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ABSTRACT 

The separation of trivalent actinides and lanthanides in the processing of used nuclear 

fuel is challenging due to the similar sizes, charges, and redox properties of the two classes of 

metals. Typical separations procedures rely on ligands or extractants that can coordinate the 

metals with polarizable soft donor atoms such as nitrogen or sulfur. These soft donor atoms 

display a preference for coordinating the actinides which can be utilized to provide selectivity in 

this separation. Among the different ligands and extractants used for this separation, the sulfur 

containing dithiophosphinic acids have shown some of the highest reported selectivities, with 

separation factors of up to 100,000 for the separation of americium and europium. However, the 

extraction mechanism for the dithiophosphinic acids are not fully defined, especially for the 

transcurium actinides. The most commonly studied dithiophosphinic acid, bis(2,4,4-

trimethylpentyl)dithiophosphinic acid (HC301), is known to extract metals as several different 

complexes dependent upon both the extracted metal and the conditions used. A more complete 

understanding this behavior will promote the optimization of HC301-based separation 

procedures and possibly the development of extractants with even greater selectivity. 

Additionally, HC301 is susceptible to degradation by radiolysis, oxidation, and hydrolysis which 

both reduces the amount of HC301 in the system and forms new species that can impact the 

separation.  

In this work, the current knowledge in the use of sulfur donating extractants, including 

the dithiophosphinic acids and HC301, for the separation of lanthanides and actinides is 

summarized and two new developments in the use of HC301 are reported. The first development 

is a novel method to quickly determine concentrations of HC301 by a colorimetric 

permanganometric titration to enable more effective monitoring of a potential separation process. 

The second project is a characterization of the extraction of the transplutonium actinides, Am-Es, 

by HC301 to determine how extensively these metals are extracted and what complexes are 

extracted. Additionally, the use of more degradation resistant and water-soluble sulfur donating 

ligands as an alternative to dithiophosphinic acids is examined. Overall, both HC301 and the 

aqueous sulfur donating ligands display selectivity for all the actinides tested. This selectivity 

seems to be greatly influenced by the formation of different complexes between the lanthanide 

and actinide series. The actinides tend to form complexes where the metal is more completely 
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coordinated by sulfur and the metal-sulfur bonds are shorter whereas the lanthanides tend to have 

less coordination by sulfur and longer metal-sulfur bonds.  
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CHAPTER 1: INTRODUCTION 

1.1 Motivation 

The trivalent transplutonium actinides are present in used nuclear fuel where they 

contribute significantly to the long-term radioactivity and heat load of the material, which 

drastically limits the quantity that can be stored in a given repository. The fission products, 

despite accounting for most of the initial radioactivity, decay on a shorter timescale and pose a 

lesser challenge to their safe disposal. Figure 1.1A shows that the used fuel without any 

components removed, will be more radioactive than the unirradiated fuel for approximately 

4,000,000 years. The removal of the actinides U, Np, Pu, Am, and Cm dramatically reduces the 

time required for used fuel to decay to about 1000 years as shown in Fig 1.1B. 

  

Figure 1.1 The hazard index of used nuclear fuel after removal of a) none of its components 
and b) the U, Np, Pu, Am, and Cm. A hazard index of 1 corresponds to the same level of 
radioactivity as the non-irradiated fuel1,2. 

After the actinides are separated from the fuel, one approach to handling them is to 

fission them in a specialized nuclear reactor where they will be converted into less hazardous 

fission products by nuclear fission.16 For this approach to be effective, the actinides to be 

destroyed must be reasonably free of neutron absorbing impurities as their presence would cause 

the process to be inefficient by reducing the number of neutrons available to destroy the 

actinides. Methods have been developed for the removal of many elements from the 
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transplutonium, trivalent actinide waste stream,17 but the efficient separation from the trivalent 

lanthanides capable of working on an industrial scale is elusive.  

