 0.521341 O7 2.205 0.777749    

  SUM 4.066343   SUM 4.059257    
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Table B.2. Bond Valence Summation Values for O1 – O10 for 9. 

 

Parameters were obtained from: Brese, N. E. O. K., M., Bond-Valence Parameters for Solids. Acta 

Cryst. 1991, B47, 192-197. 

U(IV) Parameters for Bond Valence: 2.112 for O 

b = 0.37 

O1     O6     

ATOM DISTANCE   ATOM DISTANCE   

U1 2.212 0.763173 U1 2.3 0.601633 

U2 2.21 0.76731 U4 2.36 0.51157 

U5 2.312 0.582433 U5 2.423 0.431477 

  SUM 2.112916 U6 2.323 0.565373 

O2       SUM 2.110053 

ATOM DISTANCE   O7     

U3 2.372 0.495245 ATOM DISTANCE   

U4 2.345 0.532736 U5 2.299 0.603261 

U4(2) 2.341 0.538526 U6 2.205 0.777749 

U5 2.435 0.417708 U7 2.228 0.730875 

  SUM 1.984215   SUM 2.111885 

O3     O8     

ATOM DISTANCE   ATOM DISTANCE   

U2 2.324 0.563847 U3 2.353 0.521341 

U4 2.392 0.469186 U5 2.376 0.48992 

U5 2.396 0.465397 U7 2.353 0.521341 

U6 2.298 0.604894 U7(2) 2.336 0.545853 

  SUM 2.102067   SUM 2.078454 

O4     O9     

ATOM DISTANCE   ATOM DISTANCE   

U5 2.273 0.647177 U1 2.542 0.312809 

U6 2.227 0.732853   SUM 0.312809 

U7 2.242 0.703736 O10     

  SUM 2.083766 ATOM DISTANCE   

O5     U5 2.578 0.283807 

ATOM DISTANCE         

U6 2.465 0.385176   SUM 0.283807 

  SUM 0.385176    
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 : Powder X-Ray Diffraction Patterns 

 
Figure C.1. Powder X-ray diffraction pattern observed for bulk sample (red) overlaid with 

the pattern calculated from the single crystal structure of 1 (black). Agreement between the 

calculated and experimental patterns indicate the crystals used for structure determination are 

representative of the bulk. 

 

 
Figure C.2. Powder X-ray diffraction pattern observed for bulk sample (red) overlaid with 

the pattern calculated from the single crystal structure of 2 (black). Agreement between the 

calculated and experimental patterns indicate the crystals used for structure determination are 

representative of the bulk. 
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Figure C.3. Powder X-ray diffraction pattern observed for bulk sample (red) overlaid with 

the pattern calculated from the single crystal structure of 3 (black). Agreement between the 

calculated and experimental patterns indicate the crystals used for structure determination are 

representative of the bulk. 

 

 
Figure C.4. Powder X-ray diffraction pattern observed for bulk sample (red) overlaid with 

the pattern calculated from the single crystal structure of 4 (black). Agreement between the 

calculated and experimental patterns indicate the crystals used for structure determination are 

representative of the bulk. 
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Figure C.5. Powder X-ray diffraction pattern observed for bulk sample (red) overlaid with 

the pattern calculated from the single crystal structure of 5 (black). Agreement between the 

calculated and experimental patterns indicate the crystals used for structure determination are 

representative of the bulk. 

 

 
Figure C.6. Powder X-ray diffraction pattern observed for bulk sample (red) overlaid with 

the pattern calculated from the single crystal structure of 6 (black). Agreement between the 

calculated and experimental patterns indicate the crystals used for structure determination are 

representative of the bulk. 
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Figure C.7. Powder X-ray diffraction pattern observed for bulk sample (red) overlaid with 

the pattern calculated from the single crystal structure of 7 (black). Agreement between the 

calculated and experimental patterns indicate the crystals used for structure determination are 

representative of the bulk. 

