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ABSTRACT 

 
This dissertation focuses on probing the fundamental chemistry of the actinide series, 

specifically the structure and bonding in complexes of transuranium elements. The actinides 

consist of the elements from actinium to lawrencium in the periodic table, best known for 

uranium and plutonium, which were used to develop nuclear weapons and power. Today, nuclear 

power is used to generate over 17% of the electricity across the world.[1, 2] Although an effective 

means of generating electricity, the waste generated from nuclear reactors is a major issue with 

relatively little progress being made to reduce the amount and radiotoxicity of the waste. Overall, 

this problem stems from the chemical complexity and highly radioactive nature of the actinides. 

Because of this the actinides are understudied, particularly beyond uranium, and as a result much 

of the fundamental chemistry is poorly understood. The goal of this work is to prepare 

coordination complexes that can be used as probes for elucidating changes in structure and 

bonding across the actinide series. 

Over the past couple decades, neutral nitrogen donating ligands have shown to have a 

greater affinity towards the actinides over the lanthanides.[1] The work discussed in this 

dissertation has focused on using nitrogen-containing carboxylates to explore periodic trends 

through the lanthanide and actinide series. The first step of this project was to explore structure 

and bonding differences between the lanthanide (4f) and actinide (5f) series. The early 

lanthanides, such as Ce and Nd are often used as surrogates for the actinides because they 

possess f orbitals and are relatively similar in size to that of their actinide analogs.[3] Depending 

on the coordinating ligand, the structure and bonding between the 4fs and 5fs can either mimic 

each other or diverge greatly. In some cases the structure of the actinides and lanthanides are 

very similar, but the electronic properties are vastly different. In chapters 3 and 4, unique 

structures and electronic properties of Pu and Ce complexes are explored. 

The second portion of this research was to investigate the differences in structure and 

bonding between of the transplutonium actinides, americium through californium (Am-Cf). 

Traditionally these later actinides were believed to mimic the lanthanides in both their structure 

and bonding characteristics, but as we explore the actinides more we find this might not be true. 

Our approach used a pyridine dicarboxylate derivative to make an isomorphous series of both the 

trivalent actinides and lanthanides. It was found that the late actinides, starting at Cf, have 

different electronic properties that are not paralleled by any of the lanthanides or early actinides. 
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Much to our surprise, it seems that Cf represents a second transition in the actinide series, which 

is discussed in chapters 5 through 7. Overall, this dissertation focuses on exploring the structure 

and bonding of the f elements through solid-state chemistry utilizing a variety of characterization 

techniques.  
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CHAPTER 1 

 

INTRODUCTION 

 

 
1.1 History of f elements  

 

The actinides are all radioactive and consist of the elements from actinium to lawrencium 

in the periodic table. Although most of the actinides weren’t synthesized until the Manhattan 

project in the 1940s, two of the early actinides, uranium and thorium, were discovered in the late 

1700s to early 1800s.  

Pitchblende, a black mineral found in the silver mines of the Czech Republic, was 

thought to be either a zinc or iron based mineral with no purpose; however, this all changed 

when a curious pharamist named Martin Klaproth investigated the black mineral and discovered 

a new element, which he named uran after the planet Uranus (later changed to uranium).[4] 

Roughly 30 years after the discovery of uranium, thorium was identified from a different black 

mineral found in Norway.[4] Though these elements were originally thought to be rare in nature, 

it wasn’t until after the Manhattan Project when it was realized these elements were, in fact, 

abundant.  

The remaining actinides in the series, known as the transuranic elements (Np-Lr), are not 

naturally occurring and weren’t discovered until 1939-61. The first transuranic element was 

synthesized by bombarding a uranium-238 target with neutrons. Once uranium-239 forms, by 

neutron capture, it decays via β-emission to form neptunium-239.[4] McMillian and Abelson first 

discovered Neptunium in 1939. The rest of the actinide series was discovered using a similar 

method over the course of 22 years. Today, the actinides are primarily used in fission due to their 

highly radioactive nature.  

The lanthanides consist of the elements from lanthanum to lutetium and are often refered 

to as the rare earth elements. Unlike the actinides, the only naturally occuring radioactive 

lanthanide is promethium. Most of these elements were first discovered after uranium and 

thorium at the Ytterby mine in Stockholm (although the exact timeline and discoverers of these 

elements is up for debate). This mine dates back to the 1500s, where quartz, and feldspar were 

mined for their uses in steel and porcelain. [4] It wasn’t until the the late 1700s when a chemist, 

named Johan Gadolin, obtained an unusual black sample from the mine, that the new element 
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yttrium was discovered. Upon closer investigation of the new element, it was determined that it 

wasn’t just one element, in fact, it was a mineral made up of multiple elements including, 

ytterbium, terbium, erbium, and yttrium. Later, the discovery of holmium, thulium, and 

gadolinium also originated from the Ytterby mine. The most abundant lanthanide, cerium, was 

discovered in 1803, but most of the early lanthanides (praseodymium through europium) weren’t 

discovered until later, and are now most prevelent in the mineral monazite, which is found largly 

in China.  Today, the lanthanides present a unique and very important series of elements that are 

used in everything from the screen of your smartphone (as colors or to decrease UV light 

penetration) to renewable energy in the form of wind turbines (where Nd is used for the magnet). 

 
1.2 Technological Challenges of Nuclear Waste 

 

Since the onset of the Manhattan project in the 1940s nuclear science has rapidly 

progressed, allowing for the development of nuclear weapons and power. Although nuclear 

weapons programs have drastically faded out in production, impressive strides have been made 

to increase the use of nuclear power, but relatively little has been done to reduce the amount of 

waste generated from these processes. 

In 2002, the United States reported that 45,000 metric tons of nuclear waste was being 

stored within the country, and estimated that the amount of waste would increase by roughly 

2,000 metric tons each year.[2] As of 2014, there is an expected 69,000 metric tons of nuclear 

waste sitting in interim storage in the U.S.[2] The major issue associated with storing nuclear 

waste is the amount of time the radioactive material takes to decay before its considered safe for 

the environment.  Hudson et al. have determined that, due to the radiotoxicity of used nuclear 

fuel, the necessary decay pathways will need more than 300,000 years to proceed before it 

returns to the original levels of the uranium ore body from which it was derived.[5]   

This extensive storage time is a direct result of fission and neutron-capture products 

produced during the lifetime of a fuel rod. The complexity of nuclear waste is due to changes in 

the chemical composition of the nuclear fuel as it is burned over a three year period.[6] 

Approximately a third of the periodic table (from Z = 75-160) is produced from the fission of 

uranium-235 alone.[5] A closer look at the isotopes produced shows the majority possess half-

lives of less than a year, which suggests that these isotopes would be completely decayed in the 

time it takes for a fuel rod to cool (approximately ten years). In fact, the long-term radiotoxicity 
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in nuclear waste stems almost entirely from the actinides. The time to decay back to natural 

levels can be lessened exponentially by separation and subsequent fissioning of the longer lived 

actinides. However, this separation is not trivial. In 1954, the first successful nuclear materials 

separation process was implemented on a large scale and termed the Plutonium Uranium 

Recovery by EXtraction or “PUREX” process.[7-9] PUREX uses the ligand tributyl phosphate 

(TBP) to selectively separate Pu(IV) and U(VI) from all other fission products based on their 

redox chemistries.[10] Once this separation has been completed, the duration of which nuclear 

waste needs to be stored before being considered safe diminishes from over 300,000 years to 

about 9,000 years.[2] The remaining long term radiotoxicity stems from isotopes of the minor 

actinides, americium and curium (Am and Cm, respectively). The separation of Am from Cm is 

more difficult because they share the trivalent oxidation state and similar ionic radii, rendering 

their chemistry extremely similar under typical conditions.[11,12] Although many different 

methods have been developed in attempt to solve this problem, only a few have been 

implemented on a large scale.  

The actinide/lanthanide co-extraction known as TRans Uranic EXtraction (TRUEX), uses 

octyl(phenyl)-N N-dibutyl carbamoylmethyl phosphine oxide (CMPO) to selectively separate the 

actinides and lanthanides from the remaining nuclear waste.[7,13,14] After TRUEX, the next step is 

to separate the remaining actinides from the lanthanides. As the minor actinides can be recycled 

as nuclear fuel, and the lanthanides act as neutron poisons (permitting fission) they must be 

separated. Fortunately, one important difference between the 4f and 5f elements is their radial 

extension of electron density (Figure 1.1).[15,16] The lanthanide 4f orbitals do not extend far from 

the nucleus, making these electrons behave very core-like and therefore typically do not interact 

with ligand orbitals. On the other hand, the 5f and 6d orbitals of the actinides extend out further, 

allowing them to have significant overlap with ligand orbitals. It has been observed that softer 

donor ligands (N, S, Cl) are more selective for actinides over lanthanides, which is thought to be 

from this increased orbital overlap. This has led to more separation methods being developed 

with soft donor ligands such as the Selective ActiNide EXtraction (SANEX). The SANEX 

process uses bis-triazinyl bipyridines (BTPs) to selectively bind actinides rather than 

lanthanides.[13,14] Many variations of this process have been developed since then in order to 

make these separations processes efficient and successful. 
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The last separation that needs to be performed is that of Am from Cm. This separation 

has proven to be very difficult because their chemistry is very similar. Cm decays through 

spontaneous fission, a decay mechanism in which fission can occur without an external source of 

neutron bombardment. This ultimately causes problems with criticality in the process of 

transmutation, giving rise to the need to separate Am from Cm. A specific ligand useful to 

perform this separation has not been discovered yet due to our limited knowledge about their 

reactivity.  

1.3 Structure and Bonding 

 

Understanding the fundamental structure and bonding of an element allows for precise 

design and prediction of its properties and reactivity. For example, our understanding of the 

lighter elements in the periodic table, such as Si, C, and Fe, has allowed us to manufacture 

specific drugs, polymers, and other materials. These can be accurately synthesised as a result of 

our deep understanding of their physical and chemical properties.[16] Unfortunately this deep 

understanding does not yet exist for the actinides because they are all radioactive, which requires 

specific radiation training and facilities. 

 
1.3.1 Bonding  

 

 It is widely accepted that there are different types of bonds that can be made between 

elements. In general chemistry, it is taught that there are only three types of bonds: ionic, 

intermetallic, and covalent. However, advanced theory and experimental data have shown that 

there are in fact dozens of different types of bonding that can occur, but for simplicity we will 

only focus on the traditional types of bonding mentioned above.[17, 18] Here, we are interested in 

exploring the kind of bonding modes exist in the actinide series. Typically, a covalent bond is 

defined by the amount of mixing between the metal’s atomic orbitals with the orbitals of the 

ligand based on spacial mixing and energy matching between the orbitals, where ionic bonding is 

an electrostatic attraction between charged particles. Although intermetallic actinide complexes 

are very important to study and understand, we will not be discussing them here. Covalent 

bonding is commonly seen in transition metal complexes, but bonding in the 4f elements is 

thought to be purly ionic. Unlike transition metals that have exposed d orbitals, which can extend 

out far enough from the core to have possible overlap with ligand orbitals, the f orbitals of the 

lanthanides are described as being “core-like,” meaning they don’t extend out beyond its core 
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electrons (Figure 1.1). In the lanthanide series, the only phenomenon that changes a structure 

type is the size of the ionic radii, rendering their structure and bonding characteristics to be 

similar across the series. The actinides, especially late actinides, were thought to mirror the 

behavior of the lanthanides famously described by Glenn T. Seaborg as The Actinide Concept.  

 
1.3.2 Periodicity in the Actinide Series 

 

The early actinides, Th to Pu, tend to display transition metal-like behavior. The first 

explanation for this is that the 6d orbitals are lower, or nearly degenerate, in energy with the 5f 

orbitals. The 6d orbitals have the ability to extend out from the nucleus (Figure 1.1), allowing 

them to have better opportunities to overlap with ligand orbitals, where the f orbitals do not 

extend out past the core, rendering them to be traditionally non-bonding. It is also accepted that 

the f orbitals are more difficult to bind to for a number of reasons. Figure 1.2 shows the possible 

configurations of the f orbitals. From this, you can see that the f orbitals are very diffuse and 

bonding with f orbitals tends to be directionally dependent. The d orbitals, although more diffuse 

than the p or s orbitals, are much more compact than the f, which in this case can give rise to 

more covalent bonding. Another feature unique to the early actinides is their wide range of 

oxidation states. Unlike the lanthanides, which all share the most stable oxidation state of 3+, the 

early actinides can have up to six different oxidation states where the most stable oxidation state 

ranges from 4+ to 6+ (Figure 1.3).  Plutonium represents a significant transition in the actinide 

series where, in the metallic form, its unique electronic properties allow it to undergo six phase 

transitions before melting, and in aqueous solutions it can simultaneously equilibrate four 

oxidation states. Both of these properties are unseen by any other element. Plutonium can also 

adopt multiple structure types that either closly mimic the lanthanides or are unique to only itself.  

Traversing the actinide series, the once nearly degenerate 5f orbitals begin to drop in 

energy. Around Pu, the f orbitals have dropped low enough in energy that they match up well 

with nitrogen and oxygen 2p orbital energies, which could allow for more covalent interactions 

to take place. This is one reason behind why softer donor ligands tend to favor the actinides over 

their lanthanide counterparts as mentioned above. However, in order to have a covalent bond 

there needs to be both orbital overlap and energy matching. In the early actinides there is 

considerable orbital overlap between the metal and ligand, but the energy matching of ligand and 

metal orbitals do not always coincide. Where in the late actinides the orbital overlap is lacking, 
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but there is energy matching. This is one reason why studying the trends across the actinde series 

would be imperative to understanding heavy element bonding.   

Starting with Am, the 3+ oxidation state becomes dominant because of the high 

potentials to reduce or oxidize the species. At Cf, the reduction potential becomes viable at -1.6 

eV. This drop in potential might suggest that Cf, like Pu, reperesents a transition in the actinide 

series, where the chemistry and properties of the elements change once again. Unfortunately 

studies on Cf have been scarce due to its high radiotoxicity and difficulty in procurement.  

In 2014, there were only seven reported crystal structures of Cf in the crystal structure 

databases (ICSD and CCDC). It wasn’t until last year that a Cf complex was characterized on a 

mg scale. The structure presented was a californium borate network that has never been reported 

before with any other element.  This study left many unexplainable phenomena such as a reduced 

magnetic moment and a broad vibronically coupled emission spectrum, that could not be 

answered based on the limited data on Cf complexes.  

 
1.3.3 Thesis Objectives 

  

 This work focuses on expanding our knowledge of the actinide series in the solid state 

using mixed O-donor and N-donor ligands in the form of pyridine dicarboxylates, filling a gap in 

knowledge about elements that are rarely studied which could lead to a better understanding of 

waste storage, management, and environmental impact. All of the reactions presented in this 

work have been run in either hydrothermal or solvothermal conditions on a mg scale (see 

methods for more details).The first part of this work expands on our knowledge of the redox 

chemistries of the lanthanidies and the actinides and how they behave in similar environments. 

Specifically plutonium’s unique redox chemistry is exploited by the use of soft donor ligands.  

 The second part of this work focuses on periodic trends for the mid to late actinides (Am-

Cf). An isomorphous series of the trivalent lanthanides and actinides (Am, Cm, Cf) was 

synthesised using a nitrogen donor ligand. This is the first comprehensive study of the late 

actinides containing a nitrogen-based ligand with the same structure type. This work has been 

critical in understanding californium and its unique properties. 
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1.4 Figures 

 

 

Figure 1.1. Calculated Radial Extension Adapted from Crosswhite, H. M. et. al. J. Chem. Phys. 
1980, 72, 5103. The calculated radial extension of the Xe core compared to Nd(III) (left). The 
calculated radial extension of the Rn core compared to U(III) (right).  
 
 
 

 
Figure 1.2. The General Set of f Orbitals.  

 

 

 

Figure 1.3. Oxidation States of the f elements.  
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CHAPTER 2 

 

SYNTHETIC METHODS AND CHARACTERIZATION TECHNIQUES 

 
 

2.1 Hydrothermal/Solvothermal Synthesis 

 

Hydrothermal synthesis is a method used to grow single crystals that was developed in 

the mid 1800s.[19, 20] Generally, crystal growth takes place in a Teflon liner that is sealed inside a 

steel jacket, also known as an autoclave. The autoclave is designed to withstand both moderate 

temperatures and pressures safely. In hydrothermal synthesis the solvent used is always water 

and typical conditions are considered to reach at least 100 °C and 1 bar.[21] Another variation of 

this method is solvothermal synthesis, where the solvent is not water and may be incorporated 

into the structure. Both of these techniques are solubility driven, meaning that the product(s) that 

fall out of solution will be the least soluble compound(s).  

The reactions presented throughout this dissertation were synthesized in either 

hydrothermal or solvothermal conditions at temperatures ranging from 150 °C - 180 °C for 4 - 48 

hours (depending on the ligand) followed by slow cooling at 5 °C per hour. All of the reactions 

presented in this work were synthesized using 10 mL PTFE lined autoclaves. The reactions 

presented in chapters 3, 5, and 6, use a dipicolinic acid (DPA) ligand and were run 

solvothermally in a 1:1 mixture of ethanol and water at 150 °C for 4 hours. The 1,10-

phenanthroline-2,9-dicarboxylic acid (pda) reactions, presented in chapter 4, were run 

hydrothermally at 180 °C for 2 days. All of the products were washed with ethanol and examined 

under a microscope. Single crystals were isolated from the bulk product and placed into a drop of 

immersion oil on a glass or quartz slide.  

 
2.2 Characterization Techniques 

 

2.2.1 Spectroscopy 

 

Upon isolation of single crystals, the first characterization technique typically used is 

solid state UV-vis-NIR spectroscopy. These spectra are unique because they display the 

forbidden f-f transitions which appear as sharp peaks with very low intensities. These f-f 

transitions are unique for each f element and its oxidation state. [22, 23]  These transitions are well 

known and can be assigned using Carnall’s analysis.[22]  



9 
 

Photoluminescence measurements were taken on single crystals of each sample using 

excitation wavelengths of 365 and/or 420 nm. Variable temperature measurements were taken 

from 20 °C to -193.7 °C using a liquid nitrogen cooled Linkam cold stage. These transitions can 

also be assigned by element and oxidation state.[22] In depth analysis and calculations of the 

photoluminecence were performed by our collaborator at Argonne National Laboratory, Guokui 

Liu. Broadening, red shifted transitions, or vibronic progressions, which are seen in these 

spectra, are unusual for f elements and can be indicative of covalency.  

Photoluminescence lifetimes were obtained using time-correlated single-photon counting 

(TCSPC) measurements run by our collaborators at Florida State University, Thomas D. Green 

and Dr. Kenneth L. Knappenberger.   

Excitation Spectra were collected at room temperature using an Edinburgh FLS980 

spectrometer by our collaborators at Florida State University, Jamie Wang and Kenneth Hanson.  

 
2.2.2 Single Crystal X-ray Diffraction 

 

The most relied on technique in our lab is single crystal X-ray diffraction (SCXRD). 