 To separate the trivalent actinides and lanthanides, a system that is selective for either the 

lanthanides or actinides is necessary. In many separations, differences in the ionic radii, charges, 

or charge densities are used for the separation of metal ions, but they are too similar for the 

trivalent actinides and lanthanides to provide a significant separation. This requires other 

differences between the two classes of metals to be exploited for the separation, such as different 

abilities to form covalent bonds. The actinides have shown the ability to bond more covalently 

with soft donors than the actinides, thus enabling a separation.18–23 Most work has been focused 

on nitrogen based soft donor ligands for the separation, but the even softer sulfur donors show 

greater covalency with the actinides24–26 and have provided large separation factors.8,12,27,28 The 

greater covalency of the actinides manifests as shorter and stronger bond between the metal and 

sulfur donor than the bond between a comparable lanthanide and the sulfur donor.24–26 Further 

research on the interactions between the lanthanides and actinides with soft, sulfur donor ligands 

for this challenging separation will not only provide insight on the fundamental chemistry of the 

little studied heavy actinides, but will assist in the development of effective separations relevant 

to processing used nuclear fuel.  

1.2 Solvent Extraction 

For the separation of lanthanides and trivalent actinides, liquid-liquid extraction is the 

most widely considered process as it is can be scaled up to provide the high throughput necessary 

for an industrial scale separation while giving an acceptable purity. These separations consist of 

two immiscible liquid phases, an aqueous phase containing the metals to be separated and some 

amount of acid in contact with an organic phase consisting of an extractant dissolved in an 

organic diluent. The goal of this type of system in a separation is to retain one type of metal (e.g. 

the lanthanides) in the aqueous phase while another type of metal is extracted into the organic 

phase, thus providing a separation. The selectivity in this separation may arise from the presence 

of selective ligands in the aqueous phase or selective extractants in the organic phase or some 

combination thereof. In many separation schemes for metal ions, the extractants provide the 

source of selectivity. There are two main methods by which extractants function, solvation of the 

metal ion or cation exchange.  



3 
 

Solvating extractants are organic soluble species that are neutral and polar. They are 

capable of solvating the charge dense metal ions in the organic phase with enough counterions to 

maintain the overall neutrality of the species. Equation 1.1 shows a generic mechanism for the 

solvating extractant, E. As the extraction of metal requires the coextraction of counterions, 

conditions where high concentrations of anions are present in the aqueous phase are used to 

promote the extraction of metal. This is most commonly achieved by using high concentrations 

of acid to provide the necessary counteranions, although salts have also been used. To strip the 

extracted metal from the organic phase, a low concentration of counteranions is used in the 

aqueous phase. 

M4+ + 4NO3
- +2Eorg ⇌ M(NO3)4E2,org 

 (1.1) 

Cation exchange extractants are acidic organic soluble species. They extract metals by 

exchanging their acidic protons initially in the organic phase for metal ions from the aqueous 

phase. Equation 1.2 shows this process for the cation exchange extractant HA. These extractants 

do not require counteranions to maintain neutrality, unlike the solvating extractants. These 

extractants extract the most strongly when the acid concentration in the aqueous phase is low as 

the addition of the protons to the aqueous phase is more favorable. Higher acid concentrations in 

the aqueous phase lessen the effectiveness of the extractant and if high enough, will strip metal 

from the organic phase. 

M3+ + 3HAorg ⇌ MA3,org + 3H+ (1.2) 

In addition to liquid-liquid extraction methods where only one extractant is used, a 

mixture of extractants can be used in some cases. Typically, one of the extractants is a cation 

exchanger and the other is a solvating extractant. When two extractants are used and a more 

complete extraction is observed than for either of the extractants by themselves at the same 

concentration, a synergistic extraction is occurring.29,30 The mechanism by which this occurs is 

typically complex and poorly understood, but is typically caused by the formation of more 

lipophilic metal complexes.29,30 The increase in lipophilicity can happen by the addition of 

another extractant molecule to the complex, typically by increasing the coordination number of 

the metal ion, opening a chelate ring, or displacing bound water molecules.29,30 Besides the basic 

mechanism given here, synergistic extractants can alter other components of the system by 

affecting aggregation and micelle formation or by changing interfacial properties.29 
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1.3 Soft Donor Selectivity 