 

 
Figure C.8. Powder X-ray diffraction pattern observed for bulk sample (red) overlaid with 

the pattern calculated from the single crystal structure of 8 (black). Agreement between the 

calculated and experimental patterns indicate the crystals used for structure determination are 

representative of the bulk. 
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Figure C.9. Powder X-ray diffraction pattern observed for the TGA end product (red = 5, 

green = 6, purple = 7, and blue = 8) overlaid with the pattern calculated for U3O8 (black), 

reported in ICSD with the reference code 24906. Agreement between the calculated and 

experimental patterns indicates that when the compounds are heated to 600 °C, they degrade to 

U3O8 once the TGA product is exposed to air. 

 

 
Figure C.10. Powder X-ray diffraction pattern observed for the bulk centrifuged sample 

(red) of the heated solution that had the same metal to ligand ratio that crystalizes 5 overlaid 

with the pattern calculated for UO2 (black), reported in the ICSD with the reference code 

29086. Agreement between the calculated and experimental patterns indicate that the particles 

centrifuged from solution are UO2 nanoparticles.     
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Figure C.11. Powder X-ray diffraction pattern observed for the bulk centrifuged sample 

(red) of the heated solution that had the same metal to ligand ratio that crystallizes 6 overlaid 

with the pattern calculated for UO2 (black), reported in the ICSD with the reference code 

29086. Agreement between the calculated and experimental patterns indicate that the particles 

centrifuged from solution are UO2 nanoparticles. 

 

 
Figure C.12. Powder X-ray diffraction pattern observed for the bulk centrifuged sample 

(red) of the heated solution that had the same metal to ligand ratio that crystallizes 7 overlaid 

with the pattern calculated for UO2 (black), reported in the ICSD with the reference code 

29086. Agreement between the calculated and experimental patterns indicate that the particles 

centrifuged from solution are UO2 nanoparticles. 



207 

 

 
Figure C.13. Powder X-ray diffraction pattern observed for the bulk centrifuged sample 

(red) of the heated solution that had the same metal to ligand ratio that crystallizes 8 overlaid 

with the pattern calculated for UO2 (black), reported in the ICSD with the reference code 

29086. Agreement between the calculated and experimental patterns indicate that the particles 

centrifuged from solution are UO2 nanoparticles. Note the bulk centrifuged sample also has 2-

furoic acid in the sample. The calculated pattern for 2-furoic acid (blue), reported in the CSD with 

the reference code FRANAC. 

 

 
Figure C.14. Powder X-ray diffraction pattern observed for bulk sample (red) overlaid with 

the pattern calculated from the single crystal structure of 10 (black).  Agreement between the 

calculated and experimental patterns indicates that the crystals used for structure determination are 

representative of the bulk.   
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Figure C.15. Powder X-ray diffraction pattern observed for the bulk sample (red) overlaid 

with the pattern calculated from the single crystal structure of 11 (black). Agreement between 

the calculated and experimental patterns indicates that the crystals used for structure determination 

are representative of the bulk. 

 

 

 
Figure C.16. Powder X-ray diffraction pattern observed for the bulk centrifuged sample for 

11 (red) overlaid with the pattern calculated for UO2 (black), reported in ICSD with the 

reference code 35204. Agreement between the calculated and experimental patterns indicates that 

the particles centrifuged from solution are UO2 nanoparticles.     
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Figure C.17. Powder X-ray diffraction pattern observed for the bulk centrifuged sample for 

12 (red) overlaid with the pattern calculated for UO2 (black), reported in ICSD with the 

reference code 35204. Agreement between the calculated and experimental patterns indicates that 

the particles centrifuged from solution are UO2 nanoparticles.   