Single crystals are mounted onto a MiTeGen loop using immersion oil. The tip is then placed on 

the sample holder in the Bruker D8 Quest X-ray diffractometer and aligned using its digital 

camera. Intensity measurements are then performed using an IµS X-ray source, a 30 W 

microfocused sealed tube (Mo Kα, λ = 0.71073 Å) with high-brilliance and high-performance 

focusing multilayer optics. Standard APEXII software was used for the determination of the unit 

cells and data collection control. The intensities of reflections of a sphere are collected by a 

combination of four sets of exposures (frames). Each set had a different φ angle for the crystal 

and each exposure covered a range of 0.5° in ω. A total of 1464 frames are then collected with an 

exposure time per frame of 5−60 s, depending on the crystal. SAINT software is used for data 

integration including Lorentz and polarization corrections. Parameters for Am, Cm, and Cf, are 

not present in the SHELX software and have to be inputted manually. 

 SHELX software was used to solve each crystal structure based on its electron density 

mapping. Platon and CIF check were used to check for missing symmetry, solvent, and correct 

space group assignment. Crystal Maker was used to generate all of the crystallographic images 

presented in this dissertation.  
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2.2.3 Magnetism 

 

Magnetism measurements were performed on polycrystalline samples using a Quantum 

Design VSM Magnetic Properties Measurement System by our collaborator at the National High 

Magnetic Field Laboratory, Ryan E. Baumbach.  
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CHAPTER 3 

 

CLASS II MIXED-VALENCY IN A PLUTONIUM FRAMEWORK 

MATERIAL 

 
Adapted with permission from Samantha K. Cary, Ryan E. Baumbach, Justin N. Cross, Jared T. 
Stritzinger, Matthew J. Polinski, Thomas E. Albrecht-Schmitt. Nature. Under Review. 

 

 
3.1 Introduction 

 

The challenge of achieving charge transfer in mixed-valent, f-block materials is ascribed 

to poor spatial overlap between f orbitals and ligand orbitals and the localization of f 

electrons.[24,25] In lanthanides, the 4f orbitals are buried within the xenon core, and 4f electrons 

only interact weakly with the ligand field.[26,27] This suggests that even in mixed-valent CeIII/CeIV 

materials, which are rather prevalent, that intervalence charge transfer (IVCT) would be difficult 

to achieve in a nonmetallic system.[28,29] In contrast, in the actinide series, there is greater radial 

extension of the 5f orbitals as well as nearly degenerate 6d orbitals that are firmly established as 

being involved in bonding in a variety of systems.[30,31] Here, we report on the synthesis, 

structure, and variety of physical properties that support delocalization of 5f electrons in the 

mixed-valent PuIII/PuIV framework material, Pu3(DPA)5(H2O)2 (DPA = 2,6-

pyridinedicarboxylate, i.e. dipicolinic acid). This compound, while possessing distinct PuIII and 

PuIV sites, shows evidence of emergent Class II Robin-Day behavior.[32]  

 
3.2 Results and Discussion 

 

The addition of 2,6-pyridinedicarboxylic acid to a solution containing [Pu(H2O)9]
3+ 

results in an immediate color change from the purple of hydrated PuIII to emerald green. This 

type of color change is suggestive of oxidation of PuIII to PuIV, but in this case it is the result of a 

broad and intense MLCT band that encompasses the short visible wavelengths in 

[PuIII(DPA)(H2O)n]
+ (vide infra). Similar colors have been reported for other PuIII complexes 

with soft donor ligands.[33] Heating this mixture under anaerobic conditions results in the 

formation of brown crystals of the mixed-valent PuIII/PuIV compound Pu3(DPA)5(H2O)2 in high 

yield, with trace amounts of the starting PuIII DPA complex also crystallizing in the form of 

emerald green [PuIII(DPA)(H2O)4]Br. Increasing the reaction temperature from 150 °C to 180 °C 
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under aerobic conditions yields red prisms of PuIV(DPA)2(H2O)3·3H2O owing to complete 

oxidation of the plutonium (Table A.1).     

Pu3(DPA)5(H2O)2 represents an intermediate between the initial [PuIII(DPA)(H2O)n]
+ 

complex and PuIV(DPA)2(H2O)3. The MLCT band is indicative of the ease with which the PuIII 

can be oxidized to PuIV upon complexation by DPA, even in the absence of oxygen, and 

moderate heating is sufficient to cause this reaction to take place. In the presence of excess DPA, 

the tris-chelate [AnIII(DPA)3]
2− complexes form with trivalent actinides.[34] The oxidation of this 

complex to [PuIV(DPA)3]
2− creates the anionic core found in Pu3(DPA)5(H2O)2, which when 

combined with two [PuIII(DPA)]+ cationic units achieves charge neutrality, and 

Pu3(DPA)5(H2O)2 crystallizes from the polar solvent mixture. Similarly, PuIV(DPA)2(H2O)3 also 

crystallizes at slightly higher temperatures because the neutral complex is achieved with a 

PuIV:DPA2‒ ratio of 1:2. PuIV(DPA)2(H2O)3·3H2O crystallizes from this reaction even if the 

starting mixture contains a Pu:DPA ratio greater than 1:2. PuIV(DPA)2(H2O)3·3H2O and 

Pu3(DPA)5(H2O)2 are both solubility products. This trapping of Pu3(DPA)5(H2O)2 by 

crystallization from polar media is the reason that only a portion of the PuIII is oxidized to PuIV at 

lower temperatures.  

The architecture of Pu3(DPA)5(H2O)2 is best understood by first examining the moieties 

found in the PuIII and PuIV DPA compounds because the fundamental building units in these 

latter systems repeat in the mixed-valent material. The structure of the PuIII dipicolinate 

compound is constructed from the [Pu(DPA)(H2O)4]
+ moiety shown in Figure 3.1. This unit 

consists of a PuIII cation bound by a tridentate dipicolinate ligand that provides one N and two O 

donor atoms to the plutonium center. The DPA ligand has an additional two oxygen atoms from 

the carboxylate moieties that are directed away from the plutonium atom as shown in this figure. 

These oxygen atoms are the key to creating a 3D framework structure because the compound is 

synthesized with a Pu:DPA ratio of 1:1. This forces PuIII to complete its coordination sphere with 

the oxygen atoms from neighboring carboxylate units and water molecules. The geometric 

constraints of the coordination environment allow bridging by two DPA ligands between the 

PuIII centers. These two oxygen atoms along with the N-donor from the pyridine moiety create 

the three capping positions of a tricapped trigonal prismatic [PuNO8] unit. Water molecules 

occupy the remaining four prismatic sites. The network creates channels along {111} that the 

extra framework bromide anions reside in (Figure 3.2). Owing to the presence of three different 
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types of Pu−O bonds, there is a wide range of Pu−O bond lengths (2.434(3) to 2.551(5) Å, see 

Table A.1. The Pu−N bond length is 2.584(4) Å.[35] PuIV(DPA)2(H2O)3·3H2O forms a molecular 

structure consisting of a nine-coordinate PuIV center bound by two, tridentate, DPA ligands and 

three water molecules yielding a tricapped trigonal prismatic geometry as shown in Figure 3.3. 

The bond distances between the PuIV center and both the DPA ligands and water molecules are 

on average significantly shorter than those found in [PuIII(DPA)(H2O)4]Br as expected based on 

the higher oxidation state of plutonium.  The Pu−O bond lengths range from 2.321(3) to 2.495(4) 

Å, and the two Pu−N bonds are 2.495(4) and 2.502(4) Å (Table A.2). The expected bond length 

differences between PuIII and PuIV should be ca. 0.05 to 0.1 Å, and this is observed.[35]  

The two previously described structures aid significantly in both rationalizing and 

understanding the structure of Pu3(DPA)5(H2O)2. There are two crystallographically unique 

plutonium sites in this compound that possess markedly different coordination environments and 

bond distances. The first of these sites is a nine-coordinate, tricapped trigonal prismatic PuIV site 

that has three tridentate DPA ligands (i.e. the tris-chelate complex of PuIV, see Figure 3.1 a). The 

bond distances between the ligand and the plutonium are consistent with this site being PuIV, 

generating a [PuIV(DPA)3]
2− core, and the bonding metrics compare well with the bis-chelate 

complex, PuIV(DPA)2(H2O)3·3H2O (see Table A.1 and Figure 3.3). The oxygen atoms from 

carboxylate groups create the prismatic sites, and the nitrogen atoms of the pyridine groups 

occupy the three capping positions. The second site contains plutonium in an eight-coordinate, 

distorted bicapped trigonal prism with a single tridentate DPA ligand bound to the plutonium 

center. The bond distances are consistent with PuIII, and match up well with those found in 

[PuIII(DPA)(H2O)4]Br. Hence, this is a [PuIII(DPA)]+ unit. The carboxylate anions from each 

[PuIV(DPA)3]
2− unit bridge to four [PuIII(DPA)]+ moieties, part of which is shown in Figure 3.1 

b. The PuIV center resides on a twofold site, and therefore there are two [PuIII(DPA)]+ units for 

each [PuIV(DPA)3]
2− core, yielding a neutral 3D network as shown in Figure 3.1 c. The PuIII

−O 

bond lengths range from 2.417(2) to 2.483(2) Å and the Pu−N bond is 2.567(2) Å. The PuIV
−O 

bond lengths range from 2.331(4) to 2.367(2) Å, and the PuIV
−N bond lengths are 2.5076(17) 

(×2) and 2.515(3) Å (see Table A.2). A comparison of the Pu−N bond lengths of these three 

compounds reveals that the PuIV
−N bonds are approximately 0.05 Å shorter than those found 

with PuIII.  
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The structural evidence points to this compound being a Class I Robin-Day system with 

distinct sites for each oxidation state.[32] Based on the solution chemistry of plutonium, which is 

well known to be unique in that four oxidation states can be simultaneously equilibrated, it might 

be expected that mixed-valent plutonium compounds are also common in the solid state. 

However, if one excludes cases of slight nonstoichiometry from this discussion (e.g. PuO2-x), 

these compounds actually prove to be exceedingly rare. In fact, we could only find two well-

characterized examples.[36,37] Both are molecular structures that contain individual plutonium 

complexes with different oxidation states where there are large separations between the 

plutonium sites. For example, Pu2Cl7(thf)6 is not a traditional Type I compound because while it 

does possess two distinct sites with two different oxidation states (PuIII and PuIV), it is a salt of 

co-crystallized [PuIIICl2(thf)5]
+ and [PuIVCl5(thf)]−, where the different oxidation states are 

isolated from one another in different coordination complexes that have complementary 

charges.[36] The second example of this type of system is also a salt that contains two different 

plutonium anions, in this case [PuIVCl6]
2‒ and [PuVIO2Cl4]

2‒.[37] These compounds do not have 

ligands bridging between the plutonium centers and should not exhibit Class II behavior.         

While the structural chemistry of the plutonium dipicolinate compounds points to well-

defined oxidation states, the unusual green coloration of [PuIII(DPA)(H2O)4]Br indicates more 

complex electronic structure because PuIII compounds are typically shades of purple-blue. The 

typical Laporte-forbidden f-f transitions of PuIII and PuIV measured from single crystals of 

[PuIII(DPA)(H2O)4]Br and PuIV(DPA)2(H2O)3·3H2O, respectively, are shown in Figure 3.4. PuIII 

has a 6H5/2 ground state, and while many transitions partially overlap with those found for PuIV, 

the excitation to the 6H13/2 state at ~900 nm, and the 4L13/2 and 4M15/2 states near 600 nm are clear 

indications of PuIII.[38] These characteristic f-f transitions are present in [PuIII(DPA)(H2O)4]Br. 

Characteristic transitions for PuIV, including the 5F2 and 5I6 transitions around 1100 nm and the 

transitions near 700 nm from multiple J states, are exhibited by PuIV(DPA)2(H2O)3·3H2O.[39] The 

spectrum of PuIV(DPA)2(H2O)3·3H2O is quite normal, as is the red coloration of the crystals. The 

spectrum of [PuIII(DPA)(H2O)4]Br, however, shows a broad and intense CT band that extends 

through the UV and into the visible region of the spectrum. The fact that PuIV bound by the same 

ligand does not show this feature argues that this band is MLCT in origin where PuIII is 

transferring electron density to DPA. Based on this, it would be anticipated that the [PuIII(DPA)]+ 

moiety in this complex is easily oxidized, and this is corroborated by the synthetic studies that 
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demonstrate oxidation with moderate heating even without O2 being present.  It is not surprising 

that PuIII oxidizes to PuIV in the presence of O2 at elevated temperatures. This occurs slowly for 

most PuIII compounds.     

While the structure of Pu3(DPA)5(H2O)2 points towards a Class I compound, the brown 

coloration of the crystals is indicative of a more complex electronic structure (see Figure 3.5). 

An overlay of the absorption spectra of [PuIII(DPA)(H2O)4]Br, PuIV(DPA)2(H2O)3·3H2O, and 

Pu3(DPA)5(H2O)2 shows that this latter spectrum is not simply a sum of its parts as shown in 

Figure 3.4. The MLCT band in Pu3(DPA)5(H2O)2 is significantly broader and extends deeper 

into visible wavelengths by at least 100 nm than found for [PuIII(DPA)(H2O)4]Br. In addition, a 

vibronic progression is resolved that is absent in the pure PuIII compound. This progression has a 

frequency of 1657 cm‒1 that corresponds to the C=O stretching mode of a carboxylate moiety. 

The carboxylate groups bridge between the PuIII and PuIV centers, suggesting that the IVCT band 

is within this broad transition, and that the charge transfer, facilitated by the MLCT in the 

[PuIII(DPA)]+ moiety, is through these bridges. This evidence points to Pu3(DPA)5(H2O)2 falling 

early into the spectrum of Class II compounds where there is some degree of delocalization 

between the different plutonium sites. The location of this band at substantially higher energies 

than found for most transition-metal compounds is consistent with this model because it should 

require more energy to delocalize 5f electrons than d electrons in general.[40,41] This charge 

transfer is impressive because the distance between the PuIII and PuIV sites is 6.234(1) Å, and at a 

minimum the electrons have to travel through four bonds.   

Further corroboration of electronic interactions between the plutonium centers is 

provided by magnetic susceptibility measurements. In Figure 3.6, χ(T) vs. M/H for 

Pu3(DPA)5(H2O)2 is provided. χ increases with decreasing T down to 1.8 K without evidence for 

magnetic ordering. The inverse magnetic susceptibility χ-1(T) is shown in the inset of Figure 3.5, 

where nearly linear behavior is observed for 100 K < T < 200 K that can be described by a Curie-

Weiss expression χ(T) = C/(T-Q), where C = 0.54 emu/mol, and Q = 0.24 K. From the value of 

C, an effective magnetic moment of meff/Pu = 1.2 mB/Pu can be calculated. Although, it should 

be noted that this averages two PuIII and one PuIV sites, and the PuIV likely possesses a 

nonmagnetic singlet ground state. Below 100 K, χ-1(T) deviates from Curie-Weiss behavior. In 

the second Figure 3.5 inset, M(H) results for T = 1.8 K and 5 K are shown and are well within 

the ligand-field split ground state. Nearly linear magnetic field dependences are observed with a 
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slight break in curvature for 1.8 K where there is an inflection point near 30 kOe. These data 

suggest weak, short-range interactions between the plutonium centers and support emergent 

Class II behavior. 

 
3.3 Conclusion 

 

In conclusion, the formation, structures, and composition of [PuIII(DPA)(H2O)4]Br and 

PuIV(DPA)2(H2O)3·3H2O, can not only be readily explained, they can almost be predicted. The 

former is established by the 1:1 PuIII:DPA ratio, and the latter is simply a solubility product of 

oxidation. While at first glance, the mixed-valent nature of Pu3(DPA)5(H2O)2 is more difficult to 

rationalize, because the oxidization of PuIII to PuIV is very slow at 150 °C, once the PuIII:PuIV 

ratio reaches 2:1, that is two [PuIII(DPA)]+ cations and one [PuIV(DPA)3]
2− anion, charge 

neutrality is achieved, and the crystallization of Pu3(DPA)5(H2O)2 from polar media can be 

understood. What could not be anticipated is the MLCT feature found in [PuIII(DPA)(H2O)n]
+ 

that allows for facile oxidation of PuIII to PuIV even under anaerobic conditions. This electronic 

characteristic is the key to the preparation of Pu3(DPA)5(H2O)2 because it facilitates the 

oxidation of PuIII to PuIV, and allows for the emergence of IVCT. This feature is absent in 

lanthanide DPA complexes, including those with CeIII, where CeIV character could be postulated. 

The electronic spectroscopy, vibronic coupling, and magnetic susceptibility measurements of 

Pu3(DPA)5(H2O)2 are indicative of delocalization and weak magnetic interactions between the 

plutonium 5f electrons that occur through the carboxylate bridges. These interactions are 

enhanced by the charge transfer that already takes place in the PuIII complex. We deduce from 

the data presented herein that Pu3(DPA)5(H2O)2 lies early in the spectrum of Class II mixed-

valent compounds. This work points toward the possibility of families of coordination polymers 

and simple dinuclear complexes of redox-active 5f elements that can exhibit intervalence charge 

transfer.  

 
3.4 Methods 

 

3.4.1 Experimental 

 

Caution! 
239

Pu (t1/2 = 24065 y) and 
240

Pu (t1/2 = 6537 y) represent serious health risks, 

owing to their α emission. All studies with plutonium were conducted in a laboratory dedicated 

to studies on transuranium elements. This laboratory is located in a nuclear science facility and 
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is equipped with HEPA filtered hoods and negative pressure gloveboxes that are ported directly 

into the hoods. A series of counters continually monitor radiation levels in the laboratory. All 

experiments were carried out with approved safety operating procedures. All free-flowing solids 

are worked with in gloveboxes, and products are only examined when coated with either water 

or Krytox oil and water. There are significant limitations in accurately determining yields with 

plutonium compounds, because this requires drying, isolating, and weighing a solid, which poses 

certain risks, as well as manipulation difficulties given the small quantities employed in the 

reactions 

 

3.4.2 Synthesis 

 

2,6-pyridinedicarboxylic acid (99%, Sigma-Aldrich), Ethanol (100%, Koptec), 

Hydrobromic acid (ACS reagent 48%, Sigma-Aldrich), and plutonium (94% 239Pu, 6% 240Pu) 

obtained from LANL in the form of PuCl3 was used without further purification. PTFE-lined 

Parr 4749 autoclaves with a 10 mL internal volume, and Millipure water were used in all of the 

following reactions. All solvents that were used in a glove box were sparged with argon.  

 

3.4.2.1 Pu
IV

(DPA)2(H2O)3·3H2O PuCl3 (9.8 mg, 0.0284 mmol) and HBr (8 M, 100 µL) 

were heated in an open PTFE-liner at 130 °C for one hour resulting in a purple-black residue. 

After the liner cooled to room temperature, DPA (5.2 mg, 0.0315 mmol), ethanol (100 µL), and 

water (100 µL) were added. The reaction was conducted aerobically (with no attempts to keep 

air out of the reaction) in an oven heated to 180 °C for three days with a slow cooling rate of 5 

°C per hour. Red-pink tablet-shaped crystals of 1 were isolated from the reaction in high yield. 

No other products were present. 

 

  3.4.2.2 [Pu
III

(DPA)(H2O)4]Br and Pu3(DPA)5(H2O)2 PuCl3 (9.4 mg, 0.0268 mmol) and 

HBr (8M, 100 µL) were heated in an open PTFE-liner at 130 °C for one hour resulting in a 

purple-black residue. The liner was transferred and cooled to ambient temperature inside of an 

argon-filled glovebox in order to exclude oxygen. DPA (4.6 mg, 0.0254 mmol), ethanol (100 

µL), and DI water (100 µL) were added to the liner producing a bright green solution. The 

autoclave was sealed and placed into an oven inside the glovebox at 180 °C for two days. The 

same product forms at 150 °C. The autoclave was allowed to cool slowly at a rate of 5 °C per 



18 
 

hour. Two products were isolated: A few, large, green block-shaped crystals of 

[PuIII(DPA)(H2O)4]Br and brown plates of Pu3(DPA)5(H2O)2 (essentially the sole product). 