To enable a solvent extraction system to selectively extract a particular metal over other 

species requires either an extractant or ligand that provides selectivity by preferentially 

interacting with one type of metal. In the separation of the trivalent actinides and lanthanides, 

this selectivity arises from soft donor ligands or extractants. Soft atoms are atoms that are 

polarizable such as nitrogen or sulfur.18 Hard atoms which are smaller and not as polarizable, 

such as oxygen and fluorine, are not generally considered to provide selectivity for this 

separation. This soft donor selectivity was first observed by Street and Seaborg who found that 

chloride preferentially bonded with the actinides and could be utilized for separating them from 

lanthanides.19 Subsequent studies by many investigators have found the actinides form shorter 

and stronger bonds with soft atoms24–26 that may be utilized to provide selectivity in a separation 

process. 

Computational studies have found that soft donors are able to interact more strongly with 

the actinides by forming bonds of a more covalent nature.31,32 Further analysis has revealed that 

this covalent interaction is caused by the 5f orbitals of the actinides and orbitals of soft donor 

atom having similar energies which promotes covalent bonding.33–35 The 4f orbitals of the 

lanthanides are unable to engage is such bonding causing a difference between the lanthanides 

and actinides that can be exploited for a separation of these metals. The selectivity of soft donors 

for the actinides is more thoroughly examined in Chapter Two. 

1.4 Approaches 

A variety of methods can be used for examining the behavior and selectivity of different 

ligands and extractants. Several of the most common are explained below. 

1.4.1 UV-Visible Spectroscopy 

UV-vis spectroscopy uses ultraviolet and visible light to probe electronic transitions 

within an atom or molecule by measuring the absorption of light. The absorption of light can be 

related to the concentration of the absorbing species by Beer’s Law, Equation 1.3, where the 

absorbance of a sample (A) can be related to the concentration of an absorbing species (c) and 

pathlength (𝓁) by the molar absorption coefficient (ɛ). Additionally, the spectra of metal ions, 

especially certain actinides and lanthanides, can be quite sensitive to the coordination 
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environment of the metal and can provide information about the number and type of ligands 

coordinating the metal ion. A = ε𝓁c            (1.3) 

1.4.2 Distribution Measurements 

As solvent extraction systems are being studied for the separation of trivalent actinides 

and lanthanides, it is important to be able to quantify the extraction and separation of metals 

within these systems. The extraction of metal can be quantified by the distribution ratio (D), 

Equation 1.4. The distribution ratio is the ratio of the concentration of metal in the organic phase 

to the concentration in the aqueous phase. Since radioactive isotopes of the metals are often 

being studied here, the radioactivity (A) of each phase is used in place of concentration as 

radioactivity is proportional to the amount of the isotope present. To compare the extraction of 

different metals in a separation process, the separation factor (SF) is used, Equation 1.5. The 

separation factor is the ratio of the distribution ratios of the metals being separated. A separation 

factor of unity indicates no separation while a value significantly greater or less than one is an 

effective separation. 

D = [M]org[M]aq = AorgAaq   (1.4) SFAn/Ln = D𝐴𝑛DLn  (1.5) 

1.4.3 Formation Constants 

When considering the formation of complexes between a metal and ligand, a useful 

approach to quantifying the strength of this interaction is the formation constant (β). The general 

equation for the formation of a complex with M metal ions, no acidic protons, and L ligands is 

shown in Equation 1.6. When this formula is applied to the reaction with one metal and one 

ligand, as shown in Equation 1.7, the formation constant β101 can be determined using Equation 

1.8. When considering the reaction of one metal with two ligands, Equation 1.9, the formation 

constant β102 can be determined from Equation 1.10.  
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βM0L = [MMLL][M3+]M[L2−]L (1.6) M3+ + L2− ⇌ ML+             (1.7) β101 = [ML+][M3+][L2−] (1.8) M3+ + 2L2− ⇌  ML2−        (1.9) β102 = [ML2−][M3+][L2−]2 (1.10) 

 There are a number of different experimental approaches to determining formation 

constants including spectrophotometric and potentiometric titrations, isothermal titration 

calorimetry, nuclear magnetic resonance, and competitive extraction. Spectrophotometric and 

potentiometric titrations are explained below as these techniques were used to determine 

formation constants in the work shown here. 