 

 

 

 
Figure C.18. Powder X-ray diffraction pattern observed for the bulk centrifuged sample for 

13 (red) overlaid with the pattern calculated for UO2 (black), reported in ICSD with the 

reference code 35204. Agreement between the calculated and experimental patterns indicates that 

the particles centrifuged from solution are UO2 nanoparticles.     
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Figure C.19. Powder X-ray diffraction pattern observed for the bulk centrifuged sample for 

14 (red) overlaid with the pattern calculated for UO2 (black), reported in ICSD with the 

reference code 35204. Agreement between the calculated and experimental patterns indicates that 

the particles centrifuged from solution are UO2 nanoparticles.     

 

 

 
Figure C.20. Powder X-ray diffraction pattern observed for the bulk centrifuged sample for 

15 (red) overlaid with the pattern calculated for UO2 (black), reported in ICSD with the 

reference code 35204. Agreement between the calculated and experimental patterns indicates that 

the particles centrifuged from solution are UO2 nanoparticles.     
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Figure C.21. Powder X-ray diffraction pattern observed for the bulk centrifuged sample for 

15 (red) synthesized using the details reported by Nyman et al.103 overlaid with the pattern 

calculated for UO2 (black), reported in ICSD with the reference code 35204. Agreement 

between the calculated and experimental patterns indicates that the particles centrifuged from 

solution are UO2 nanoparticles.     

 

 

 

 
Figure C.22. Powder X-ray diffraction pattern observed for the bulk centrifuged sample for 

16 (red) overlaid with the pattern calculated for UO2 (black), reported in ICSD with the 

reference code 35204. Agreement between the calculated and experimental patterns indicates that 

the particles centrifuged from solution are UO2 nanoparticles.     
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Figure C.23. Powder X-ray diffraction pattern observed for the bulk centrifuged sample for 

17 (red) overlaid with the pattern calculated for UO2 (black), reported in ICSD with the 

reference code 35204. Agreement between the calculated and experimental patterns indicates that 

the particles centrifuged from solution are UO2 nanoparticles.     
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 : Infrared and Raman Spectroscopy Data 

 
Figure D.1. Infrared spectrum (red) compared to the Raman spectrum (black) of 1 (red) 

shown over 400 – 4000 cm-1. 

 

 
Figure D.2. Infrared spectrum (red) compared to the Raman spectrum (black) of 2 (red) 

shown over 400 – 4000 cm-1. 
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Figure D.3. Infrared spectrum (red) compared to the Raman spectrum (black) of 3 (red) 

shown over 400 – 4000 cm-1. 

 

 
Figure D.4. Infrared spectrum (red) compared to the Raman spectrum (black) of 4 (red) 

shown over 400 – 4000 cm-1. 
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Figure D.5. Infrared spectrum of 5 (red) shown over 400 – 4000 cm-1 compared to the Raman 

spectrum of 5 (black) from 250 – 4000 cm-1.  

 

 
Figure D.6. Infrared spectrum of 6 (red) shown over 400 – 4000 cm-1 compared to the Raman 

spectrum of 6 (black) from 250 – 4000 cm-1. 
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Figure D.7. Infrared spectrum of 7 (red) shown over 400 – 4000 cm-1 compared to the Raman 

spectrum of 7 (black) from 250 – 4000 cm-1. 

 

 
Figure D.8. Infrared spectrum of 8 (red) shown over 400 – 4000 cm-1 compared to the Raman 

spectrum of 8 (black) from 250 – 4000 cm-1. 
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Figure D.9. Infrared spectrum of 9 (black). IR: 418, 483, 651, 725, 768, 796, 860, 920, 1039, 

1134, 1230, 2873, 2954, and 3230 cm-1. The peaks at 483 and 725 cm-1 likely correspond to U-O 

asymmetric stretching vibrations which are typically found at lower wavenumbers for U(IV) than 

those similar solids with U(VI). The presence of THF was confirmed with the peak at 1042, 2873, 

and 2954 cm-1 attributed to the stretching C-O and C-H vibrations, respectively. 

 

 

 
Figure D.10. Infrared spectra of 10 (black) and 11 (red) shown over 400 – 4000 cm-1. 
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Figure D.11. Raman spectra for 10 (black) and 11 (red) shown over 140 – 3500 cm-1. 