Radiation damage in Pu3(DPA)5(H2O)2 causes the crystals to change from brown to gold in color 

within a few days. 

 
3.4.3 Crystallographic Studies 

 

Single crystals of each compound were individually mounted on Mitogen mounts using 

viscous immersion oil. A Bruker D8 Quest X-ray diffractometer equipped with a digital camera 

was used to align the crystals. Initial intensity measurements were performed using a IµS X-ray 

source, a 50 W microfocused sealed tube (Mo Kα, λ = 0.71073 Å) with high-brilliance and high-

performance focusing multilayer optics. Standard Quest software was used for determination of 

the unit cells and data collection control. The intensities of reflections of a sphere were collected 

by a combination of four sets of exposures (frames). Each set had a different φ angle for the 

crystal and each exposure covered a range of 0.5° in ω. A total of 1464 frames were collected 

with an exposure time per frame of 20−40 s, depending on the crystal. Quest software was used 

for data integration including Lorentz and polarization corrections. Table A.2 provides selected 

crystallographic information for all three compounds.   

 

3.4.4 UV-vis-NIR 

 

A Craic Technologies microspectrophotometer was used to obtain a room temperature 

UV-vis-NIR spectrum for each compound. Crystals were placed on a quartz slide under 

immersion oil, and the data were collected from 200 to 1200 nm. 

 
3.4.5 Magnetic Susceptibility Measurements 

 

Magnetism measurements were performed on polycrystalline samples using a Quantum 

Design VSM Magnetic Properties Measurement System under an applied field of 10 kOe for 1.8 

K < 300 K, and for 0 < H < 70 kOe at T = 1.8 K and 5 K. The samples were sealed inside a 

custom-built Teflon capsule. In order to extract the intrinsic magnetic behavior of the Pu-

containing sample, we performed all measurements with the capsule both empty and full, and 

subsequently subtracted the empty capsule results from those of the filled capsule. 
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3.5 Figures 

 

 
Figure 3.1. a) A depiction of the chiral tris-chelate complex of PuIV with three DPA ligands in 
Pu3(DPA)5(H2O)2. b) A view of the bridging by the carboxylate moieties between PuIII and PuIV 
sites.  c) A view down the b axis of the framework structure.   
 

 
Figure 3.2. Structural view of [PuIII(DPA)(H2O)4]Br on the 111 plain displaying the Br- filled 
channels. Pu is represented as green, oxygen is represented as red, carbon is represented as black, 
and nitrogen is represented as blue. 
 

b. 
a. 

c
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Figure 3.3.  The structural environment of PuIV(DPA)2(H2O)3·3H2O down the c-axis. (b) Shows 
the extended structure down the a-axis; Pu is represented as dark red, oxygen represented as red, 
carbon represented as black and nitrogen represented as blue. 
 

 
Figure 3.4. Overlay of the absorption spectra of [PuIII(DPA)(H2O)4]Br, 
PuIV(DPA)2(H2O)3·3H2O, and Pu3(DPA)5(H2O)2.  The key features are the broad MLCT band 
between 300 and 500 nm for [PuIII(DPA)(H2O)4]Br, and the vibronically-coupled MLCT/IVCT 
band between ca. 300 nm and 600 nm in mixed-valent Pu3(DPA)5(H2O)2.   
 

 
Figure 3.5. Photograph of the Pu3(DPA)5(H2O)2 crystal.  

!
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Figure 3.6. Magnetic susceptibility measurments of Pu3(DPA)5(H2O)2 taken on a VSM-SQUID. 
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CHAPTER 4 

 

EXPLORING DIFFERENCES IN STRUCTURE AND BONDING OF 

PLUTONIUM AND CERIUM USING A PHENANTHROLINE 

DERIVATIVE 

 
Adapted with permission from Samantha K. Cary, Stosh A. Kozimor, Ryan E. Baumbach, Mark 
A. Silver, Alexandra A. Arico, Shane S. Galley, Thomas E. Albrecht-Schmitt. JACS. In 

preperation. 

 
4.1 Introduction 

 

Cerium in the 4+ oxidation state provides a useful non-radioactive analogue of tetravalent 

plutonium owing to their similar ionic radii, and in fact, several families of coordination 

complexes and purely inorganic compounds form isotypic series.[42-44]  Examples of this include 

a variety of phosphonates such as M[C6H4(PO3H)-(PO3H2)][C6H4(PO3H)(PO3)]3·2H2O (M = Ce, 

Pu),45,46,47 the cationic framework tellurites, [M2Te4O11]Cl2 (M = Ce, Pu),[48] and a large 

collection of sulfates.[49,50]  However, there are notable deviations in both reactivity and 

coordination chemistry between CeIV and PuIV as documented in the PuIV maltol complex, 

Pu(C6H5O3)4,
[42] the mixed-valent molybdate, CsPu3Mo6O24(H2O),[51] and hydroxypyridonate 

(PuIV{5LIO(Me-3,2-HOPO)}2).
[52]  Detailed analysis of ligand K-edge XANES measurements 

have provided insight into the origin of this divergence, and show significant degrees of 

involvement of the 4f and 5f orbitals in bonding in CeIV and PuIV compounds, respectively.  The 

differences in the involvement of valence orbitals is likely responsible for some of the variations 

in coordination chemistry.[53,54]  In addition, while both CeIV and PuIV are strong oxidants, their 

standard reduction potentials differ by ~600 mV, and are significantly altered by complexation, 

perhaps changing reaction pathways where redox chemistry is involved in product 

formation.[51,55,56]  

In order to further our understanding of the differences in structure and bonding between 

CeIV and PuIV, the mixed N-, O-donor, 1,10-phenanthroline-2,9-dicarboxylic acid (PDA) was 

chosen as a complexant.  This ligand, and its derivatives, are being investigated for the 

separation of americium and curium from lanthanides in advance nuclear fuel cycles.[57,58] 

Lanthanide and actinide complexes have also been prepared for additional reasons that include 

the sensitization of EuIII luminescence,[55] and differences in the thermodynamics of 
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complexation with the early actinides ThIV,[56] UVI,[57] and NpV.[58] Herein, we report on the 

complexities of cerium and plutonium DPA complexes that further illustrate the bifurcation of 

the chemistries of cerium and plutonium.  

 
4.2 Results and Discussion 

 

 The hydrothermal reaction of CeCl3-7H2O with pda in a 1:1 ratio results in yellow 

octahedral crystals (Figure 4.1a). Upon doubling the amount ligand used in the reaction, with 

hopes of making the molecular species, vibrant orange octahedral crystals (2) formed (Figure 

4.1b). 

 Unlike studies with the lanthanides, hydrothermal reactions with plutonium are scarce 

because of the elevated safety precautions taken when working with radioactive elements. Here 

we report on the hydrothermal synthesis and characterization of a new molecular structure of a 

PuIV complex (3). This reaction was run in a 1:2 ratio of PuBr3 to pda to yield gold plates (Figure 

4.1c).  

  Single crystal X-ray diffraction experiments revealed that all three compounds were 

structurally different from one another (Table B.1). The yellow cerium complex 1 crystalized in 

the monoclinic spacegroup P21/c where the cerium metal center is a nine coordinate tricapped 

trigonal prism. One pda ligand, and a chlorine atom chelate the cerium, where two water 

molecules make up the rest of the coordination sphere (Figure 4.2). 

 The orange cerium complex 2 crystalized in the orthorhombic space group Pca21 where 

there are three crystallographically unique cerium cites as seen in Figure 4.3. Two Ce cites are 

linked together by bridging carboxylates creating a cerium 4+ dimer. The third cite creates a 

helical chain using one bridging carboxylate along the c-axis.  Upon comparing the Ce-O and 

Ce-N bond lengths of this chain to that of the CeIV dimer, and the CeIII structure above, there 

were some notable differences (Table B.2 and Table B.3). First the Ce-O bond lengths for this 

helical chain were in between the values seen for both CeIII and CeIV. Second, one of the nitrogen 

atoms was ~0.1 Å shorter than any of the Ce-N bonds observed in this study. However, because 

of the large amount of error that is present in the bond lengths of 2, it is difficult to accurately 

determine the oxidation state of the third cerium cite using crystallography alone. 

 Unlike the cerium systems the crystal structure of the plutonium complex formed a di-

chelate molecular structure of PuIV held together by hydrogen bonding and π-π stacking 
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interactions. This structure crystalizes in the triclinic space group P1 where the Pu is 8 

coordinate, but the geometry could not be determined due to its unusual shape (seen in Figure 

4.4, Table B.3, and B.4). This reaction is almost definitely solubility driven because each pda 

ligand has a net charge of 2–, which charge balances with PuIV to form a neutral complex.  

 The solid-state absorption spectra of a single crystal of 1, 2, and 3 were taken on a 

micropectrophotometer. The characteristic Laporte-forbidden f-f transitions for PuIV were 

exhibited in complex 3 as expected (Figure 4.5). These include the 5F2 and 5I6 transitions around 

1100 nm and the multiple J state contributions near 700 nm. The characteristic f to d transition 

for cerium is seen around 400 nm for both Ce structures, however, in complex 2 (Figure 4.6) the 

transition at 400 nm is much broader than that seen in complex 1 (Figure 4.7) and there is a 

broad band that appears just under 1200 nm. These two deviations could be responsible for the 

unusual orange coloration in the cerium complex. 

 Two different explanations for both the differing bond lengths and the abnormal 

absorption spectrum were hypothesised. The first possibility is that there is a radial anion present 

in the form of a nitrogen anion, which could give rise to the interesting electronic properties and 

could cause the transition below 1200 nm. The second explanation we propose that one of the 

pda ligands is protonated, giving rise to a CeIII/CeIV mixed valent system. 

 
4.3 Conclusion 

 
This study provides more evidence that the chemistry of cerium does not always predict 

the plutonium analogue. Unlike cerium, plutonium equilibrates four oxidation states in solution 

at the same time due to its relatively low reduction potential of approximately 1.0 V from PuIV 

! PuV ! PuIV ! PuIII. Cerium’s most stable oxidation state is 3+, where the reduction potential 

from CeIV ! CeIII is approximately -1.7 V. It must also be noted that these two elements are not 

isoelectronic, meaning they have a different number of valence electrons. These differences 

combined with the growing body evidence of structure and bonding differences point out that 

cerium is not a good surrogate for plutonium.  

 To bolster this argument, here we have presented the hydrothermal reaction of Pu and Ce 

with pda. In the Ce analogue the crystallization of a redox reaction intermediate formed a 

practically oxidizes product. Although the exact oxidation state a mechanism for this can’t be 

explained in this study, X-ray absorption spectroscopy is currently being utilized for a better 
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understanding of the system. The plutonium reaction presented a much simpler product in the 

form of Pu(pda)2, which is molecular, and solubility driven. Under the same reaction conditions 

both CeIII and PuIII were oxidized to the tetravalent oxidation state, but different reaction 

pathways led to the formation of extremely different products. 

 We are grateful for the support provided by U.S. Department of Energy, Office of 

Science, Office of Basic Energy Sciences, Heavy Elements Chemistry Program, under Award 

Number DE- FG02-13ER16414. 

 
4.4 Figures  

 

 

     

Figure 4.1. Three photographs of single crystals of (a) compound 1, Ce(C14H6N2O4)(H2O)2Cl-
H2O, (b) compound 2,{Ce[C12N2(CO2)H6]2}2 {Ce[C12N2(CO2Hx)2H6]2}, and (c) compound 3, 
Pu(C14H6N2O4)2. 
 

 

Figure 4.2. Selected coordination environment from the crystal structure of 1 
(Ce(C14H6N2O4)(H2O)2Cl-H2O). This structure is a two dimensional chain that has a one unique 
cerium, which is a nine coordinate muffin coordinating one pda ligand, two water molecules, and 
a chlorine atom.   
 

 a b c  
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Figure 4.3. Selected coordination environment from the crystal structure of 2 
({Ce[C12N2(CO2)H6]2}2 {Ce[C12N2(CO2Hx)2H6]2}). (a) Shows the helical chain of Ce1 down the 
c-axis.(b) The dimer of Ce2 and Ce3, which coordinate two pda ligands each. 
 

 
Figure 4.4. Crystal structure for compound 3 (Pu(C14H6N2O4)2). The eight coordinate plutonium 
centers form a molecular structure held together by p stacking and hydrogen bonding 
interactions. 
 

 

Figure 4.5. Absorption spectrum taken from a single crystal of compound 3, Pu(C14H6N2O4)2. 
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Figure 4.6. Absorption spectrum taken from a single crystal of compound 2, 
{Ce[C12N2(CO2)H6]2}2 {Ce[C12N2(CO2Hx)2H6]2}. The intense transition at 400 nm is a 
combination the charge transfer band observed for Ce(IV) and the π-π* of the pda ligand.  The 
transition around 1150 nm is currently unassigned due to multiple possibilities of cause. 
 

 

Figure 4.7. Absorption spectrum taken from a single crystal of compound 1 

(Ce(C14H6N2O4)(H2O)2Cl-H2O).  
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CHAPTER 5 

 

EMERGENCE OF CALIFORNIUM AS THE SECOND TRANSITIONAL 

ELEMENT IN THE ACTINIDE SERIES 

 
Open access journal, adapted with permission from Samantha K. Cary, Monica Vasiliu, Ryan E. 
Baumbach, Jared T. Stritzinger, Thomas D. Green, Kariem Diefenbach, Justin N. Cross, Kenneth 
L. Knappenberger, Guokui Liu, Mark A. Silver, A. Eugene DePrince, Matthew J. Polinski, 
Shelley M. Van Cleve, Jane H. House, Naoki Kikugawa, Andrew Gallagher, Alexandra A. 
Arico, David A. Dixon & Thomas E. Albrecht-Schmitt. Nature Communications, 2015, 6, 6827.  
 
 

5.1 Introduction 

 

Advances in theory coupled with sophisticated spectroscopic and structural analyses of 

actinide complexes and materials have transformed the way in which we view these elements 

from what was once considered mundane to utter fascination.[59–62] While tantalizing evidence 

that 5f elements might utilize their valence orbitals in bonding was uncovered shortly after the 

Manhattan Project in the 1950’s,[63] it was not until more compelling techniques were applied to 

this problem that the broader chemical community started to become aware that a simplistic 

description of the 5f series as being ostensibly the same as that of lanthanides is indefensible. 

Among the more convincing probes of the nature of bonding in these compounds is ligand K-

edge XANES,[64] which when coupled with advanced electronic structure modelling has revealed 

that the metal–ligand interactions can be quite similar to those of d orbital interactions in 

transition metal coordination complexes.[60,65] However, the majority of this progress is restricted 

to early actinides for quite practical reasons that include a lack of structural and spectroscopic 

data from mid- to late actinides, and increasing difficulties in quantum mechanical calculations 

that come with the larger number of 5f electrons and variety of available acceptor orbitals that 

include the 6d, 7s and 7p. 

Californium is the last element in the periodic table where it is possible to measure the 

properties of a bulk sample; albeit these measurements come with considerable experimental 

challenges.[66] Nevertheless, one of the hallmarks of the nuclear era was the maturation of 

ultramicrochemical techniques that had been perfected by the time californium became available 

in appreciable quantities. This enabled characterization of binary compounds such as halides and 

oxides,[67] and even in these systems peculiarities were observed that include abnormally broad f-
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f transitions in electronic absorption spectra, and consistently reduced magnetic moments with 

respect to that calculated for the free ion. [68,69] A testament to the unexpected features of 

californium compounds is that CfCp3 (Cp 1⁄4 cyclopentadienyl) has a deep red colouration 

instead of the expected bright green.[70] These deviations from isoelectronic Dy(III) compounds 

point to changing chemical behaviour and alterations in electronic characteristics as the result of 

complexation that are not paralleled by lanthanides or, more importantly, by lighter actinides. 

There are several lines of reasoning that shed some light on the departure of electronic behaviour 

late in the actinide series. The first of these arguments is electrochemical (that is, thermo- 

dynamic). The increasing stability of the 3+ oxidation state among heavier 5f elements is 

typically ascribed to the contraction, localization and lowering in energy of the 5f orbitals, such 

that by americium oxidation states beyond 3+ are difficult to achieve. What is seldom 

recognized is that the divalent oxidation state is also becoming increasingly thermodynamically 

accessible late in the actinide series.[71] In fact, the solution chemistry of nobelium could not be 

explained until it was determined that unlike earlier 5f elements, its most stable oxidation state in 

aqueous media is 2+ because this provides a closed-shell 5f14 configuration.[72] Californium is 

the first element in the actinide series where the 2+ oxidation state is chemically accessible at 

reasonable potentials, and, in fact, Cf(II) compounds, such as CfCl2, have been successfully 

prepared and characterized.[73] 

Further support for the stability of Cf(II) comes from ambiguity in the valency of metallic 

californium. While the connection of the behaviour of elements in their metallic state with that of 

their ions in solution may seem tenuous, in this case many parallels can be discerned. Early 

reports indicated that californium acted as a divalent metal much like europium and 

ytterbium.[74,75] However, it is now understood that thin films of californium trap a metastable 

divalent state, whereas the bulk material is trivalent as expected.[76] Similar behaviour is found 

with samarium, which possesses a reduction potential similar to that of californium. The 

coupling of these two lines of evidence indicates that californium is located at an electronic 

tipping point in the actinide series, and it plays a role much like that of plutonium where an 

earlier departure in 5f character takes place. In the case of plutonium, its unique electronic 

properties that stem from the changing roles of the 5f orbitals allow it to undergo six phase 

transitions before melting, and it can simultaneously equilibrate four oxidation states in solution; 

both of these features are unmatched anywhere else in the periodic table. 
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We recently reported on the preparation, structure, properties and results of quantum 

chemical calculations of Cf[B6O8(OH)5].
[66] The structure of this compound is not paralleled by 

the lighter actinides, and, more importantly, the electronic properties are rather unexpected from 

an f element. These unusual features include broad f-f transitions, strongly vibronically coupled 

photoluminescence and a reduction in the magnetic moment with respect to that calculated for 

the free ion. All of these features point to complexation perturbing the 5f orbitals in a way that is 

more typical of ligand-field effects on transition metal ions. In fact, density functional theory 

(DFT) and multi-reference molecular orbital calculations support the donation of electron density 

from the borate ligands into the 5f orbitals, as well as the 6d, 7s and 7p, and the latter method 

reveals strong ligand-field splitting that is among the largest observed for an f element. 

However, this prior study opened up as many questions as it answered.[66] First, are these 

perturbations of the ground and excited states of Cf(III) unique to the highly electron-rich 

environment that borate provides, or are these effects achievable with much simpler and better 

understood ligands? Second, is it possible that indicators of these effects have been observed 

since the earliest developments of californium chemistry (vide supra), but simply not recognized 

for their significance? In the present study, we answer these questions and provide a hypothesis 

to explain why this chemical behaviour is not observed earlier in the actinide series, and why we 

predict that these effects will only become more pronounced later in the heaviest 5f elements. 