1.4.3.1 Spectrophotometric Titration 

One method for determining formation constants is to titrate a metal solution with a 

solution containing a ligand and to measure the spectra of the metal after each addition. An 

example of the spectra collected from this type of titration is shown in Figure 1.2 which shows 

the spectra collected from the titration of Am3+ with the ligand 2,2’-thiodiacetic acid (TDA). If 

the metal has spectral features that change upon complexation, the number of species and their 

formation constants may be determined by analyzing the spectra. In Figure 1.2, it can be 

observed that the addition of TDA causes the absorption peak of Am to redshift in two distinct 

steps corresponding to the two complexes formed, AmTDA+ and Am(TDA)2
-. This can be 

further analyzed to determine formation constants either manually or using software such as 

HypSpec2014.36 

This method of determining formation constants is quite useful, but it requires having 

metals, or in some cases, ligands, that have spectra that change upon complexation. Fortunately, 

many lanthanides and actinides have either UV-vis or fluorescence features that meet this 

criterion. Additionally, this method usually requires macroscopic quantities of metals that may 

prohibit studies with certain actinides due to the low quantities available or high amount of 

radiation emitted.   
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Figure 1.2 An example of a UV-vis spectrophotometric titration of 248Am3+ with the ligand 2,2’-

thiodiactic acid (TDA). 

1.4.3.2 Potentiometric Titration 

Formation constants can also be determined by potentiometric titrations. In a 

potentiometric titration, a solution containing a metal, ligand, and occasionally an acid is titrated 

with a base and the resulting pCH+ response is recorded, typically with a glass pH electrode. An 

example of the potentiometric titration of Nd3+ with the ligand 2,2’-thiodiactic acid (TDA) is 

shown in Figure 1.3. In this example, it can be seen that the presence of metal causes the solution 

to have a lower pCH+ (more acidic) than the sample with no metal as acidic protons are released 

upon the formation of a complex. This perturbation to the pCH+ can be related to the formation 

constant either manually or by software such as Hyperquad2013.36 

This approach to determining formation constants is somewhat more versatile than 

spectrophotometric titrations as it does not require a metal or ligand to have any spectral features. 

However, this method does require the ligand to have acidic protons that are displaced upon 

complexation, so not all systems can be quantified using this technique. Additionally, 

macroscopic quantities of metals are required, so it can be difficult to use with certain actinides. 
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Figure 1.3 An example of a potentiometric titration of Nd3+ with the ligand 2,2’-thiodiactic acid 

(TDA). 

1.4.4 Extended X-ray Absorption Fine Structure Spectroscopy 

Extended x-ray absorption fine structure (EXAFS) spectroscopy is a synchrotron-based 

technique that looks at the absorption of x-rays at energies higher than the absorption edge. The 

photoelectrons ejected by the x-rays are scattered by the surrounding atoms and the resulting 

backscatter interacts with the forward propagating wave.37 This results in an oscillation in the 

absorption spectra at energies greater than the absorption edge.37 The oscillation can be used to 

calculate the number, type, and distances of atoms surrounding the atom absorbing the x-rays via 

the EXAFS equation, Equation 1.11.37 This is useful as these criteria are important to 

understanding the structure of complexes. 