 

 
Figure D.12. Infrared spectrum (red) compared to the Raman spectrum (black) of 18 (red) 

shown over 400 – 4000 cm-1. 
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Figure D.13. Infrared spectrum (red) compared to the Raman spectrum (black) of 19 (red) 

shown over 400 – 4000 cm-1. 

 

 
Figure D.14. Infrared spectrum (red) compared to the Raman spectrum (black) of 20 (red) 

shown over 400 – 4000 cm-1. 
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Figure D.15. Infrared spectrum (red) compared to the Raman spectrum (black) of 21 (red) 

shown over 400 – 4000 cm-1. 
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 : Optical Spectroscopy 

 
Figure E.1. Comparison of optical spectra for 5 in the solid state (black) and the solution 

right before crystallization is observed (red). 

 

 
Figure E.2. Comparison of optical spectra for 6 in the solid state (black) and the solution 

right before crystallization is observed (red). 
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Figure E.3. Comparison of optical spectra for 7 in the solid state (black) and the solution 

right before crystallization is observed (red). 

 

 
Figure E.4. Comparison of the solid-state optical spectra of 7 before (black) and after slight 

heating to drive off outer solvent molecules (blue). 
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Figure E.5. Comparison of optical spectra for 8 in the solid state (black) and the solution 

right before crystallization is observed (red).  

 

 
Figure E.6. Comparison of optical spectra for 9 in the solid state (black) and the solution 

right before crystallization is observed (red). 
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Figure E.7. Solution state UV-vis spectra of UCl4 and 2-furoic acid dissolved in varying 

amounts of THF and H2O. 

 

 
Figure E.8. Comparison of the solid-state optical spectra of 16 before (black) and after slight 

heating to drive off outer solvent molecules (red). 
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 : Small Angle X-ray Scattering Data 

 

 
Figure F.1. Size distribution of the reaction solution for 11 using a mixture of H2O/ACN for 

the reaction solution at 25 ºC. 
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Figure F.2. Cylindrical fit (black) to SAXS data (red symbols) of the reaction solution for 11, 

using a solution mixture of H2O/ACN at 50 ºC, consistent with a linear arrangement of 

particles in solution.   

 
Figure F.3. Normalized pair-distance distribution function (PDDF) profiles for the reaction 

solutions for 11 using acetonitrile as the solvent and heating at 25 (blue), 50 (orange), 75 

(green), and 100 ºC (purple). The PDDF profile for simulated 11 (red) is shown for reference.  
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 : Thermal Gravimetric Analysis Plots 

 

 
Figure G.1. TGA curve obtained for 1 under dinitrogen flow (10 mL · min-1) at a heating 

rate of 5 °C · min-1. 

 

 
Figure G.2. TGA curve obtained for 2 under dinitrogen flow (10 mL · min-1) at a heating 

rate of 5 °C · min-1. 
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Figure G.3. TGA curve obtained for 3 under dinitrogen flow (10 mL · min-1) at a heating 

rate of 5 °C · min-1. 

 

 
Figure G.4. TGA curve obtained for 4 under dinitrogen flow (10 mL · min-1) at a heating 

rate of 5 °C · min-1. 
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Figure G.5. TGA curve obtained for 5 under dinitrogen flow (10 mL · min-1) at a heating 

rate of 5 °C · min-1. 

 

 
Figure G.6. TGA curve obtained for 6 under dinitrogen flow (10 mL · min-1) at a heating 

rate of 5 °C · min-1. 
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Figure G.7. TGA curve obtained for 7 under dinitrogen flow (10 mL · min-1) at a heating 

rate of 5 °C · min-1. The temperature was held at 100 ºC for one hour and the loss of 7 THF and 

1 water molecule was observed. The percent loss is marked by a red crosshair for clarity. 