 
5.2 Results and Discussion 

 

The reactions of hydrous 243AmCl3, 
248CmCl3, and 249CfCl3 with excess 

2,6-pyridinedicarboxylic acid (dipicolinic acid, DPA) at 150 °C in a 1:1 ethanol/H2O mixture 

results in the formation of crystals of An(HDPA)3·H2O (An = Am, Cm, Cf). These compounds 

are isomorphous, and consist of nine-coordinate, tricapped trigonal prismatic An(III) ions bound 

by three, tridentate, monoprotonated DPA ligands. These tris-chelate complexes are necessarily 

chiral, and the structure, as determined by single crystal X-ray diffraction, reveals a racemic 

mixture of the Δ and Λ enantiomers, as expected. A view of both enantiomers is shown in Figure 

5.1 and crystalographic data is shown in Table C.1. 

Examination of the volume changes of the unit cells across the actinide series show the 

expected reduction ascribed to the actinide contraction. In fact, we collected high-angle 

diffraction data in order to reduce the standard deviations in the bond distances as much as 
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possible. Inspection of the average Am‒O, Cm‒O, and Cf‒O bond distances, as well as the An‒

N distances reveals a decrease of approximately 0.05 Å from Am(III) to Cf(III) as provided in 

Tables C.2 and C.3. The expected contraction between neighboring f elements is on the order of 

0.01 Å. Therefore, a decrease in average bond lengths of ~0.03 Å between Am(III) and Cf(III) is 

expected if a fully ionic model is imposed. The Cf‒O and Cf‒N bonds are slightly shorter than 

expected, and this might be an indicator of increased effects of covalency across the series.[77,78] 

However, this system presents a unique opportunity in that both enantiomers are present in the 

asymmetric unit. A comparison of the bond distance variations between enantiomers of the same 

element reveals that the average differences between bond lengths between the Δ and Λ 

enantiomers of the Cf(III) complex are on the same order as the differences observed in the bond 

lengths between the Am(III) and Cf(III) molecules. However, the entire structure is a part of a 

hydrogen bonding network, and the hydrogen bond contactions for the Δ and Λ enantiomers are 

not the same. Hence, these interactions cause minor distortions of the different enantiomers. If 

one instead compares the same enantiomers between the Am(III), Cm(III), and Cf(III) 

complexes, the Cf‒N and Cf‒O bond distances are slightly shorter than anticipated; albeit the 

statistical significance of these differences depends on how one treats the errors in the bond 

distances. It must also be kept in mind that berkelium lies between curium and californium, but 

preparation of the Bk(III) complex is not currently possible owing to the half-life of 249Bk only 

being 320 days.         

There are more convincing indicators that the electronic structure of the Cf(III) complex 

deviates significantly from expectations. For example, magnetic susceptibility data were 

collected from 300 to 1.8 K for Cf(HDPA)3·H2O under an applied field of 0.1 T as shown in 

Figure 5.2.  The large temperature-independent paramagnetic effects that are indicative of low-

lying excited states observed for Cf[B6O8(OH)5] are not found in Cf(HDPA)3·H2O. Instead the 

data are essentially Curie-Weiss like with a measured µeff of 9.3(1) µB. This value is significantly 

lower than that calculated for the free-ion of 10.65 µB.[79] Examination of previously reported 

magnetic moments for Cf(III) compounds shows that values of ~9.3 µB are, in fact, the most 

commonly reported. However, most investigators have attributed these deviations from the 

calculated free-ion moment to experimental artifacts that result from the very small sample sizes 

employed in the measurements (ca. 1 mg of 249Cf), and hence large errors in the masses of 
249Cf.[68,69] It should be pointed out, however, that the quantity of 249Cf used in these prior studies 
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was not determined by weighing, but rather by far more accurate radiation counting methods, 

and later studies conducted with tens of mg’s of 249Cf yielded similar values as those with much 

smaller quantities.[68,69]   

In order to demonstrate that the reduced moment measured for Cf(HDPA)3·H2O is not an 

artifact of the small sample size, our measurements were performed on the largest quantity of 
249Cf ever used in a magnetic susceptibility study (2.2 mg of 249Cf), and the data were collected 

using a VSM-SQUID, which provides significantly more sensitivity than a traditional SQUID. 

We conclude that the earlier reports are probably correct, and that Cf(III) commonly displays 

reduced magnetic moments unlike isoelectronic Dy(III), whose measured µeff from a variety of 

compounds are typically close to the calculated free-ion moment.[79] In fact, we prepared 

Dy(HDPA)3·H2O, and measured its magnetic susceptibility in the same way, to find its exhibited 

moment reaches the calculated free-ion moment value, as expected. The inverse magnetic 

susceptibility data are compared in Figure 5.3, and a large deviation between the two metals ions 

is clearly apparent. In addition, much like what is found in Cf[B6O8(OH)5], Cf(HDPA)3·H2O 

behaves as a much softer magnetic system than expected for an f-element, and magnetization vs. 

field measurements reveal saturation of the Cf sample at approximately half of the value of the 

Dy complex as provide in Figure 5.2.             

A deeper understanding of the electronic structure of the Cf(III) complex was achieved 

by measuring electronic absorption and photoluminescence spectra from single crystals. The 

former data are provided in Figure 5.4, and the latter in Figure 5.5. We were fortunate that fairly 

large crystals of Cf(HDPA)3·H2O can be prepared; whereas Cf[B6O8(OH)5] is microcrystalline. 

A comparison of these spectra with An3+ ions in crystals with weak ligand interactions reveals 

that the 5f-5f transitions are abnormally broad even at 79 K.  In addition, there is a very broad 

absorption band in the short wavelength region that cannot be attributed to 5f-5f transitions.  

Again, we examined earlier published data on the absorption spectra of Cf(III) compounds, and 

these features are typically at least an order of magnitude broader than expected.[80] 

Photoluminescence data, which were collected at variable-temperature using either 365 or 420 

nm excitation wavelengths, show green photoluminescence centered at approximately 525 nm. 

Historically, this photoluminescence has been assigned to the J = 5/2 excited state transition to 

the J = 15/2 ground state.[66,81,82] However, as we will delineate below, this assignment is most 

likely incorrect, and the actual origin is far more intriguing. Much like in Cf[B6O8(OH)5], strong 
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vibronic coupling is observed, and the photoluminescence peak width at half-height is massive at 

approximately 126 nm. In Cf(HDPA)3·H2O, the vibrational progression is more clearly resolved 

than in Cf[B6O8(OH)5], perhaps because the former is a single crystal sample.   

In both Cf[B6O8(OH)5] and Cf(HDPA)3·H2O, photoluminescence of the daughter of 249Cf 

a decay, 245Cm, is also observed.  In the Cf[B6O8(OH)5] sample, the Cm(III) photoluminescence 

peak is nearly as broad as that of Cf(III), leaving unanswered whether the highly electron-rich 

coordination environment that borate provides is solely responsible for the changes in electronic 

structure, or if these features only occur because the Cm(III) is effectively being doped into the 

Cf(III) sample, or if it is some combination of the two. In Cf(HDPA)3·H2O, the 

photoluminescence of 245Cm(III) at 611 nm is a sharp transition as expected for a Cm(III) 

complex.[83-85] We also prepared the pure Cm(HDPA)3·H2O complex using a 248Cm(III) starting 

material, and fully characterized this sample, including its variable-temperature 

photoluminescence spectra as illustrated in Figure 5.6. As anticipated, the Cm(HDPA)3·H2O 

compound produces a single sharp emission line at 611 nm and vibronic coupling is absent.  This 

supports the postulate that Cf(III) represents a transition point in the actinide series where 

emergent phenomena are apparent. Reinforcement of this argument is also provided by the 

measured meff of the Cm(III) complex being 8.0(1) µB, which agrees well the calculated moment 

of 7.94 µB, and with magnetic moments measured from other Cm(III) compounds.[86] The 

absorption spectrum is also typical for a Cm(III) material Figure 5.7. 

Based on crystal-field theory,[87] the electronic energy levels of Cf(III) in Cf(HDPA)3 

were calculated and compared with the absorption spectra as shown in Figure 5.8. The free-ion 

parameters were taken from previously obtained values for An(III) doped into LaCl3 crystals. 

Assuming C3v site symmetry for Cf(III), the crystal-field parameters were first calculated using a 

superposition model of ligand-field theory.[88] The values of calculated crystal-field parameters 

were varied proportionally from the calculated ones along with the variation of the spin-orbit 

coupling constant ζ5f for best fitting to the experimental data. Detailed analysis of the electronic 

energy levels and crystal-field calculations for Cf(III) and Am(III) in An(HDPA)3 will be 

reported separately. The calculated energy levels are indicated with the leading free-ion states by 

the vertical lines on the top of the spectrum shown in Figure 5.9. These calculated levels match 

the experimental data quite well. The resultant crystal-field parameters are reduced by 20% from 

the calculated values. They are: 
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2 -1 4 -1 4 -1

0 0 3
588 cm ,  2820 cm , 1932 cm ,B B B= = = −  

           
6 -1 6 -1 6 -1

0 3 6
3387 cm , 580 cm ,  and 2154 cmB B B= = =  

The spin-orbit coupling constant is ζ5f = 3536 cm-1, which is only 1% less than that for 

Cf(III):LaCl3. Calculated from the crystal-field parameters, the ligand-field strength (i.e. N'v) in 

Cf(HDPA)3·H2O is 1632 cm‒1, which is much larger than 610 cm‒1 found for Cf(III) in a 

chloride environment (i.e. doped into a LaCl3 lattice).[89] The crystal-field splitting of the ground 

multiplet 6H15/2 is 824 cm‒1. For comparison, the total splitting of 6H15/2 for the 4f
9 ion Dy(III) in 

LaCl3 is only 141 cm‒1.[90] The increased ground-state splitting would significantly reduce the 

magnetic susceptibility (µeff). 

A compilation of all of the electronic spectroscopy and magnetism data gathered for this 

work, as well as that measured from Cf[B6O8(OH)5],
[66] allows us to reach the following 

conclusions: First, under 365 nm excitation, the origin, or zero-phonon line of the 

photoluminescence of Cf(HDPA)3·H2O is above 25000 cm‒1 (400 nm).  However, as shown in 

Figure 5.8, this is far above the expected energy level of the J = 5/2 emitting state (dominant by 
4P5/2 with energy near 20000 cm‒1).[89] A large hypsochromic shift of the 5f-5f transitions is not 

observed in the absorption spectrum. Second, there is a substantial Stokes shift and 

photoluminescence band broadening with strong vibronic features. In both Cf[B6O8(OH)5] and 

Cf(HDPA)3·H2O the californium photoluminescence band stretches more than 10000 cm‒1 

across the narrow Cm(III) emission centered at 611 nm. If the photoluminescence is due to a 

5f-5f transition, it should have the same bandwidth as that of the 5f-5f absorption bands. In 

addition, no photoluminescence is observed from the Am(III) complex. This indicates that 

radiative 5f-5f relaxation is quenched even from the metastable 5f
6 state (5D1) of Am(III). This 

state has an energy gap between 5D1 and 7F6 that is much larger than the difference between the 

Cf(III) 4P5/2 state and the next low-lying state 6F1/2. According to the energy-gap law, if 

photoluminescence occurs from the 4P5/2 state of Cf(III), one should also see red 5D1 emission 

from the Am(III) complex.[91]  

The crystal-field strength is often used as an index of covalency in actinide compounds. 

Earlier work conducted by Edelstein and co-workers demonstrated that N'v strongly depends on 

the oxidation state of the actinide ion and the valence orbitals of its ligands.[92-94] Summarized in 

Figure 5.9, the value of N'v varies from 600 cm‒1 for An(III) in chlorides and bromides to above 

7000 cm‒1 for An(V) in fluorides. The value of N'v is insensitive to the electronic configuration 
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of ions in the same oxidation states as was realized in the An(III):LaCl3 and An(IV):CeF4 

series,[95,96] with the values of N'v close to 600 cm‒1 and 2000 cm‒1, respectively, for actinides 

across the series. Systematically, once N'v is above 2000 cm‒1, covalence is thought to be 

dominant in ion-ligand bonding. For instance, U(V) in (NEt4)UBr6 and (NEt4)UCl6 has a value of 

N'v between 3000 and 4000 cm‒1, and was considered predominantly covalent.[97] For 

Cf(HDPA)3·H2O, N'v is 1623 cm‒1 which is much larger than that for trivalent actinides in many 

compounds. This result supports the ligand hyperpolarizability arguments that we have 

previously put forth as well as the change in periodicity at californium.[61] The analysis of 

crystal-field strength and 5f
9 energy levels supports our assignment of the broadband 

photoluminescence to a charge-transfer transition instead of an intra 5f transition.       

Given the above observations and analysis, there is no basis to assign the 

photoluminescence to a Cf(III) 5f-5f transition. This calls into question whether the assignment 

of the green photoluminescence has ever been correct, and we are unable to find a 

photoluminescence spectrum in the literature that is clearly indicative of a 5f-5f transition. The 

assignment most likely stems from an extension of the self-luminescence of short-lived 242Cm 

and 244Cm compounds, whose orange luminescence is exactly the same as that found from 

exciting long-lived 248Cm(III) compounds, where the photoluminescence is clearly 5f in origin. A 

mechanism that provides a satisfying interpretation of the spectroscopic data that is also 

consistent with the magnetic and thermodynamic studies is that the photoluminescence is from a 

ligand-to-metal charge-transfer transition that is best described as a Cf(III) to Cf(II) + h+ (h+ = 

hole in the valence band) occurring in the energy region approximately at 25000 cm‒1 (400 nm).  

Transitions that correspond to this charge-transfer are clearly apparent in the absorption spectrum 

(Figure 5.8). A photon is emitted when the hole recombines with Cf(II) returning it to the Cf(III) 

ground state. Charge-transfer transitions are often strongly coupled to vibronic interactions. 

These multi-phonon progressions lead to significantly broader photoluminescence bands than 

observed for 5f-5f transitions.[98] As previously discussed, starting at californium, the divalent 

state becomes metastable. The mechanism of charge-transfer photoluminescence is the 

recombination of Cf(II) with the hole created in the ligand valence band. This occurs partially 

through a radiative process to the ground state of Cf(III) without non-radiative phonon cross 

relaxation into the low-lying Cf(III) excited states. In order to further support this mechanism of 

photoluminescence, we also prepared the californium sulfate fluoride, NaCf2(SO4)2F3, where it 
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would be expected that creating a hole in the ligands would be energetically challenging. This 

compound is not luminescent, even at low temperatures.   

 
5.3 Conclusion 

 

All of the data disclosed in this report support Cf(III) complexes displaying emergent 

phenomena that cannot be predicted from either extrapolating from its isoelectronic lanthanide 

analog, Dy(III), or from other trivalent actinides.[61,66,99] A juxtaposition of factors that include 

the relative ease of reducing Cf(III) to Cf(II) and presence of available 5f, 6d, 7s, and 7p acceptor 

orbitals creates an unusually large ligand-field strength that significantly alters the electronic 

properties anticipated for an f-element.[66] The atypical features include a reduced magnetic 

moment and vibronically-coupled, charge-transfer-based photoluminescence. Reduction in the 

magnetic moment of transition metal and f-element complexes can occur via a variety of 

mechanisms that include crystal-field splitting, spin-orbit coupling, and delocalization of 

electrons from the metal ions onto the ligands (i.e. covalent, ligand-field effects).[100] The former 

argument is purely electrostatic, but is adequate for lanthanides because the 4f orbitals lie within 

the xenon core and are effectively nonbonding. We have shown here that the moment reductions 

can arise from several factors. In the case of the Cm(III) complex, the magnetic susceptibility is 

normal for a 5f
7 system.[86] However, for the Cf(III) complex the reduced magnetic moment is 

caused by ligand-field effects on the 5f electrons that are quite pronounced as indicated by a 

large ligand-field strength.   

We offer the following hypothesis that both explains these observations and predicts the 

outcome of future studies with late actinides: the alterations in californium’s physical and 

chemical properties are caused by ligand-field effects that manifest because of the relative ease 

with which formally Cf(III) can be reduced to Cf(II).[55] Fajan’s Rules also support that the 

smaller size of the Cf(III) ion relative to earlier actinides should create greater polarization of 

electron density from the ligands to the metal center.[101,102] Therefore, these perturbations will 

become more pronounced with later actinides because the 2+ oxidation state becomes 

progressively more stable and the metal ions diminish in size. This combination of 

thermodynamics and ion size overrides the minor contraction of the 5f orbitals in the actinide 

series. In fact, even in biphasic extraction studies used for separating 5f elements from one 

another, a dramatic break is observed between Cm(III) and Cf(III) that supports californium’s 
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chemistry deviating from earlier actinides regardless of whether it is in the solid-state or a 

coordination complex in solution.[103] While the data are rather scant, californium consistently 

shows larger binding constants than would be anticipated.[104] Gathering the data needed to 

bolster this hypothesis will require renewed production of einsteinium and heavier elements. We 

predict that complexes of einsteinium, fermium, and mendelevium will show greater 

perturbations from their isoelectronic lanthanide analogs than even californium because of the 

increasing stability of the divalent state and the involvement of valence orbitals in bonding. 

 
5.4 Methods 

 

5.4.1 Experimental 

 

Caution! 
243

Am (t1/2 =7.38 × 10
3
 y) and 

248
Cm (t1/2 =3.48 × 10

5
 y) represent potential 

health risks owing to their α and γ emission, and the emission of their daughters.  
243

Am decays 

to 
239

Np (t1/2 = 2.35 d) which is a β- and γ-emitter; 
248

Cm decays to 
244

Pu (t1/2 = 8.08 x 10
7
 y) as 

well as undergoing spontaneous fission (which accounts for 8.3% of its decay) releasing a large 

flux of neutrons that can have a specific activity of ~100 mRem/hr for the sample size used. 
249

Cf 

(t1/2 = 351 y; specific activity = 4.1 Ci/g), represent a serious external hazard because of its γ 

(0.388 MeV) emission.  
249

Cf decays to 
245

Cm (t1/2 = 8500
 
y), which also has a high specific 

activity.  All studies with transuranium elements were conducted in a laboratory dedicated to 

these studies.  This laboratory is equipped with HEPA filtered hoods and negative pressure glove 

boxes that are ported directly into the hoods.  A series of counters continually monitor radiation 

levels in the laboratory.  The laboratory is licensed by the State of Florida (an NRC-compliant 

state).  All experiments were carried out with approved safety operating procedures.  All free-

flowing solids are worked with in glove boxes, and products are only examined when coated with 

either water or Krytox® oil and water.  The 
249

Cf sample used produces 1.7 R/hr at 40 mm, and 

~10 R/hr at contact, and therefore represents a serious external hazard that required the 

experiments to be carefully choreographed to minimize exposure times.  Thick lead sheets and 

long lead vests were used as much as possible to shield researchers from the g emission. 

 

5.4.2 Synthesis 

 

All Ln(HDPA)3·H2O and An(HDPA)3·H2O compounds were prepared using 5 mg of the 

appropriate f element, which was then combined with a fivefold excess of DPA in 100 mL of a 
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1:1 mixture of ethanol and water. The resultant reaction mixture was heated in a PTFE-lined Parr 

4749 autoclave with a 10 mL internal volume for 4 hours at 150 °C, and then slowly cooled to 23 

°C over a twelve hour period. While reactions with the lanthanides were conducted in a standard 

muffle furnace in a hood, the furnaces for heating the 243Am and 249Cf autoclaves were inside a 

negative-pressure glovebox and were surrounded by thick lead sheets. The reactions result in the 

formation of crystals of the appropriate colors for the f elements with block and columnar habits 

(see Supplementary Fig. 4-6). 