χ(k) = ∑ NjS02kRj2j Fj(k)e−2Rj λj(k)⁄ e−2k2σj2 sin[2kRj + Φj(k)] (1.11) 

1.4.5 Density Functional Theory 

 Density functional theory (DFT) is a computational method to model small to moderately 

sized chemical systems. In this method, a functional is applied to the electron density of a 

molecule, complex, or structure to determine many of its properties. Among the many properties 

that can be studied by DFT, the optimized structures, electronic structure, vibrational spectra (IR 

spectra), thermodynamic parameters, and excitation spectra (UV-vis) were used in this work. 
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Many additional corrections can be made for factors including relativistic effects of heavier 

elements and solvation. 

1.5 Research Purpose and Outline 

The purpose of this research is to gain a better understanding of why sulfur donating 

ligands are selective for the trivalent actinides over the lanthanides and to develop actinide 

selective sulfur-based ligands with greater stability. In addition to reviewing the current 

understanding of sulfur containing extractants, a novel method for quantifying the most common 

sulfur containing extractant, HC301, by permanganometric titration is reported and the 

mechanism for the extraction of transcurium actinides by HC301 is studied. Additional efforts to 

develop more stable alternatives to dithiophosphinic acid extractants are also detailed. 
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CHAPTER 2 

SULFUR DONATING EXTRACTANTS FOR THE SEPARATION OF TRIVALENT 

ACTINIDES AND LANTHANIDES 

Adapted with permission from Coordination Chemistry Reviews 

Nathan P. Bessen,1 Jessica A. Jackson,1,2 Mark P. Jensen,1,2 Jenifer C. Shafer1,2 

 The following chapter has been adapted from the published review article. 

2.1 Abstract  

The effective separation of trivalent actinides and lanthanides is capable of reducing the 

long term radiation hazard associated with used nuclear fuel. This class of separation exploits the 

tendency of ligands containing large and polarizable soft donor atoms to preferentially bind to 

the trivalent actinides instead of the lanthanides. Among the soft donors, nitrogen and sulfur 

based ligands have received the most attention with sulfur donors generally having greater 

selectivity for the actinides. Herein, the speciation, mechanism, and selectivity for the extraction 

of lanthanides and actinides from aqueous media into an organic phase by various sulfur 

containing extractants is reviewed. 

2.2 Introduction 

 The significant and scalable approach for actinide/lanthanide group separations centers 

on the principle that actinides may be able to interact more strongly with soft donors, such as 

chloride, nitrogen and sulfur, relative to lanthanides of comparable charge density. This is most 

broadly explained on the basis of Pearson’s Hard Soft Acid Base chemistry, where softer, more 

polarizable metals interact preferentially with softer, more polarizable ligand donors18. This 

stronger interaction with soft donors was first discovered by Street and Seaborg by examining 

the preferential interaction of chloride and americium relative to lanthanides, such as 

promethium19. The stronger interaction between actinides and soft donors relative to the 

lanthanides is generally thought to be caused by the actinides increased ability to interact more  
1 Department of Chemistry, Colorado School of Mines, 1500 Illinois St, Golden, CO 80401, 
United States 
2Nuclear Science and Engineering, Colorado School of Mines, 1500 Illinois St, Golden, CO 
80401, United States 
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covalently with soft donors38. Although heavy actinides were long thought to lack any covalency 

due relativistic effects encouraging the contraction of the 5f orbitals within the core electronic 

structure39, recent work with berkelium, californium and einsteinium show their ability to bond 

with some degree of covalency with dipicolinic acid40–43 and borates42,44–46. 

The origins of the actinide covalency in the literature are frequently debated, as is the 

extent to which covalency is responsible for controlling trivalent actinide/lanthanide group 

separations.  An emerging idea is that, due to the multiplicity of available orbitals and varying 

orbital energies across the actinide series, the specifics of actinide-ligand covalency are likely 

dependent on the given actinide and ligand involved40–44,46. This idea more closely mirrors 

transition metal chemistry, where a given metal-ligand pairing can show unique chemistry across 

a series of 5f elements. A general class of separations that has limited review in the literature are 

those based on sulfur-actinide interactions. 