 

 

 
Figure G.8. TGA curve obtained for 8 under dinitrogen flow (10 mL · min-1) at a heating 

rate of 5 °C · min-1. 
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Figure G.9. TGA curve obtained for 10 under dinitrogen flow (10 mL · min-1) at a heating 

rate of 5 °C · min-1.   

 

 
Figure G.10. TGA curve obtained for 11 under dinitrogen flow (10 mL · min-1) at a heating 

rate of 5 °C · min-1. 
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Figure G.11. TGA curve obtained for 16 under dinitrogen flow (10 mL · min-1) at heating 

rate of 5 °C · min-1 where temperature was held at 100 °C for 30 minutes to drive off outer 

coordination sphere solvents. 

 

 
Figure G.12. TGA curve obtained for 18 under dinitrogen flow (10 mL · min-1) at a heating 

rate of 5 °C · min-1. 
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Figure G.13. TGA curve obtained for 19 under dinitrogen flow (10 mL · min-1) at a heating 

rate of 5 °C · min-1. 

 

 
Figure G.14. TGA curve obtained for 20 under dinitrogen flow (10 mL · min-1) at a heating 

rate of 5 °C · min-1. 
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Figure G.15. TGA curve obtained for 21 under dinitrogen flow (10 mL · min-1) at a heating 

rate of 5 °C · min-1. 
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 : Magnetic Data 

 

 
Figure H.1. Field dependence of magnetization for 5 collected at 100 K. 

 

 
Figure H.2 Field dependence of magnetization for 6 collected at 100 K. 
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Figure H.3. Field dependence of magnetization for 7 collected at 100 K. The non-linear 

magnetization response at lower applied fields indicate the presence of a ferromagnetic impurity. 

Notwithstanding, fields as low as ~2500 Oe are sufficient to saturate the response from this 

impurity. 

 

 
Figure H.4. Field dependence of magnetization for 8 collected at 100 K. 
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Figure H.5. Field dependence of magnetization for 9 collected at 100 K. The non-linear 

magnetization response at lower applied fields indicate the presence of a ferromagnetic impurity. 

Notwithstanding, fields as low as ~4000 Oe are sufficient to saturate the response from this 

impurity. 

 

 
Figure H.6. Field dependence of magnetization for 5 collected at 2 K. 
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Figure H.7. Field dependence of magnetization for 6 collected at 2 K. 

 

 

 
Figure H.8. Field dependence of magnetization for 7 collected at 2 K. 
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Figure H.9. Field dependence of magnetization for 8 collected at 2 K. 

 

 
Figure H.10. Field dependence of magnetization for 9 collected at 2 K. 
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Figure H.11. Temperature dependence of inverse magnetic susceptibility for 5 at an applied 

field of 1000 Oe. 

 

 
Figure H.12. Temperature dependence of magnetic susceptibility for 5 at an applied field of 

1000 Oe. 
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Figure H.13. Temperature dependence of magnetic susceptibility for 5 at an applied field of 

1000 Oe. 

 

 
Figure H.14. Temperature dependence of magnetic susceptibility for 5 at an applied field of 

1000 Oe. 
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Figure H.15. Temperature dependence of inverse magnetic susceptibility for 6 at an applied 

field of 1000 Oe. 

 

 
Figure H.16. Temperature dependence of magnetic susceptibility for 6 at an applied field of 

1000 Oe. 
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Figure H.17. Temperature dependence of magnetic susceptibility for 6 at an applied field of 

1000 Oe. 

 

 
Figure H.18. Temperature dependence of magnetic susceptibility for 6 at an applied field of 

1000 Oe. 
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Figure H.19. Temperature dependence of inverse magnetic susceptibility for 7 at an applied 

field of 5000 Oe. 