 
5.4.3 Crystallographic Studies 

 

Single crystals of the Ln2(HDPA)6·2H2O and An2(HDPA)6·2H2O compounds were glued 

to Mitogen mounts with epoxy and optically aligned on a Bruker D8 Quest X-ray diffractometer 

using a digital camera. Initial intensity measurements were performed using a IµS X-ray source 

(MoKα, λ = 0.71073 Å) with high-brilliance and high-performance focusing multilayered optics. 

Standard software was used for determination of the unit cells and data collection control. The 

intensities of reflections of a sphere were collected by a combination of multiple sets of 

exposures (frames). Each set had a different φ angle for the crystal and each exposure covered a 

range of 0.5° in ω. A variety of data collection strategies were employed including standard 

hemispheres, and more complex data sets with higher angles and greater degrees of redundancy.  

The SAINT software was used for data integration including Lorentz and polarization 

corrections. The structure was solved by direct methods and refined on F2 by full-matrix least 

squares techniques using the program suite SHELX. Parameters for Am, Cm, and Cf are not 

present in the SHELX software and have to be inputted manually. Solutions were checked for 

missed symmetry using PLATON.[105] Crystallographic Information Files (CIF’s) are available 

from the Cambridge Crystal Structure Database Center: CCDC 1028642, 1028643, and 1028646. 

 
5.4.4 UV-vis-NIR and Photoluminescence Studies 

 

UV-vis-NIR and photoluminescence data were acquired from single crystals using a 

Craic Technologies microspectrophotometer. Crystals were placed on quartz slides under Krytox 

oil, and the data were collected from 200 to 1700 nm. The exposure time was auto optimized by 

the Craic software. Photoluminescence data were acquired using the same 

microspectrophotometer with an excitation wavelength of 365 or 420 nm (Figure 5.4 & 5.5). 
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Temperature control was achieved by using a Linkam temperature control stage. Raman 

measurements were also attempted, but these were impeded by the self-luminescence and rapid 

decomposition of the sample in laser beam. 

 
5.4.5 Life-time Measurements 

 

Time-correlated single-photon counting (TCSPC) photoluminescence measurements 

were carried out using a femtosecond laser system. A regeneratively amplified titanium:sapphire 

laser system (Spectra Physics Tsunami coupled to Spitfire amplifier) produced laser pulses 

centered at 800 nm with a duration of 100 fs. The fundamental output was frequency doubled 

and subsequently attenuated to produce a 10 µJ/pulse, 400 nm excitation source for the TCSPC 

experiment. The photoluminescence was isolated from residual excitation pulses using long pass 

filters, and detected using an avalanche photodiode (Quantique) coupled to a single photon 

counting unit (Becker Hickl). The low energy portion of the photoluminescence was isolated 

using a 550 nm long pass filter. The resulting lifetime data were fit to a biexponential decay 

function (Figures 5.4 & 5.5). 

 
5.4.6 Magnetic Measurements 

 

Magnetic measurements were performed on polycrystalline samples that were 

encapsulated in tightly closed PTFE sample holders with a Quantum Design SQUID 

magnetometer MPMS-XL or a VSM-SQUID MPMS. DC magnetic susceptibility measurements 

were carried out in an applied field of 0.100 T in the 1.8 – 300 K temperature range. Field-

dependent magnetization was recorded at 1.8 K under an applied magnetic field that was varied 

from 0 to 7 T. The data were corrected for the diamagnetic contribution from the sample holder 

and constituent elements (Figures 5.2 & 5.3). 
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5.5 Figures 

 

 

Figure 5.1. Views of the Δ and Λ enantiomers of Cf(HDPA)3·H2O showing the nine-coordinate, 
tricapped trigonal prismatic coordination environments of the Cf(III) ions created via chelation 
by three, monoprotonated, 2,6-dipicolinate ligands, HDPA‒.   

 

 
Figure 5.2. Magnetization of polycrystalline samples of Dy(HDPA)3·H2O (4f

9) and 
Cf(HDPA)3·H2O (5f 

9) as a function of magnetic field.  The Cf(III) sample has a µsat value 
approximately half of that of the Dy(III) sample.  The Dy(III) sample displays typical hard 
magnetism of lanthanides; whereas the Cf(III) complex shows much softer behavior. 
 

 

Figure 5.3. Inverse magnetic susceptibility of polycrystalline samples of Dy(HDPA)3·H2O and 
Cf(HDPA)3·H2O as a function of temperature.  The measured µeff of the Dy(HDPA)3·H2O 
sample reaches the theoretical free-ion moment of 10.65 µB expected for an f 9 system; whereas 
the Cf(III) compound shows a reduced µeff of 9.3(1). 

 

∆ Λ

0 10 20 30 40 50 60 70

0

2

4

6

8

M
 (
µ
B
/[
D

y
,C

f]

H (kOe)

 Dy-DPA

 Cf-DPA



41 
 

 

Figure 5.4. Absorption spectrum taken from a single crystal of Cf(HDPA)3·H2O.  The intense 
transition at 350 nm is a combination of the absorption of the π-π* of the DPA ligand and a 
LMCT band in the near UV region.  The transitions at longer wavelengths are f-f, and are much 
broader than typically found. 
 

 

Figure 5.5. Photoluminescence spectra from a single crystal of Cf(HDPA)3·H2O upon excitation 
with 420 nm light as a function of temperature.  The emission from Cf(III) is centered at 525 nm; 
whereas the emission from the 245Cm(III) daughter occurs at 611 nm.  Strong vibronic coupling 
is found for Cf(HDPA)3·H2O, but not with Cm(HDPA)3·H2O. Inset shows the decay life-times 
of 500 ± 160 ns for Cf(III) and 320 ± 26 ns for the Cm(III) daughter. 
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Figure 5.6. Photoluminescence spectra from a single crystal of 248Cm(HDPA)3·H2O upon 
excitation with 420 nm light as a function of temperature.  The photoluminescence from the 
Cm(III) complex is centered at 611 nm as found when it is doped into the Cf(III) compound in 
the form of the 245Cm daughter.  The inset shows the decay life-time of 241 ± 160 ms, which is 
much longer than found in the Cf(III) sample.  This life-time is typical of Cm(III) compounds, 
and is substantially shortened by the rapid creation of color centers in the Cf(III) sample because 
of radiation damage. 
 

 

Figure 5.7. Absorption spectrum taken from a single crystal of 248Cm(HDPA)3·H2O. 
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Figure 5.8. Absorption spectrum of a from a single crystal of 248Cf(HDPA)3·H2O at 83 K. The 
narrower bands are due to 5f

9 – 5f
9 transitions. Calculated using an effective-operator 

Hamiltonian, the crystal-field splittings of the 5f
9 states between 8000 cm-1 and 25000 cm-1 are 

marked by the vertical bars along with the leading SLJ multiplets. Several weaker bands with 
energy levels at 9700, 10570, 17900, and 18960 cm-1 are not predicted from the crystal-field 
calculation, thus attributed to vibronic structures coupled to charge transfer transition.         
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Figure 5.9. A comparison of crystal-field strength N’v for 3+, 4+ and 5+ actinide ions in various 
compounds. a W. T. Carnall, J. Chem. Phys. 96, 8713-8726(1992). b J. Sytama, K. M. Murdoch, 
N. M. Edelstein, L. A. Boatner and M. M. Abraham, Phys. Rev. B 52 12668-12676(1995).  cThis 
work. d S. Hubert, P. Thouvenot, and N. M. Edelstein, Phys. Rev. B 48, 5791(1993). e J. C. 
Krupa, Inorg. Chimica Acta 139, 223-241(1987). f G. K. Liu, W. T. Carnall, G. Jursich, and C. 
W. Williams, J. Chem. Phys. 101, 8277-8289(1994).  g N. Edelstein, D. Brown, and B. 
Whittaker, Inorg. Chem. 13, 563-567(1974). 
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CHAPTER 6 

 

SPONTANEOUS PARTITIONING OF CALIFORNIUM FROM CURIUM: 

CURIOUS CASES FROM THE CRYSTALLIZATION OF CURIUM 

COORDINATION COMPLEXES 

 
Adapted with permission from Samantha K. Cary, Mark A. Silver, Guokui Liu, Jamie C. Wang, 
Walter L. Dorfner, Jared T. Stritzinger, Alexandra A. Arico, Kenneth Hanson, Eric J. Schelter, 
Thomas E. Albrecht-Schmitt. Chem. Sci., 2015, Submitted.   
 
 

6.1 Introduction 

 

Curium plays a central role in actinide chemistry in that it is isoelectronic with 

gadolinium, and both ions possess half-filled f 7 shells.  This allows Cm(III) compounds and 

complexes to be used as benchmarks for comparisons with gadolinium and other lanthanide 

analogs as well as with both earlier and later actinides.[106]  Given the spherical symmetry of the f 
7 configuration, and the general perception that both 4f and 5f orbitals are nonbonding, one might 

expect that Gd(III) would be an excellent analog of Cm(III) if the difference in ionic radii is 

excluded.  In fact, the electronic characteristics of Cm(III) diverge from Gd(III) in a number of 

respects.  For example, Cm3+ doped into LaCl3 exhibits both splitting of the 8S7/2 ground state 

and enhanced crystal-field interactions when compared to that found for Gd(III) doped into the 

same host lattice.[107]  Cm(III) materials are also known to exhibit small reductions in magnetic 

moments with respect to that calculated for the free ion; perhaps because of the splitting of the 

ground state.  Examples of this include Cm2CuO4 and Cs2NaCmCl6 whose measured magnetic 

moments (µeff) are 7.89 and 7.64 µB; whereas the calculated moment for the free-ion is 7.94 

µB.[108,109]  In contrast, the effective moments exhibited by Gd(III) samples are virtually 

superimposable with the calculated value in most cases.  The strongest testament of the unique 

electronic characteristics of curium is that it is one of only three elements whose magnetic 

interactions are capable of controlling its crystal structure.[110] 

Curium(III) is perhaps the most luminescent of all f-element ions and emits characteristic 

orange light centered near 600 nm.[111]  This property is extraordinarily useful in a wide variety 

of applications that range from solution complexation studies, to the environmental behavior of 

trivalent actinides, to biological probes, to understanding energy-transfer processes in f-block 

materials.[110]  Changes in the coordination of Cm(III) can cause substantial shifts and changes in 
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the peak width of the photoluminescence.[111]  In contrast, Gd(III) compounds, while capable of 

emitting at visible wavelengths, have poor quantum yields even when antennas are utilized for 

energy transfer, and are often used as non-emitting hosts in Eu3+- and Tb3+-doped materials.[112]    

These aforementioned features point to a clear need to expand our understanding of 

Cm(III) electronic structure and bonding in complex materials because these features may be 

indicators of ligand-field effects on the 5f electrons that are largely absent with the 4f electrons of 

Gd(III).[113]  While the luminescence of Cm(III) species in solution has been well developed for 

many decades and continues to find new applications, there is dearth of well-characterized 

Cm(III) compounds owing to both the scarcity of the only available long-lived isotope, 248Cm 

(t1/2 = 3.4 × 105 y), and rarity of radiological facilities capable of handling greater than tracer 

levels of a moderately-intense neutron emitter (8.3% of 248Cm decay is via spontaneous 

fission).  Hence, there are only a handful of curium compounds where structure, bonding, 

spectroscopy, and physical properties have been deeply probed, the best examples of which are 

Cm2O3,
[114] CmO2,

[115] CmCl3,
[116] Cm[M(CN)2]·3H2O (M = Ag, Au),[117] 

[Cm(H2O)9][SO3CF3]3,
1 Cm(IO3)3,

[110k] Cm2CuO4,
[108] and Cm2[B14O20(OH)7(H2O)2Cl].[110h]         

We recently communicated a few features of the Cm(III) tris-chelate, 2,6-

pyridinedicarboxylate (dipicolinic acid, DPA) complex, Cm(HDPA)3, as a part of a 

comprehensive study that compared mid-actinides with californium.[118]  Herein, we substantially 

expand on our analysis of this complex, as well as elucidating the structure and properties of the 

bis-chelate complex, [Cm(HDPA)(H2DPA)(H2O)2Cl]+.  An exciting observation occurred during 

the course of these studies in that the trace amounts of long-lived isotopes of californium present 

at tracer levels in 248Cm samples spontaneously separate themselves from curium during 

crystallization.  These results are presented in light of both past and recent observations of 

differences in chemical behavior and electronic structure between californium(III) and earlier 

trivalent actinides.[118-122]
     

 
6.2 Results and Discussion 

 

6.2.1 Synthesis 

 

The solvothermal reaction of 248CmCl3·nH2O with a fivefold excess of 2,6-

pyridinedicarboxylic acid in a 1:1 water/ethanol mixture at 150 °C results in the formation of 

crystals of Cm(HDPA)3·H2O that can exceed 1 mm in length.  Liquid scintillation counting 
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methods reveals that approximately half of the 248Cm remains in solution at the end of this 

reaction.  Evaporation of the resultant mother liquor at room temperature results in crystallization 

of pale yellow prisms of [Cm(HDPA)(H2DPA)(H2O)2Cl]Cl·2H2O.  These crystals are 

surprisingly resistant to radiation damage, and show no measureable degradation after a year of 

storage; although they slowly darken in color, visually take on a granular appearance, and are 

less transparent after about a year of storage (see Figure 6.1 and Table D.1).  In addition, large, 

colorless crystals of dipicolinic acid co-crystallize with this second curium complex (dignum 

memoria).  These DPA crystals are easily distinguishable from 

[Cm(HDPA)(H2DPA)(H2O)2Cl]Cl·2H2O by both color and habit, and can be manually separated 

with ease owing to the large size of the crystals of both materials.  

 
6.2.2 Structural Features 
 

Dipicolinate is a tridentate ligand, and the binding of three of these molecules to a 

Cm(III) center results in the formation of a nine-coordinate tricapped trigonal prism.  The 

oxygen atoms from the carboxylate moiety occupy the prismatic sites; whereas the nitrogen 

atoms occupy the capping positions.  This structure type is adopted by Ln3+ cations from La to 

Dy, and by An3+ cations from Pu to Cf.[118] Tris-chelates are necessarily chiral, and both the Δ 

and Λ enantiomers are found in the asymmetric unit as expected.  These molecules are shown in 

Figure 6.2.  The co-crystallized water molecules form a variety of hydrogen bonding interactions 

with the Cm(HDPA)3 molecules and cause small angular distortions and bond distance variations 

in the coordination environment away from idealized D3 symmetry with the Δ enantiomer being 

more slightly distorted than Λ. A comparison of the bonding metrics between these two 

complexes reveals several features that are illustrative of the difficulties that can occur when 

comparing bond distances in f-element systems.  In particular, these complexes demonstrate the 

challenge of finding evidence for the actinide contraction even with high-resolution structures 

with low residuals.  The average Cm‒O distances in the Δ and Λ enantiomers are 2.458(3) and 

2.468(3) Å, respectively, indicting a difference of 0.010(3) Å, which is on the same order as the 

differences expected between two neighboring actinide complexes (e.g. Am(HDPA)3 vs 

Cm(HDPA)3).  Similarly, the difference in the average Cm‒N bond distances between the two 

enantiomers is also ~0.01 Å.  These variations are caused by the aforementioned hydrogen 

bonding interactions between the complexes and the co-crystallized water molecules. 
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The structure of [Cm(HDPA)(H2DPA)(H2O)2Cl]Cl·2H2O is more complex than that of 

the tris-chelate owing to the presence of three different ligands in the inner sphere.  These 

include two different protonation states of the DPA ligand; one of which is monoprotonated and 

the other is diprotonated.  There are also two inner-sphere water molecules and one chloride 

anion.  Together these ligands create a distorted nine-coordinate tricapped trigonal prismatic 

environment around the Cm(III) cation. Four of the prismatic sites are occupied by carboxylate 

oxygen atoms, one by a water molecule, and one by chloride. Two of the capping positions are 

occupied by nitrogen atoms from the DPA ligands, and the last site is filled by a water 

molecule.  This creates the cationic complex [Cm(HDPA)(H2DPA)(H2O)2Cl]+ depicted in Figure 

6.3.  The charge is balanced by an outer-sphere chloride anion.  There are also several interstitial 

water molecules that form an intricate hydrogen-bonding network with each other as well as with 

the other constituents of the crystal.  Intermolecular π-stacking of the DPA ligands in the 

[Cm(HDPA)(H2DPA)(H2O)2Cl]+ cations also occurs.  A view of the intermolecular contacts is 

provided in Figure 6.4.        

As expected, the state of protonation of the ligands does affect the observed Cm‒O and 

Cm‒N distances.  In the enantiomers of Cm(HDPA)3, electron density is located at an 

appropriate location for the assignment of protonation to a specific terminal oxygen atom of a 

carboxylate moiety in DPA.  However, quantum mechanical calculations suggest that the proton 

is likely disordered between the two carboxylate moieties.[118] The C‒O bond distances are 

indicative of this as well.  In [Cm(HDPA)(H2DPA)(H2O)2Cl]+ the average Cm‒O (carboxylate) 

and Cm‒N distances are 2.481(3) and 2.586(4) Å, respectively.  The lengthening of these bonds 

is statistically significant with respect to those observed in the tris-chelate complex.  The 

diprotonated state of one of the DPA ligands means that the ligand is neutral, and the Cm‒O 

bond distances to the carboxylic acid moieties are, in fact, even slightly longer than those to the 

coordinating water molecules.  The average Cm‒N bond distance is ~0.04 Å longer than found in 

the tris-chelate, which is readily explained because upon deprotonation the negative charge is 

delocalized throughout the ligand, and the prediction that the more anionic forms of the DPA 

ligand should have shorter bond distances is observed in this system. 
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6.2.3 Photophysical Properties 

 

Absorption, excitation, and photoluminescence spectra were obtained from crystals of 

both complexes and the co-crystallized dipicolinic acid.  Cm3+ exhibits photoluminescence from 

an emitting 6D7/2 state mixed with 6P5/2 to a ground multiplet 8S7/2 state.[123] An overlay of the 

variable-temperature photoluminescence spectra for both complexes is provided in Figure 

6.5.  Both compounds exhibit narrow photoluminescence bands with peak widths of ~10 nm at 80 

K.  A small hypsochromic shift from λmax = 611 nm in the tris-chelate to 606 nm in the bis-

chelate is observed.   

An enlargement of the bis-chelate spectrum at 80 K is shown in the inset of Figure 

6.5.  Crystal-field splitting of the 8S7/2 ground state is clearly observed with lines at 590, 593, 

598, and 613 nm; revealing a total splitting of ~23 nm (636 cm‒1).  A similar splitting of 682 cm‒1 

is observed for the tris-chelate complex.  These values are considerably larger than those 

observed for Cm3+ doped into host lattices where values of <100 cm‒1 are more typically 

observed, and may be indicative of a greater degree of covalency in these DPA complexes.[107] 

The increased splitting of the Cm3+ DPA complexes compared to Cm3+ in a chloride 

environment parallels the effects observed with Cf3+; although the magnitude of these changes is 

much larger in the californium system.[118-122,124]   

The excitation spectra were also quite revealing and showed that the photoluminescence 

of the curium complexes has its origin in the transition at 399 nm (Figure 6.6), which is the 

aforementioned intra f-f transition,[125] and in two transitions in the near UV at 379 and 384 nm 

that TD-DFT calculations show are intra-ligand transitions of the DPA ligands (i.e. π → 

π*).  Taken together, this indicates a classic example of the antenna effect in f-element 

complexes where energy transfer from ligands to the f electrons occurs.[111h]   

The collection of photoluminescence spectra from groups of crystals revealed a 

remarkable observation in that the colorless crystals of DPA that co-crystallizes with crystals of 

the bis-chelate, luminescence green as shown in Figure 6.7.  Collection of this luminescence 

spectrum showed that the green luminescence is superimposable with that of Cf(HDPA)3, 

including the fine vibronic structure.[118]  Single crystal X-ray diffraction studies demonstrate 

that these crystals are ostensibly just DPA.  However, it must be kept in mind that crystal 

structures are averages of the total composition of the crystal, and are largely insensitive to trace 

doping.[125] However, they are clearly doped with low levels of Cf(HDPA)3.  Dissolution of the 
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crystals followed by liquid scintillation counting of the californium in the crystals reveals doping 

levels of 37(5) ppm. 

These observations are suggestive of the following scenario: 1) The long-lived isotopes 

of 249,250,251Cf (t1/2 = 351, 13.1, and 898 y, respectively) that are carried in trace amounts during 

the extraction of 248Cm from 252Cf sources (t1/2 = 2.64 y) spontaneously separate from the 248Cm 

during crystallization.  2) 248Cm is carried along with Cf(HDPA)3 in the DPA crystals at low 

levels despite being present in a massive excess in the reaction mixture because energy transfer 

from Cf(HDPA)3 to Cm(HDPA)3 quenches the Cf(III) luminescence.  Therefore, the Cf(III) 

photoluminescence would not be observable in presence of even moderate levels of curium.  In 

fact, given the length of time that it took for these crystals to grow, the weak Cm(III) 

luminescence in these DPA crystals may arise from the in-growth of long-lived curium daughters 

from the α decay of californium isotopes, i.e. 245,246,247Cm.[118,120,124]  Finally, the curium signal 

could simply originate from small curium crystallites on the surface or within inclusions in the 

DPA crystals.  Regardless of the origin, it is present in minute quantities that are significantly 

below the 37(5) ppm levels of californium.   

The spontaneous separation of Cf(III) from Cm(III) is readily explained from several 

lines of reasoning.  An(HDPA)3 complexes have poor solubility in polar media and readily 

crystallize from aqueous solutions.[118]  Previous complexation studies with An(III) cations have 

shown Cm(III) binding constants that are approximately an order-of-magnitude smaller than 

those measured with Cf(III).[126]  An equilibrium exists between the bis- and tris-chelate DPA 

complexes, with the bis-chelates being much more soluble than tris.  Cf(III) will favor formation 

of the tris-chelate complex to a larger extent than Cm(III), and hence because of the poor 

solubility of Cf(HDPA)3, it will preferentially crystallize over Cm(HDPA)3.  DPA itself also has 

poor solubility, and the Cf(HDPA)3 nucleates the crystal growth of DPA and ultimately becomes 

a dopant in the DPA crystals.  Consequently, this is a classical example of fractional 

crystallization; the application of which are centuries old, and played a critical role in the early 

years of nuclear chemistry including the discovery of nuclear fission.[127]   

The Cf(HDPA)3-doped DPA crystals also provide an opportunity to examine the 

photophysical properties of matrix-isolated Cf(HDPA)3 molecules.  Excitation and 

photoluminescence spectra were collected that reveal several previously unknown spectral 

features as well as providing support for previous suppositions concerning the origin of the 
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photoluminescence from Cf(III) compounds.[118,120,124]  As shown in the inset of Figure 6.7, the 

same broadband photoluminescence is observed in this doped sample as found from crystals of 
249Cf(HDPA)3.

[118]  The vibronic coupling is also superimposable with that of 249Cf(HDPA)3.  A 

weak signal at 611 nm is observed indicating the presence of Cm(HDPA)3. As predicted,[118] a 

broad excitation band is present in the UV region that is responsible for the broadband 

photoluminescence (Figure 6.8).  This excitation feature as well as the resultant 

photoluminescence are consistent with ligand-to-metal charge transfer (LMCT) as we have 

previously proposed.[118]  These excitation experiments also demonstrate that the intra-ligand and 

curium f-f transitions are not involved in this process (Figure 6.6). 

 
6.3 Conclusion 

 

The crystallization of the curium(III) DPA complexes, Cm(HDPA)3·H2O  and 

[Cm(HDPA)(H2DPA)(H2O)2Cl]Cl·2H2O, provides rare opportunities to observe the effects of 

the fundamental changes in chemical behavior and electronic properties that begin at californium 

(Z = 98) and continue through nobelium (Z = 102).[118,128]  In this case we propose that the 

spontaneous separation of californium from curium is a classical case of fractional crystallization 

that occurs as the result the larger ligand binding constants of californium over curium that are 

coupled with the low solubility of Cf(HDPA)3.  Given the ppm levels of californium in these 

reactions, the californium product would likely have been missed if it were not for its nucleation 

of formation of large crystals of dipicolinic acid.   

These Cf-doped DPA crystals serendipitously provided access to matrix-isolated 

Cf(HDPA)3 molecules whose photochemical properties could be probed.  Excitation experiments 

corroborated a number of previous findings involving the green photoluminescence from Cf(III) 

compounds as originating from LMCT.[118,124]  The green, strongly vibronically-coupled, 

photoluminescence originates from a broad feature in the UV, and not from intra-f transitions 

from either californium or curium.  Also, given the low doping levels, it is difficult to argue that 

luminescence can be ascribed to defects created by radiation damage.  The samples can also be 

photo-bleached, which again, suggests that radiation damage is not the origin of the 

luminescence.  These data continue to add to the growing body of evidence that support 

californium representing the start of new chemical behavior the closest paralleled elsewhere in 

the periodic table.      
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6.4 Methods 

 

6.4.1 Experimental 

 

Caution! 
248

Cm (t1/2 =3.48 × 10
5
 y) represents a potential health risks owing to its α 

emission, and the emission from it’s daughter, 
244

Pu (t1/2 = 8.08 x 10
7
 y), as well as undergoing 

spontaneous fission (which accounts for 8.3% of its decay) releasing a large flux of neutrons that 

can have a specific activity of ~100 mRem/hr for the sample size used. 
249

Cf (t1/2 = 351 y; 

specific activity = 4.1 Ci/g) represent a serious external hazard because of its γ (0.388 MeV) 

emission.  
249

Cf decays to 
245

Cm (t1/2 = 8500
 
y), which also has a high specific activity.  All 

studies with transuranium elements were conducted in a dedicated laboratory for transuranic 

elements.  Specifically, the laboratory is equipped with HEPA filtered hoods and negative 

pressure glove boxes that are ported directly into the hoods.  A series of different counters 

continually monitor radiation levels through out the laboratory.  The laboratory is licensed by 

the State of Florida (an NRC-compliant state).  All experiments were carried out with approved 

safety operating procedures.  All free-flowing solids are worked with in glove boxes, and 

products are only examined when coated with either water or Krytox® oil and water.  The 
249

Cf 

sample used produces 1.7 R/hr at 40 mm, and ~10 R/hr at contact, and therefore represents a 

serious external hazard that required the experiments to be carefully choreographed to minimize 

exposure times.  Thick lead sheets and long lead vests were used as much as possible to shield 

researchers from the g emission. 

 

6.4.2 Crystallographic Studies 

 

Single crystals of the [Cm(HDPA)(H2DPA)(H2O)2Cl]Cl·2H2O were glued to Mitogen 

mounts with epoxy and optically aligned on a Bruker D8 Quest X-ray diffractometer using a 

digital camera. Initial intensity measurements were performed using a IµS X-ray source (MoKα, 

λ = 0.71073 Å) with high-brilliance and high-performance focusing multilayered optics. 

Standard software was used for determination of the unit cells and data collection control. The 

intensities of reflections of a sphere were collected by a combination of multiple sets of 

exposures (frames). Each set had a different φ angle for the crystal and each exposure covered a 

range of 0.5° in ω. A variety of data collection strategies were employed including standard 

hemispheres, and more complex data sets with higher angles and greater degrees of redundancy.  
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The SAINT software was used for data integration including Lorentz and polarization 

corrections. The structure was solved by direct methods and refined on F2 by full-matrix least 

squares techniques using the program suite SHELX. Parameters Cm are not present in the 

SHELX software and have to be inputted manually. Crystallographic Information Files (CIF’s) 

are available from the Cambridge Crystal Structure Database Center: CCDC 1404302 

 

6.4.3 UV-vis-NIR and Photoluminescence Spectroscopy 

 

UV-vis-NIR and photoluminescence data were acquired from single crystals using a 

Craic Technologies microspectrophotometer. Single crystals were placed on quartz slides under 

Krytox oil, and the data were collected from 300 to 1200 nm. The exposure time was auto 

optimized by the Craic software. Photoluminescence data were acquired using the same 

microspectrophotometer with an excitation wavelength of 420 nm (Figure 6.6 & 6.7). Variable 

temperature measurements were achieved by using a Linkam cold temperature control stage. 

 

6.4.4 Excitation Spectra 

 

Excitation Spectra were collected at room temperature using an Edinburgh FLS980 

spectrometer. The sample, between two microscope slide coverslips was placed at a 45 degree 

angle relative to the excitation source and detector. Samples were excited using light output from 

a housed 450 W Xe lamp passed through a single grating (1800 l/mm, 250 nm blaze) Czerny-

Turner monochromator (excitation 320-410 nm) and finally a 5 nm bandwidth slit. Emission 

from the sample was first passed through a 425 nm long-pass color filter, then a single grating 

(1800 l/mm, 500 nm blaze) Czerny-Turner monochromator (5 nm bandwidth) and finally 

detected at 525 nm and 611 nm by a peltier-cooled Hamamatsu R928 photomultiplier tube.   

 
6.5 Figures 

 

 
Figure 6.1. A photograph of crystals of [Cm(HDPA)(H2DPA)(H2O)2Cl]Cl·2H2O. 
 
 



53 
 

 
Figure 6.2. Illustrations of the structures of the Δ and Λ enantiomers of the curium(III) tris-
chelate DPA complexes, Cm(HDPA)3.   
 
 

 
Figure 6.3. Two different views of the curium(III) bis-chelate DPA complex, 
[Cm(HDPA)(H2DPA)(H2O)Cl]+.  Tricapped trigonal prismatic coordination around the Cm(III) 
center is created by two, tridentate DPA ligands, two water molecules, and one chloride anion 
(green).  
 

 
Figure 6.4. A crystallographic view of the intermolecular contacts in 
[Cm(HDPA)(H2DPA)(H2O)2Cl]Cl·2H2O 
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Figure 6.5. An overlay of the variable-temperature photoluminescence spectra for both 
[Cm(HDPA)(H2DPA)(H2O)2Cl]Cl·2H2O (left, colored) and Cm(HDPA)3·H2O (right, grey scale) 
upon excitation with 420 nm light.  
*Note Cm(HDPA)3·H2O was scaled by a factor of 1.9 to match the relative intensity of [Cm(HDPA)(H2DPA)(H2O)2Cl]Cl·2H2O. 
 

 
Figure 6.6. Excitation spectrum of [Cm(HDPA)(H2DPA)(H2O)2Cl]Cl·2H2O from 370 nm to 410 
nm monitored at 611 nm. 
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Figure 6.7. A photograph of a large crystal of dipicolinic acid doped with Cf(HDPA)3 (green 
luminescence) and [Cm(HDPA)(H2DPA)(H2O)2Cl]Cl·2H2O (small, bright orange crystals).  
Inset: Photoluminescence spectrum acquired from DPA crystals showing the presence of 
Cf(HDPA)3.        
 

 
Figure 6.8.  Excitation spectrum of a 249Cf(HDPA)3 doped DPA sample monitored at 525 nm. 
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CHAPTER 7 

 

METASTABLE CHARGE-TRANSFER STATE OF CF(III)-COMPOUNDS 

 
Adapted with permission from Guokui Liu, Samantha K. Cary, & Thomas E. Albrecht-Schmitt. 
Phys. Chem. Chem. Phys., 2015, DOI:10.1039/C5P01855B. 
 
 

7.1 Introduction 

 

The 5f actinides prior to americium can be stabilized in multiple oxidation states in both 

coordination complexes and materials with extended structures. Beyond plutonium, oxidation 

states beyond 3+ are difficult to attain because the 5f orbitals are quite low in energy and are 

somewhat contracted. This localizes the valence electrons and renders them rather unreactive.[118, 

120, 129] Hence, the barriers for the oxidation or reduction of americium, curium, and berkelium 

roughly parallel that of lanthanides, and formal oxidation states other than 3+ are difficult to 

achieve. However, starting at californium, and continuing through nobelium, a steady decrease in 

the standard reduction potentials occurs that indicates that the divalent oxidation state is 

becoming increasingly thermodynamically stable.[130, 131] In fact, the most stable oxidation state 

of nobelium is 2+. While the unreactive nature of No(II) might be attributed to its closed-shell, 5f 
14 configuration, Yb(II), which is also f 14 , spontaneously oxidizes in protic media.[132, 133] Hence, 

other factors are clearly at play in late actinides that are not present in lanthanides. Prior to 

californium, divalent actinides are highly reactive and much less stable than their lanthanide 

counterparts. This is exemplified by Am(II), which can be stabilized by doping into host lattices 

such as CaF2 ,
[134] but is in general much more reactive than Eu(II), its lanthanide analog, and 

few Am(II) compounds are known to exist.[135] Allegedly there is nothing special about the 5f 10 

configuration, and yet Cf(II) compounds, such as CfX2 (X = Cl, Br I) can be prepared by 

stoichiometric reactions of californium metal with halogens.[136, 137] Coexistence of the 3+ and 2+ 

oxidation states of californium or other heavier actinides in same compound has not been 

reported. The standard reduction potential for the Cf(III)/Cf(II) couple is - 1.6 eV, close to that of 

the Sm(III)/Sm(II) couple.[138] One expects that the CT energy of Cf(III) would depend on the 

ligand complexes in a similar way as that of the lanthanides.[139, 140] In complexes where redox 

reactions are inactive, CT transitions would enable the measurement of the reduction potentials 
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and 5f energy levels relative to the valence band. Both of these would assist in probing bond 

attributes as well.  

For trivalent lanthanides in complexes and compounds, the CT transition, which converts 

a lanthanide ion from 3+ to 2+ and leaves a hole (h+ ) in the valence band, is a common 

phenomenon widely observed in optical spectra. In many inorganic compounds, the charge-

transfer energies of Sm3+, Eu3+, and Yb3+ are typically less than 4 eV, falling into the visible 

region. The charge-transfer energy varies between different lanthanide ions, but the difference is 

independent of the type of compound. An empirical model was established to position the energy 

levels for each divalent lanthanide relative to valence and conduction band states.[139] In the 

reverse process of CT, charge-hole recombination releases the CT energy and relaxation occurs. 

In the 4f series, radiative CT luminescence has been observed mostly from Yb-compounds, 

whereas in other systems, non-radiative relaxation populates the low-lying 4f n states. There is 

another type of CT that converts 3+ to 2+ ions in compounds such as CaF2 . A trivalent 

lanthanide ion replacing Ca2+ is stabilized with charge compensation. In this case, CT transitions 

often create a metastable or long-lived divalent lanthanide ion.[141]  

CT transitions are commonly observed in actinyl complexes, especially in uranyl 

compounds in which CT absorption in blue and UV region leads to intense luminescence in the 

visible region.[142, 143] The energy of uranyl CT is not strongly dependent on complexation 

because it involves predominantly a U(VI) center and the two terminal oxide anions. Based on 

molecular orbital theory, CT in uranyl is described as an electronic transition between molecular 

orbitals 3σ and 5fδ,φ.
[144] Although the 5f 

n energy levels of the trivalent actinides have similar 

structures as that of the 4f n configurations, little is known about the systematic behavior of CT 

of the trivalent actinides. Liu and Jensen[145] found that in the absorption spectrum of 

Am(Et2dtc)3 (bipy), Am(III) to Am(II) CT occurs above 22000 cm‒ 1 , which is close to the value 

for Am(III) in An(HDPA)3 ·H2O (DPA = 2,6-pyridinedicarboxylate) observed in the present 

work. Nugent et al. reported the energy of CT transition in CfBr3 at 35,700 cm-1 . However, for 

Cf(III) in Cf(HDPA)3 ·H2O studied in the present work, the ligand-to-Cf(III) CT energy is 

reduced to below 20000 cm-1 . For comparison, the standard reduction potential of the Cf3+-Cf2+ 

couple is -1.6 eV (~ 13000 cm -1).[130, 146] 
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7.2 Results and Discussion 

 

7.2.1 Spectra of 5f-5f Transitions and L-An(III) CT Transitions 

 

The experimental procedures for synthesis and characterization of the An(HDPA)3·H2O 

compounds were described in a previous report by Cary et al.[118]  In the spectra shown in Figure 

7.1, two types of bands with quite different characteristics are apparent. Relatively narrower 

bands in the absorption spectra of An(HDPA)3·H2O (An= Am, Cf) are given arising from the 

electronic transitions of trivalent actinide ions within the 5f 
n configurations, n=6, 9 for Am(III) 

and Cf(III) respectively. Similar results were obtained from Cf[B6O8(OH)5].
[1] The energy levels 

measured from these band centers are systematically in good agreement with that of the trivalent 

actinide ions in other crystalline compounds such as LaCl3 in which the 5f states are localized 

and with spectroscopic properties similar to that of the 4f states.[147] As elucidated in Figure 7.2, 

the centers of the narrower absorption bands shown in Figure 7.1 (a) match the calculated 

energies of the corresponding SLJ multiplets. Therefore, this result suggests that the 5f
n states of 

Am(III) and Cf(III) in the DPA compounds have the properties that follow a general trend of 

trivalent actinide ions in complexes and compounds.[148] Significantly intense and broad bands 

are also apparent in the absorption spectra. In Am(HDPA)3·H2O, the broadband starts from 

26000 cm‒1, and in Cf(HDPA)3·H2O, broadband absorption starts from much lower energy level 

approximately at 15000 cm‒1.  Based on the energy levels plotted in Figure 7.2, it is obvious that 

the broadband absorption in the high energy (short wavelength) region and emission band from 

Cf(HDPA)3·H2O cannot be attributed to 5f-5f transitions. Instead, charge-transfer transition is the 

origin of the broadband absorption and emission. In Cf(HDPA)3·H2O, Cf(III) is coordinated with 

six oxygen atoms with bond length varying from  2.363 Å to 2.476 Å,[118] whereas the bond 

length between Cf(III) and three nitrogen in the pyridine rings is longer than 2.5 Å. The CT 

transitions would occur from the 2p orbitals of both O and N to the Cf-5f orbitals, but more 

favorably from O-2p because of the shorter Cf-O bond length. However, in reality CT is a 

redistribution of charge density between the Cf(III) ion and its surrounding ligands. Unless a 

sophisticated quantum calculation is accomplished, currently, we do not have precise 

information to determine quantitatively the CT origins.   