 

 
Figure H.20. Temperature dependence of magnetic susceptibility for 7 at an applied field of 

5000 Oe. 
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Figure H.21. Temperature dependence of magnetic susceptibility for 7 at an applied field of 

5000 Oe. 

 

 
Figure H.22. Temperature dependence of magnetic susceptibility for 7 at an applied field of 

5000 Oe. 
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Figure H.23. Temperature dependence of inverse magnetic susceptibility for 8 at an applied 

field of 5000 Oe. 

 

 
Figure H.24. Temperature dependence of magnetic susceptibility for 8 at an applied field of 

5000 Oe. 
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Figure H.25. Temperature dependence of magnetic susceptibility for 8 at an applied field of 

5000 Oe. 

 

 

 
Figure H.26. Temperature dependence of magnetic susceptibility for 8 at an applied field of 

5000 Oe. 
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Figure H.27. Temperature dependence of inverse magnetic susceptibility for 9 at an applied 

field of 10000 Oe. 

 

 
Figure H.28. Temperature dependence of magnetic susceptibility for 9 at an applied field of 

10000 Oe. 
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Figure H.29. Temperature dependence of magnetic susceptibility for 9 at an applied field of 

10000 Oe. 

 

 
Figure H.30. Temperature dependence of magnetic susceptibility for 9 at an applied field of 

10000 Oe. 
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 : Transmission Electron Microscopy Data 

 

Figure I.1. (left) TEM image of UO2 nanocrystals that formed upon heating the reaction 

solution that yielded 5. Aggregated particles with spherical-like morphology have a size 

distribution (right) of 1.8 ± 0.3 nm from 63 particles. 

 

 

Figure I.2. HRTEM show crystalline particles with measured distances between atomic 

planes of 3.1 Å, which correspond to d-spacings of the {111} lattice plane. 

3.1Å 
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Figure I.3. (left) TEM image of UO2 nanocrystals that formed upon heating the reaction 

solution that yielded 6 show dispersed particles with spherical-like morphology and a size 

distribution (right) of 2.3 ± 0.3nm from 60 particles. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.4. HRTEM show crystalline particles with measured distances between atomic 

planes of 3.2 Å, which correspond to d-spacings of the {111} lattice plane. 

  

3.2Å 
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Figure I.5. (left) TEM image of UO2 nanocrystals that formed upon heating the reaction 

solution that yielded 7 show aggregated particles with spherical-like morphology. No size 

distribution could be measured due heavy aggregation. 

 

 

Figure I.6. HRTEM show crystalline particles with measured distances between atomic 

planes of 3.1Å, which correspond to d-spacings of the {111} lattice plane. 

  

3.1Å 
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Figure H.7. (left) TEM image of UO2 nanocrystals that formed upon heating the reaction 

solution that yielded 8. Irregular spherical-like morphology and evidence of annealed particles 

with a size distribution (right) of 2. 5 ± 0.2 nm from 67 particles. 

 

 

Figure H.8. HRTEM show crystalline particles with measured distances between atomic 

planes of 3.2Å, which correspond to d-spacings of the {111} lattice plane. 

  

3.2Å 
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Figure H.9. (left) TEM image of UO2 nanocrystals that formed upon heating the solution of 

crystals of 12 (16 μmol) dissolved in 2 mL ACN/500 uL H2O and heated at 100 ºC for 30 

minutes show dispersed particles with spherical-like morphology and a size distribution 

(right) of 1.9 ± 0.4 nm from 25 particles. 

 

 
Figure H.10. HRTEM show crystalline particles with measured distances between atomic 

planes of 3.2Å, which correspond to d-spacings of the {111} lattice plane. 
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Figure H.11. (left) TEM image of UO2 nanocrystals that formed upon heating the solution of 

crystals of 13 (16 μmol) dissolved in 2 mL ACN/500 uL H2O and heated at 100 ºC for 30 

minutes show irregular spherical-like morphology and evidence of annealed particles with a 

size distribution (right) of 2.7 ± 0.6 nm from 30 particles. 