As shown in Figure 7.1 (b), the photoluminescence observed in Cf(HDPA)3·H2O does 

not have the characteristics of 5f-5f transitions, but CT and vibronic transitions. A similar 



59 
 

luminescence spectrum was also observed in Cf[B6O8(OH)5].
[120] First, the energy levels of 

Cf(III) do not permit the luminescence that stretches from 14000 cm‒1 up to 24000 cm‒1. It is 

noticed in Figure 7.1 (b) that the high energy side of the luminescence spectrum was cut off by 

the instrument. Depending on the excitation energy, the actual high-energy end of the 

luminescence band can be much higher than 24000 cm‒1. According to energy gap law,[149, 150] 

and based on the energy levels structures shown in Figure 7.2, if the luminescence is from an 

excited state of Cf(III), the highest luminescence energy should be less than 20000 cm‒1 from the 

lowest crystal-field level of J=5/2 multiplet dominated by a free-ion state of 5P5/2. In fact, except 

for the red luminescence from the J=7/2 state of Cm(III) at 16375 cm‒1, no other 5f-5f 

luminescence could be detected from the Am(III) and Cf(III) compounds. For the Am-

compound, the excited state 5D1 has a much larger energy gap separated from the low-lying 5D0 

and 7F6 states, but no luminescence was observed. It is understood that non-radiative, phonon 

relaxation and concentration quenching prevent radiative relaxation from the excited states of 

Am3+ and Cf3+. Second, like the Cm3+ luminescence band, luminescence originating from 5f-5f 

transitions should have bandwidth comparable to that of the 5f absorption bands. With all the 

experimental information, the observed broadband luminescence from the Cf compound does not 

arise from 5f-5f transitions as previously believed.[120] 

As shown in Figure 7.1 (b) and previously reported,[118] the Cm(HDPA)3·H2O compound 

produced a single, sharp luminescence line at 611 nm (16361 cm-1) as shown in Figure 7.1 (b), 

where vibronic coupling is absent. It is plotted for comparison with the Cf luminescence 

spectrum shown in the same figure in which a sharp peak from Cm(III) exists also in the 

spectrum of Cf(HDPA)3·H2O as the results of α-decay of 249Cf to 245Cm. Here the orange self-

luminescence at 16161 cm-1 is exactly the same as that found by external excitation of long-lived 
248Cm(III) compounds where the photoluminescence is clearly 5f in origin.[151] Accordingly, the 

broadband in the Am(III) absorption spectrum (Figure 7.1 (a)) can also be assigned to CT 

transition. This assignment is in agreement with that the CT energy of the Am compound is 

higher than that of the Cf compound. It should be pointed out that such a change in CT energy 

contradicts the systematic trend of CT variation in the 4f series.[139, 140] The CT energy of Eu(III), 

the analog of Am(III), is always lower than that of Dy(III), the analog of Cf(III), and all others in 

the 4f series. 
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Based on the above analysis and previous studies of Cf oxidation states, the broadband 

luminescence and absorption in the Cf-compound are attributed to a ligand-to-metal CT 

transitions that reduce Cf(III) to Cf(II).  As a result of this CT transition, a photon is emitted 

when the hole recombines with Cf(II) back to Cf(III) in a radiative relaxation process. In fact, for 

heaver actinides, the divalent oxidation state is stable with respect to oxidation. Divalent actinide 

compounds such as CfCl2 and EsCl2 were successfully synthesized, but no such complexes of 

divalent heavy lanthanides could be stabilized.  In the previous studies, Cary et al. revealed a 

significant reduction of metal-ligand bond distances in the trivalent actinide series. An average 

Am‒O, Cm‒O, and Cf‒O bond distances, as well as the An‒N distances were found to decrease 

approximately 0.05 Å from Am(III) to Cf(III).[118] This suggests increase of covalent effects 

across the actinide series.[152] With regard to lowering of the energy levels and increasing of 2+ 

stability to facilitate CT in the visible region of wavelength, Cf(III) might be a second turning 

point after Am(III) in the series. However, if all of these perturbations are simply the result of the 

metastability of Cf(II), then samarium would display these same properties because its standard 

reduction from Sm(III) to Sm(II) occurs at the same potential as that of californium.[153] 

However, samarium does not display these features. In californium, additional factors are clearly 

at play, the most important of which are the involvement of 5f, 6d, 7s, and 7p orbitals in bonding. 

Because of the covalence which depends on ligands, the series trend determined by free-ion 

properties is not expected to be followed as well as that of the lanthanides.[139] 

The broadband absorption and luminescence in the Cf(HDPA)3·H2O compound are 

interpreted as CT transitions that convert Cf(III) to Cf(II) with a hole created in the valence band 

of the compound. The bandwidth of CT transition, absorption and emission, is significantly 

broader than that of the 5f-5f transitions. As shown schematically in Figure 7.3, we assume that 

the ground state energy level of Cf(III), Eg(Cf3+), is above the valence band, and the CT 

transitions can occur from the top as well as inside the valence band. Energetically, this 

assumption explains the broad bandwidth and the shift of the luminescence spectrum as a 

function of excitation energy shown in Figure 7.1.     

A CT transition creates a hole (h+) in the valence band that can be several eV’s wide. As 

a result, the energy of CT transition depends on the location of the hole inside the valence band.   

If CT starts from the top of the valence band, and ends in the ground state of the divalent actinide 

ion, CT energy is a measure of the location of the ground state of the divalent actinide relative to 



61 
 

the top of the valence band. Otherwise, as elucidated in Figure 7.2, CT energy is larger for 

transitions initiated inside the valence band. Therefore, for a f-element ion in compounds, 

 

                        
( ) ( ) ( )3 2

CT

VfE E E h++ = + +
,                       (1) 

 

where EVf(2+) is the energy of the divalent ion above the valence band with lattice relaxation 

energy Erel included, and E(h+) is the energy of the hole underneath the valence band.  Eq. (1) 

explains partially the profile of the CT absorption and luminescence. Measured at the low energy 

edges of the broadband absorption in the spectra of Am(HDPA)3·H2O and Cf(HDPA)3·H2O 

shown in Figure 7.1, the CT energy is approximately 28000 cm-1 (~ 3.5 eV) and 15000 cm-1 (~ 

1.9 eV), respectively, for Am(III) and Cf(III). Not observed in the present work, the CT energy 

for the Cm(III) compound is expected to be much higher than that of the Am(III) compound. 

 
7.2.2 Dynamics of CT Luminescence 

 

Depending on the dynamics of ion-ligand interactions, there are several mechanisms that 

also contribute to the spectrum broadening. First, after change transfer, trivalent Cf(III) becomes 

Cf(II) with a larger ionic radius. A strong lattice relaxation leads to a large offset in the 

configuration coordinate diagram as shown in Figure 7.4. For lanthanide CT, this accounts for up 

to 0.5 to 1 eV in CT bandwidth.[139] Secondly, CT transitions end in more than one electronic 

state. In absorption, the excited CT states involve the crystal-field splitting of the 5f10 multiplets 

of Cf(II), and the profile of the CT emission band depends on the low-energy states of the 5f9 

configuration (primarily 6H15/2) and the top states (HOMO) of the ligand complex. Other 

contributions to the observed CT bandwidth may include ion-site distortion and crystalline 

defects, which should be small and insignificant in single-site crystalline compounds.  

Based on Franck-Condon principle for vibronic transitions and assuming that the CT 

emission spectrum is a superposition of vibronic transitions involving multiple vibrational modes 

(νi), and electronic states (Ek),
[142, 154]

 the expected spectral profile of the CT vibronic transitions 

would include multi-phonon progressions and frequency mixing in terms of i jMh Nhν ν+ . If the 

distribution of the lattice vibrational oscillators is of Gaussian shape, the intensity function of the 

vibronic transitions to electronic state k is of the following form.[155]
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with values of M and N increase from 0, 1, 2, ... to high orders of phonon states, Eq. (2) describes 

the intensity changes as a function of M and N. Si and Sj are vibronic coupling strength, known as 

Huang-Rhys parameter for vibrational mode νI and νj, respectively.     

Eq. (2) was used for simulating the CT emission spectrum of Cf(II) in comparison with 

the experimental spectrum of Cf(HDPA)3·H2O. As shown in Figure 7.5, the simulated spectrum 

has the major features in good agreement with the experimental one. Three vibrational 

frequencies were resulted from the simulation. These vibrational frequencies, ν1 = 590 cm-1, ν2 = 

655 cm-1 and ν3 = 698 cm-1 are expected to be the frequencies of the Cf-ligand stretching modes. 

Also obtained from the simulation, the value of S = 1.1 is close to that for uranyl CT transitions, 

and a large value of σ = 180 cm-1 reflects the intrinsic width of the Gaussian distribution and the 

influence of the low-frequency modes not included in the simulation.[154] The simulation resulted 

in four electronic energy levels of the ground state marked in Figure 7.5 as zero-phonon-lines 

(ZPLs). To be further verified by theoretical calculations of the CT states, the splitting of the CT 

ground state up to 3000 cm-1 is an indication of strong ion-ligand covalence. 

The standard reduction potential E0 for the Cf3+ and Cf2+ ion couple is about -1.6 eV (see 

Figure 7.6),[4] which is lower than that of the Am3+ - Am2+ couple and approximately the same as 

that for the Sm3+ - Sm2+ couple in the 4f-series.[153] For the 4f-series, CT energies between 

different ion couples are correlated and the differences in CT energies for different ion couples 

are independent of ligands.[139] There is not sufficient information on whether such a correlation 

is preserved or not between the CT energies for actinides in different complexes and compounds 

in which the reduction potential varies significantly. It should be preserved if the influence of 

ion-ligand covalence is insignificant and variation of CT energies depends primarily on the 

ligand field. Having similar electronic behavior as that of the lanthanides, Cf(III) and its 

neighbors in the heavy actinides series are expected to preserve the systematics trend. A previous 

work by Nugent et al. measured the CT energy of CfBr3 and EsBr3.
[153] As shown in Figure 7.6, 

the difference in the CT energies between Cf(III) and Es(III) is identical as that for the standard 

reduction potential. In the present case, a significantly strong crystal-field in An[HDPA]3 pushes 
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down the ground state energy level of Am(II) and Cf(II) toward the valence band. The CT 

energy of Cf(III) is much smaller than that in CfBr3. With regard to the systematic trend, the 

variation of the CT energy from Am[HDPA]3-H2O to Cf[HDPA]3-H2O is quite different from 

that in the standard reduction potentials. Therefore, the comparison made with limited 

information from the two pairs of actinide ions indicates that the lighter elements before Cf and 

the heavier ones from Cf in the actinide series have different properties in terms of CT and 

reduction of oxidation states. 

In reverse CT, combination of the transferred charge and hole may lead to both radiative 

and non-radiative relaxation. The absence of luminescence from the Am(III) compound indicates 

that the CT state near 28000 cm-1 and the most probable emitting state of 5f6 (5D1) near 18000 

cm-1 are quenched via non-radiative phonon relaxation. However, in the Cf(III) compound, CT 

luminescence with a lifetime longer than 1 µs was observed at room temperature and become 

much stronger below 150 K, indicating that the Cf(III) CT state is much more stable than that of 

Am(III) in the same compound. In fact, this is for the first time that CT luminescence is detected 

in an actinide compound. The relaxation mechanisms and channels are elucidated in Figure 7.4. 

The temperature dependent photoluminescence indicates the competition of the radiative and 

non-radiative relaxation processes. It is apparent that as shown in Figure 7.1 (b) and Figure 7.5, 

under the excitation with different photon energies of 23810 and 27400 cm‒1, respectively, the 

luminescence spectrum is invariant in the low energy side but stretches up as a function of 

excitation energy in the high energy side. Generally known as Stocks shift, the luminescence 

spectrum is a convolution of vibronic broadening in the Cf(III) and Cf(II) electronic states and 

variation of the hole energy in the valence band. From the absorption spectrum and the 

luminescence spectrum, we can estimate that the overall bandwidth for the Cf charge-transfer 

vibronic transition is broader than 15000 cm‒1 (~2 eV) with contribution from hole-energy 

distribution as well as lattice relaxation and vibronic coupling.     

The decay of CT luminescence is quite non-exponential on the time scales from 300 ns to 

6 µs, [118] an indication of variation in the lifetime of the excited CT state for CT transition 

initiated in different levels of the valence band.  In other words, the variation of the luminescence 

decay time is primarily due to the different time scales of hole-charge recombination. In the CT 

state, multi-phonon relaxation is also an important process that influences the excited state 
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lifetime and the luminescence intensity. In phonon-relaxation, the integrated luminescence 

intensity as a function of temperature is expected to obey the energy gap law,[149, 150] 

                                    
( ) 0 1 exp

p

MP

h
I T I

kT

ν  
= − −  

   ,                       (3) 

 

where hν is the energy of the phonons involved in the relaxation process. A more rigorous 

approach would account for an ensemble of phonons with different energies, symmetries, and 

population densities, but hν is often approximated to have a single value. The value of p = ΔE/hν 

is the number of phonons involved in the decay process to bridge the energy gap ΔE between the 

emitting state and the next lower energy state.  

In addition to multi-phonon relaxation, excitation quenching through tunneling or 

thermalization from the emitting state must be taken into account in the form of Arrhenius 

equation. In the present case as shown in Figure 7.4, relaxation from the ground state Cf(II) into 

the excited states of Cf(III) across the configuration potential (point B in Figure 7.4) would be 

the leading process of luminescence quenching. Taking into account of both multi-phonon 

relaxation and tunneling, the intensity of the CT luminescence as a function of temperature is 

modified into[156-159] 
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where Ea is the energy barrier that separates between the potential of Cf(III) and Cf(II) and α is a 

parameter to be determined in fitting experimental data. Eq. (4) was applied to fitting the 

temperature dependence of the peak intensity of the CT luminescence. The values of the fitting 

parameters are: hν = 500 cm‒1, Ea = 320 cm‒1, α = 7 and p = 30.  As shown in Figure 7.7, the 

theoretical model of multi-phonon relaxation plus excited-state quench satisfactorily describes 

the dynamics of the CT luminescence. It confirms that both relaxation mechanisms contribute 

competitively to the Cf(II) → Cf(III) relaxation.           

 
7.3 Conclusion 

 

Analyses of the optical spectra and luminescence dynamics confirmed a ligand-to-metal 

charge-transfer transition of Cf(III) in DPA and borate compounds. Optical excitation in the 
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visible region is able to reduce Cf(III) to Cf(II) in those compounds. The photoluminescence 

emitted from the CT state further indicates that a Cf(II)-hole pair is a metastable stable and the 

subsequent recombination occurs via radiative and non-radiative relaxation channels. Significant 

vibronic broadening in the absorption and emission spectra indicates changes in both electronic 

configuration and coordination structure. The low-lying Cf(III) states do not completely quench 

the CT state. Such a metastable CT state is unusual as far as the f-element paradigm of electronic 

properties is concerned. Increasing ion-ligand interactions are the driving force that push down 

the energy level of CT state toward the valence band, thus help stabilization of the divalent 

oxidation state. Largely because of the stabilization of the divalent oxidation state, a second 

transition in the periodicity of the actinide series occurs at Cf(III) as the turning point. The 

systematic trend of CT observed in the lanthanide series is unlikely followed in the actinide 

series lighter than Cf(III). Additional factors are clearly at play, the most important of which is 

the actinide orbital hybridization that mixes 5f, 6d, 7s, and 7p orbitals in bonding with oxygen 

ligands. Therefore, CT energies including the splitting of the ground CT state are expected to 

depend on the degrees of these orbital mixtures. Further studies are required for quantitatively 

deterring the influence of orbital hybridization and ion-ligand covalence. 

 
7.4 Figures 

 
                 Energy (cm

-1
) 

Figure 7.1. (a) Absorption spectra of Cf(HDPA)3·H2O and Am(HDPA)3·H2O. (b) luminescence 
spectra of Cf(HDPA)3·H2O excited at 27400 cm‒1. The high energy side of the luminescence 
spectra was cut off by the instrument. The sharp peak at 16375 cm‒1 in the luminescence spectra 
is from 245Cm(III) in the sample of Cf(HDPA)3·H2O. The luminescence spectrum of 
248Cm(HDPA)3·H2O is plotted in (b) for comparison.  It only has one sharp peak for the 5f7(6P7/2-
8S7/2)

 transition without vibronic broadening. 
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Figure 7.2. Partial energy levels of free-ion states of Am3+, Cm3+, and Cf3+ calculated using 
energy parameters obtained for An3+ in LaCl3.  
 

 
Figure 7.3. Energy level schemes of the divalent and trivalent Cf ions relative to the valence 
band of the compound. It is assumed that the ground state of Cf(III) is above the valence band 
and charge-transfer transitions can occur from the top and inside of the valance band with hole 
energy E(h+) below the band top. 
 

 

Figure 7.4. Configuration coordinate, energy potentials, and relaxation channels of CT vibronic 
transitions in Cf(III) compounds. The CT excitation ends at point A of the Cf(II) ground state 
potential then relaxes to B and C via non-radiative lattice relaxation and to D via radiative 
relaxation. The shift of the Cf(II) potential along R indicates a CT-induced bond expansion.  
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Figure 7.5. Comparison of CT luminescence of Cf(HDPA)3·H2O recorded at 420 nm (23810 cm-

1) excitation with simulated spectrum. The four vertical lines mark the ZPLs resulted from the 
simulation. The 5f-5f emission band from Cm(III) in the sample was excluded from the 
simulation.  
 

 
Figure 7.6. Comparison of charge transfer energies of An(III) in An[HDPA]3-H2O and AnBr3 
with the standard reduction potentials (-E0) of trivalent actinide ions. 
!
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Figure 7.7. Temperature dependence of Cf luminescence for Cf(HDPA)3·H2O recorded at 365 
nm excitation. The data plotted in (b) are peak intensities of the luminescence spectra, and the 
curve is a fitting with Eq. (3).   
 

!
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CHAPTER 8 

 

CONCLUSION 

 
The work presented throughout this dissertation has given a new perspective on the way 

we view periodicity late in the actinide series. First, the unique redox chemistry of Pu, the first 

transitional element in the actinide series, was investigated by using 2,6-pyridinedicarboxylic 

acid (DPA, dipic), and 1,10-phenanthroline-2,9-dicarboxylic acid (PDA). Both of these ligands 

provide hard/soft donors, a delocalized π network, and are multidentate. Utilizing these ligand 

systems MOFs, extended 2D or 3D networks, and molecular species were synthesized.  

The rational design of f element MOF’s is difficult to achieve, primarily due to the high 

coordination numbers and lack of conformational preferences in the f block. However, the 

formation, structures, and composition of the products [PuIII(DPA)(H2O)4]Br and 

PuIV(DPA)2(H2O)3·3H2O, can be readily explained.  The former is established by obtaining the 

1:1 Pu:DPA ratio were Br− ions charge balance the [PuIII(DPA)]+ network, and the latter is 

simply a solubility product resulting from the high insolubility of Pu(IV). While at first glance, 

the mixed-valent nature of Pu3(DPA)5(H2O)2 is more difficult to justify, because the oxidization 

of Pu(III) to Pu(IV) is very slow, once the Pu(IV):Pu(III) ratio reaches 1:2,  that is one 

[PuIV(DPA)3]
2− anion to two [PuIII(DPA)]+ cations, charge neutrality is achieved, and the 

crystallization of Pu3(DPA)5(H2O)2·2H2O from polar media is readily explained. 

What could not be anticipated is the metal to ligand charge transfer feature in 

[PuIII(DPA)]+ that allows for facile oxidation of Pu(III) to Pu(IV) even under anaerobic 

conditions.  This electronic characteristic is the key to the preparation of Pu3(DPA)5(H2O)2.  This 

feature is absent in Ln(III) DPA complexes, including those with Ce(III), where Ce(IV) character 

might be postulated.   

To further investigate the redox chemistries and unusual electronic properties that were 

seen with the Pu DPA complex above, Ce(III) and Pu(III) were complexed with a different 

ligand, PDA. Ce is commonly used as a surrogate for Pu because they are relatively the same 

size, and are both redox active. PDA has been a popular ligand of choice over the last decade for 

its ability to easily form charge transfer complexes with transition metals. The first reaction 

investigated was a 1:1 metal to ligand ratio where a Ce(III) compound was isolated as yellow 

octahedral crystals made up of infinite 2D chains. As the amount of ligand was increased the 
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Ce(III) was partially oxidized to Ce(IV) to form bright orange octahedral crystals that were 

composed of two structural components. First, two Ce(IV)-pda complexes form a dimer by 

bridging carboxylates from the ligand. Second, there is a Ce(?) site that coordinates two PDA 

ligands, which makes a helical chain down the c-axis. X-ray absorption spectroscopy (XAS) 

measurements are currently being run to investigate this system and determine the oxidation state 

of Ce(?). 

Under analogous reaction conditions stated above, a PuBr3 residue was reacted 

hydrothermally with PDA in a 1:2 ratio to yield a new molecular Pu4+ complex. Although the 

same reaction conditions were used for Pu and Ce, the Pu-PDA structure is completely different 

and no unusual electronic properties were observed. Overall both the trivalent Pu and Ce were 

oxidized to the tetravalent state, but different reaction pathways were taken allowing them to 

form different products.  

The second part of this work focused on using hard/soft donor ligands to explore changes 

throughout the actinide series. Although soft/hard donor ligand systems have been utilized in the 

actinide series for a number of decades for everything from exploratory synthesis to their use as 

extractant in separations, this is the first time a mixed hard/soft donor ligand has been used to 

make an isomorphous series with the trivalent actinides and lanthanides.[1, 160, 161] In fact the only 

other carbon based ligand system that has been used to synthesize an isomorphous structure 

across the actinides series was the cyclopentadienyl (Cp) ligand by Burns et al.[70] This study 

revealed intriguing electronic properties for a few of the actinides, such as CfCp3 being ruby red 

instead of green, and BkCp3 being amber instead of light yellow, but these properties couldn’t be 

rationalized with the information gathered by Burns. Recently a new californium borate was 

synthesized and characterized by Polinski et al.[120] Both Polinski and Burns observed the typical 

green photoluminescence that californium is known to have, but Polinski reported an electronic 

structure that was like nothing that had ever been seen before in the transuranic elements. In the 

florescence spectrum there is a broad transition centered at ~525 nm that displays vibronic 

progressions, much like that of a transition metal complex. Numerous investigators have reported 

broad features in the absorbance and florescence spectra, but this was the first time vibronic 

progressions were mentioned in the florescence spectrum itself. A reduction in the magnetic 

moment of Cf samples has also been reported previously by a number of investigators, but it was 

often justified by an error in mass, because of the microgram quantities that were used.  



71 
 

An isomorphous series of molecular Ln3+ and An3+ M(HDPA)3·H2O complexes were 

prepared to investigate if the unique electronic properties seen with these Cf complexes 

originated from the ligand’s electron rich networks or from Cf itself. Here the largest amount of 

249Cf ever in a magnetic susceptibility study (2.2 mg) was used, where a reduced µeff of 9.3 µB 

was reported.[118] Similar to the Cf borate, broad vibronically coupled bands in the absorption 

and emission spectra were present in the Cf-DPA complex. This study was essential because it 

not only gives more evidence that the unique properties seen with californium borate were 

reproducible in different environments (i.e. with different ligands), but this chemical behavior 

parallels nothing else in the actinide series.  

We believe that much like Pu, Cf represents a transition in the actinide series. After Pu, 

obtaining oxidation states higher than 3+ becomes difficult under mild conditions. However, as 

you traverse the actinide series to Cf the reduction potential from Cf(III) to Cf(II) drops to -1.6 

eV, and at nobelium the 2+ oxidation state becomes the most stable oxidation state.[118] As seen 

with Pu, being on a tipping point in a series of elements allows for unique chemistry. The 

unusual electronic properties that are seen in the Cf complex, such as the reduced magnetic 

moment, and broadening of UV-vis and emission spectra, might indicate that it too lies on a 

tipping point in the actinide series.  

Traditionally the electronic properties that are displayed by some Cf complexes have 

been interpreted as a result of an f-f transition. To better understand the emission spectrum of 

Cf(III) DPA, we compared its electronic properties to that of the isomorphous Am(III) DPA 

complex. The excited state of Am (5D1) has a much larger energy gap from its low-lying 5D0 and 
7F6 states than the Cf complex does, but there is no photoluminescence observed in the Am 

complex. According to the Energy Gap Law the non-radiative decay rate increases as the 

emission energy decreases in isomorphous complexes.[162] In other words if we see f-f 

luminescence in Cf(III) complex, it should be even more pronounced in Am(III) complex, 

however no photoluminescence is observed. Also, if the emission truly has f origin there should 

be a band of comparable bandwidth to the emission spectrum found in the absorption spectrum, 

but there is not. Leading us to believe that the Cf(III) photoluminescence is not from an f-f 

transition.  

For the first time we were able to correctly characterize the photoluminescence as a 

charge-transfer (CT) from the ligand to the metal. This CT has been described as Cf(III) to Cf(II) 
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+ h+ (h+ = hole in the valence band) occurring at about 400 nm. When the hole recombines to 

reform Cf(III) a photon is emitted (i.e. the emission). The broadening of this band can be 

explained by the coupling of CT to vibronic progressions. DFT calculations explicitly indicate 

that specific stretching modes between the M-L are responsible for these progressions. 

Through chapter 6 the structure and bonding of two new Cm complexes 

[Cm(HDPA)(H2DPA)(H2O)2Cl]Cl·2H2O and Cm(HDPA)3·H2O are discussed. 248Cm is the 

daughter of the α decay of 252Cf, and is extracted in high purity from this 252Cf parent. However, 

the 252Cf sources are not isotopically pure and contain the longer-lived isotopes 249,250,251Cf that 

are carried in trace amounts during separation procedures.  During the crystallization of both Cm 

complexes, Cf spontaneously separates itself from the curium complexes and is found doped 

within crystals of DPA in the form of Cf(HDPA)3·H2O. It would be anticipated that the trace 

amounts of Cf would be doped into the Cm complexes, unless there chemistry was 

fundamentally different enough for them to separate. Because they do in fact separate from each 

other this provides more proof that Cf is different than that of the earlier actinides.  

This work represents the first comprehensive solid-state study of an isomorphous N-

donor complex of Am-Cf. This ligand system was crucial for understanding the fundamental 

chemistry of the late actinides because it is simple, and has been studied for a number of years 

with the lanthanide and transition metal systems. Overall this work has provided more evidence 

that periodicity through the actinide series does not simply mimic that of the lanthanide series. In 

fact we have discovered that Cf might be a new transitional point in the actinide series where the 

bonding and reactivity of these elements once again changes. The next step in the work is to 

move on to Es, and Fm, where we expect to see increasing divalent character and pronounced 

perturbations in their electronic properties. 
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APPENDIX A 

 

TABLES FROM CHAPTER 3 

 
Table A.1.  Crystallographic Data for [PuIII(DPA)(H2O)4]Br (1), PuIV(DPA)2(H2O)3·3H2O (2), 
and Pu3(DPA)5(H2O)2 (3). 

Compound 1 2  3 

Mass  547.26  668.21  1587.55 

Color and habit  Green, block  

 

Red-pink, 

tablet 

 

 

Brown, plate 

Space group  Pa3  Pna21  C2/c 

a (Å)  19.8760(7)  9.8475(12)  20.4098(9) 

b (Å)  19.8760(7)  20.752(2)  10.9245(5) 

c (Å)  19.8760(7)  10.1979(12)  18.2468(8) 

α (º)  90  90  90 

β (º)  90  90  108.410(1) 

γ (º)  90  90  90 

V (Å3)  7852.1(5)  2084.0(4)  3860.2(3) 

Z   24  4  4 

T (K)  100  100  100 

λ (Å)  0.71073  0.71073  0.71073 

Maximum 2θ 

(º) 

 27.50  27.53  27.61 

ρcalcd (g cm-3)  2.778  2.130  2.732 

µ (Mo Kα)  806.5  323.6  516.3 

R(F) for Fo 
2 > 

2σ(Fo
2)a 

 

 

0.0255  0.0298  0.0130 

Rw(Fo
2)b  0.0564  0.0555  0.0299 
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Table A.2. Selected Bond Distances for [PuIII(DPA)(H2O)4]Br, PuIV(DPA)2(H2O)3·3H2O, and 
Pu3(DPA)5(H2O)2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

[Pu
III

(DPA)(H2O)4]Br Pu
IV

(DPA)2(H2O)3·3H2O Pu3(DPA)5(H2O)2 

Pu(1)-O(7) 2.427(4) Pu(1)-O(7) 2.321(3)  Pu(1)-O(2) (×2) 2.3401(19)  

Pu(1)-O(6) 2.443(4) Pu(1)-O(6) 2.330(5)  Pu(1)-O(6) (×2) 2.3535(15) 

Pu(1)-O(5) 2.476(4) Pu(1)-O(5) 2.357(5)  Pu(1)-O(21) (×2) 2.3680(17) 

Pu(1)-O(4) 2.485(5) 

Pu(1)-

O(3O) 2.357(4)  Pu(1)-N(1) (×2) 2.5101(15) 

Pu(1)-O(8) 2.515(5) 

Pu(1)-

O(3W)  2.374(4)  Pu(1)-N(3) 2.5148(22) 

Pu(1)-O(3) 2.524(4) Pu(1)-O(3) 2.432(4)  Pu(2)-O(7) 2.4172(18) 

Pu(1)-O(2) 2.557(6) Pu(1)-O(8)  2.459(3)  Pu(2)-O(8) 2.4359(16) 

Pu(1)-O(1) 2.563(9) Pu(1)-N(2)  2.495(4)  Pu(2)-O(11)  2.4588(17) 

Pu(1)-N(1) 2.581(6) Pu(1)-N(1) 2.502(4)  Pu(2)-O(9) 2.4748(14) 

Pu(2)-Br(4) 3.355(3)   Pu(2)-O(1W) 2.4773(16) 

    Pu(2)-O(3) 2.4796(16) 

     Pu(2)-O(4) 2.4849(16) 

    Pu(2)-N(2) 2.5667(15) 
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APPENDIX B 

 

TABLES FROM CHAPTER 4 

 
Table B.1. Selected Crystallographic Information for compounds 1, 2, and 3. 

Compound 
Ce(C14H6N2O4)(H2O)2Cl-
H2O 

{Ce[C12N2(CO2)H6]2}2 
{Ce[C12N2(CO2Hx)2H6]

2} 
Pu(C14H6N2O4)2 

Formula Mass 489.78 2017.61 1542.93 

Color and habit Yellow, octahedral Orange, octahedral Gold, plate 

Space group P21/c Pca21 P1  

a (Å) 10.8880(10) 34.9780(10) 7.7651(7) 

b (Å) 18.3035(17) 15.4213(12) 11.2347(10) 

c (Å) 7.9458(7) 12.1717(3) 14.3242(13) 

a (°) 90 90 95.438(2) 

β (°) 93.6093(2) 90 99.372(2) 

γ (°) 90 90 109.915(10) 

V (Å3) 1580.4(2) 6565.5(17) 1143.91(18) 

Z 4 4 1 

T (K) 100(2) 100(2) 100(2) 

λ (Å) 0.71073 0.71073 0.71073 

Maximum 2θ 
(°) 

27.496 26.371 27.451 

ρcalc (g/cm3) 2.058 2.041 2.240 

µ (Mo Ka) (cm–

1) 
30.09 21.51 29.49 

R(F) for Fo
2 > 

2σ(Fo
2)a

 0.0226 0.0666 0.0356 

Rw(Fo
2)b

 0.0523 0.1646 0.0691 

a     b  ( )R F F F F= −∑ ∑o c o ( ) ( )R F w F F wF
w o

2

o

2

c

2
2

o

4

1 2

= −





∑ ∑
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Table B.2. Selected bond lengths (Å) for compound 1 taken at room temperature.  

  Ce(III) Cl 

O3 2.511(2) 

O4 2.528(2) 

O5 2.536(2) 

O2 2.556(2) 

O1 2.558(2) 

O5 2.621(2) 

N2 2.689(2) 

N1 2.693(2) 

Cl1 2.8717(8) 

 

Table B.3. Selected Bond lengths (Å) for compound 2 at 100 K.  
  Ce 1(?)   Ce 2 (IV)   Ce 3 (IV) 

O2 2.568(10) O9 2.590(10) O11 2.583(12) 

  

 

  

 

  

 O3 2.598(11) O12 2.498(10) O18 2.394(11) 

  

 

  

 

  

 O4 2.529(10) O14 2.575(11) O20 2.559(11) 

  

 

  

 

  

 O6 2.584(11) O15 2.435(12) O22 2.611(11) 

  

 

  

 

  

 O8 2.424(10) O23 2.581(12) O24 2.503(11) 

  

 

  

 

  

 N1 2.620(12) N5 2.658(13) N9 2.605(12) 

N2 2.601(12) N6 2.635(14) N10 2.625(12) 

N3 2.645(12) N7 2.627(12) N11 2.650(12) 

N4 2.591(12) N8 2.591(13) N12 2.644(12) 
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Table B.4. Selected bond lengths (Å) for compound 3 taken at 100 K. 

  Pu(IV) 

O3 2.243(4)  

O5 2.259(4) 

O7 2.259(4)  

O8 2.252(3)  

N4 2.496(4)  

N1 2.497(4) 

N2 2.504(4) 

N3 2.507(4)  
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APPENDIX C 

 

TABLES FROM CHAPTER 5 
 

Table C.1. Selected Crystallographic Information for An(HDPA)3·H2O.a 

Compound 
Am2(HDPA)6·2
H2O 

Cm2(HDPA)6·2
H2O 

Cf2(HDPA)6·2
H2O 

Formula Mass 1514.67 1524.67 1526.67 

Color and habit Pink, block Colorless, rod Green, block 

Space group P1  P1  P1  

a (Å) 11.8381(9) 11.8146(10) 11.7542(4) 

b (Å) 13.3788(10) 13.3852(12) 13.4315(5) 

c (Å) 15.1601(11) 15.1717(13) 15.1978(6) 

a (°) 91.0206(12) 90.9375(17) 91.1180(12) 

β (°) 95.2167(12) 95.3161(17) 95.9110(11) 

γ (°) 103.1085(12) 103.1110(17) 103.1070(12) 

V (Å3) 2327.0(3) 2324.9(3) 2322.17(15) 

Z 2 2 2 

T (K) 100(2) 100(2) 100(2) 

λ (Å) 0.71073 0.71073 0.71073 

Maximum 2θ (°) 30.608 27.630 30.626 

ρcalc (g/cm3) 2.162 2.178 2.183 

µ (Mo Ka) (cm–1) 33.74 35.84 37.26 

R(F) for Fo
2 > 

2σ(Fo
2)b

 0.0382 0.0353 0.0386 

Rw(Fo
2)c

 0.0871 0.0779 0.0896 

a The formula used through this manuscript has been divided by 2 throughout for the sake of 
simplicity because both enantiomers are present in the asymmetric unit.  
b   c  ( )R F F F F= −∑ ∑o c o ( ) ( )R F w F F wF

w o

2

o

2

c

2
2

o

4

1 2

= −





∑ ∑
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Table C.2. Selected Bond lengths (Å) for An(HDPA)3 (An = Am, Cm, Cf) complexes.   

   Am Δ  Cm Δ  Cf Δ    Am Λ  Cm Λ  Cf Λ  

 O13 2.478(4) 2.463(4) 2.455(4) O1 2.505(4) 2.4959(4) 2.476(5) 

 O14 2.489(4) 2.480(4) 2.444(5) O2 2.437(4) 2.433(4) 2.413(4) 

 O15 2.431(4) 2.416(4) 2.386(4) O3 2.401(4) 2.388(4) 2.363(4) 

 O16 2.471(4) 2.458(4) 2.422(4) O4 2.519(4) 2.501(4) 2.477(4) 

 O17 2.515(4) 2.509(4) 2.494(4) O5 2.495(4) 2.480(4) 2.441(4) 

 O18 2.507(4) 2.480(4) 2.411(4) O6 2.453(4) 2.448(4) 2.417(4) 

 N1 2.551(4) 2.532(4) 2.512(4) N2 2.557(4) 2.534(4) 2.517(4) 

 N3 2.554(4) 2.535(4) 2.508(4) N4 2.532(4) 2.519(4) 2.506(4) 

 N5 2.589(4) 2.582(4) 2.545(4) N6 2.573(4) 2.566(4) 2.526(4) 

 
        

  

 

Table C.3. Comparison of bond lengths between the Δ and Λ enantiomers of An(HDPA)3 in Å.  

 

 

 

 

 

 

 

 

 

 

  Am Δ   Cm Δ   Cf Δ    Am Λ    Cm Λ    Cf Λ   

Longest An-O 2.515(4) 2.509(4) 2.494(4) 2.519(4) 2.501(4) 2.477(4) 

Shortest An-O 2.431(4) 2.416(4) 2.386(4) 2.401(4) 2.388(4) 2.363(4) 

Average An-O 2.482(4) 2.468(4) 2.436(4) 2.468(4) 2.457(4) 2.431(4) 

Longest An-N 2.589(4) 2.582(4) 2.545(4) 2.573(4) 2.566(4) 2.526(4) 

Shortest An-N 2.551(4) 2.532(4) 2.508(4) 2.532(4) 2.519(4) 2.506(4) 

Average An-N 2.564(4) 2.550(4) 2.522(4) 2.554(4) 2.540(4) 2.517(4) 



80 
 

APPENDIX D 

 

TABLES FROM CHAPTER 6 
 

Table A.10. Selected crystallographic information for the Cf-doped dipicolinic acid and 
[Cm(HDPA)(H2DPA)(H2O)2Cl]Cl·2H2O (Cm-2). 

Compound DPA Cm-2 

Formula Mass 167.10 1465.40 

Color and habit Colorless, Plate yellow, prism 

Space group P 21/m P1  

a (Å) 3.7611(8) 7.8840(5) 

b (Å) 16.153(3) 9.8706(6) 

c (Å) 5.5595(10) 15.298(1) 

a (°) 90 75.978(1) 

β (°) 93.186(5) 75.447(1) 

γ (°) 90 68.872(1) 

V (Å3) 337.23(11) 1059.55(12) 

Z 2 1 

T (K) 293(2) 100(2) 

λ (Å) 0.71073 0.71073 

Maximum 2θ (°) 27.517 27.476 

ρcalc (g/cm3) 1.626 2.297 

µ (Mo Kα) (cm–1) 1.38 41.67 

R(F) for Fo
2 > 

2σ(Fo
2)a

 

0.0543 

0.0286 

Rw(Fo
2)b

 0.1571 0.0616 

a   

b   

( )R F F F F= −∑ ∑o c o

( ) ( )R F w F F wF
w o

2

o

2

c

2
2

o

4

1 2

= −





∑ ∑
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