 

 
Figure H.12. HRTEM show crystalline particles with measured distances between atomic 

planes of 3.2Å, which correspond to d-spacings of the {111} lattice plane. 
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Figure H.13. (left) TEM image of UO2 nanocrystals that formed upon heating the solution of 

crystals of 14 (16 μmol) dissolved in 2 mL ACN/500 uL H2O and heated at 100 ºC for 30 

minutes show spherical-like morphology and evidence of annealed particles with a size 

distribution (right) of 2.5 ± 0.4 nm from 38 particles. 

 

 
Figure H.14. HRTEM show crystalline particles with measured distances between atomic 

planes of 3.2Å, which correspond to d-spacings of the {111} lattice plane. 
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Figure H.15. TEM image of UO2 nanocrystals that formed upon heating the solution of 

crystals of 14 under various conditions that included modifying solvent identity, amount of 

ligand, temperature, precursor concentration, and reaction time. A size distribution of 2.2 ± 

0.3 nm from 107 particles was calculated using all syntheses studied using crystals of 14 as 

precursors. 
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Figure H.16. (left) TEM image of UO2 nanocrystals that formed upon heating the solution of 

crystals of 15 (16 μmol) dissolved in 2 mL ACN/500 uL H2O and heated at 100 ºC for 30 

minutes show particles with spherical-like morphology and evidence of annealed particles 

with a size distribution (right) of 2.1 ± 0.3 nm from 67 particles. 

 

 
Figure H.17. HRTEM show crystalline particles with measured distances between atomic 

planes of 3.2Å, which correspond to d-spacings of the {111} lattice planes. 
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Figure H.18. TEM image of UO2 nanocrystals that formed upon heating the solution of 

crystals of 15 under various conditions that included modifying solvent identity and 

temperature. A size distribution of 2.2 ± 0.3 nm from 83 particles was calculated using all 

syntheses studied using crystals of 15 as precursors. 
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Figure H.19. (left) TEM image of UO2 nanocrystals that formed upon heating the reaction 

solution based on the procedure reported by May Nyman et al.103 that yielded 15 show 

dispersed particles with spherical-like morphology that matched previously reported sizes 

between 6.2 to 8.5 nm. The image to the right shows the nanoparticles that are covered with 

recrystallized glycine and suggests annealed particles. 
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Figure H.20. (left) TEM image of UO2 nanocrystals that formed upon heating the solution of 

crystals of 16 (16 μmol) dissolved in 2 mL ACN/500 uL H2O and heated at 100 ºC for 30 

minutes show dispersed particles with spherical-like morphology and a size distribution 

(right) of 2.3 ± 0.4 nm from 63 particles. 

 

 
Figure H.21. HRTEM show crystalline particles with measured distances between atomic 

planes of 3.2Å, which correspond to d-spacings of the {111} lattice plane. 
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Figure H.22. TEM image of UO2 nanocrystals that formed upon heating the solution of 

crystals of 16 under various conditions that included modifying solvent identity, 

temperature, precursor concentration, and reaction time. A size distribution of 2.4 ± 0.4 nm 

from 93 particles was calculated using all syntheses studied using crystals of 16 as precursors. 
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Figure H.23. (left) TEM image of UO2 nanocrystals that formed upon heating the solution of 

crystals of 17 (16 μmol) dissolved in 2 mL ACN/500 uL H2O and heated at 100 ºC for 30 

minutes show particles with spherical-like morphology and evidence of annealed particles 

with a size distribution (right) of 2.6 ± 0.3 nm from 29 particles. 

 

 
Figure H.24. HRTEM show crystalline particles with measured distances between atomic 

planes of 3.2Å, which correspond to d-spacings of the {111} lattice plane. 
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Figure H.25. TEM image of UO2 nanocrystals that formed upon heating the solution of 

crystals of 17 under various conditions that included modifying solvent identity, 

temperature, and precursor concentration. A size distribution of 2.5 ± 0.4 nm from 80 particles 

was calculated using all syntheses studied using crystals of 17 as precursors. 
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