While separations centering on selective sulfur-actinide interactions are demonstrated to 

be the most efficient single-stage trivalent lanthanide-actinide separations, sulfur has generally 

received little attention relative to nitrogen donating ligands9,20,22–24,40,47–50. Some of this lack of 

attention is due to complications arising from sulfur contamination in high-level waste streams51, 

the poor radiation resistance of sulfur ligands13,52, and the difficulty of extractant synthesis and 

purification6–8. Despite these potential issues, sulfur containing ligands provide remarkably high 

separation factors that could be utilized in more efficient separation processes than nitrogen 

based separations7,8,12,28. Bis(2,4,4-trimethylpenthy)dithiophosphinic acid, Cyanex 301 (HC301) 

in Figure 2.1, has reported separation factors between Am and Eu, SFEuAm = DAm/Dorg where DM = [M]org/[M]aq, of greater than 5,00012. See Section 2.4.3 for a more complete description. 

Trifluoromethyl substituted aryl dithiophosphinates have the highest SFEuAmever reported using 

any approach at greater than 100,0007. More explanation regarding separation factors and 

distribution ratios, D, is provided in Section 2.4.3 (vide infra). The purpose of this review is to 

summarize the work done with various sulfur containing ligands for the separation of actinides 

from lanthanides. 

 

 



12 
 

2.3 Origin of Selectivity 

The preference that soft donors have for actinides over lanthanides is thought to stem 

from greater covalency encouraging shorter and stronger actinide-soft donor bonds, though 

reports exist that suggest some covalent actinide-ligand interactions have longer, weaker bonds53. 

It has been shown that U(III) and Pu(III) both form shorter bonds with sulfur than with 

lanthanides of nearly the same ionic radii, La(III) and Ce(III) when using 

thiophosphorylphosphinothioic amides, N(SPR2)2, (R = Ph, iPh, and H)24 and arylthiolate 

ligands25. In computational modelling of the same complexes, the shorter bond lengths were also 

observed an interpreted to indicate increased covalency24,25. Although complexes of 

thiophosphorylphosphinothioic amides with both U(III) and Pu(III) showed shorter bond lengths 

than with similar lanthanides, the Pu-S bond length, although shorter than the U-S bond, was not 

a short as expected based on the different crystallographic radii of U and Pu. Therefore, it was 

concluded that the Pu-S interactions had a degree of covalence intermediate between that of the 

U-S bonds and the lanthanide-S bonds24. This lead Gaunt et al. to conclude that the light 

actinides bond more covalently with sulfur, but this effect decreases along the series, possibly 

terminating at Am or Cm24.  

This hypothesis has been difficult to test as only small amounts of the actinides heavier 

than Pu are available and their high specific activities make them challenging to handle. Another 

consequence of the high specific activity of transuranic actinides is the damage to crystal 

structures by self-irradiation. Despite the associated challenges, single crystals of 

(NBu4)Am[S2P(tBu2C12H6)]4 have been synthesized and analyzed along with the analogous Nd 

and Eu crystals26. Single crystal XRD has shown that the Am-S bond (2.921(9) Å) is shorter than 

with Nd (2.941(8) Å), a lanthanide with a similar ionic radius26. Although the uncertainty at the 

68% confidence interval associated with these measurements makes it difficult to say with 

confidence that Am and Nd have different metal-sulfur bond lengths, UV-vis spectroscopy and 

luminescence spectra of the same crystals show that for Am, the ligand field has a far greater 

influence on the metal’s electronic structure, as reflected in the f-f electronic transitions, than for 

either Nd or Eu26. In crystals of Am, Cm, and Cf dithiocarbamates, the heavier actinides showed 

shorter metal-sulfur bonds than the similarly sized lanthanides when accounting for changes in 

the metal’s ionic radii54. This suggests Am and heavier actinides have greater interactions with 
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soft, sulfur donating ligands than lanthanides. The greater interactions of sulfur donating ligands 

with the actinides may manifest as stronger bonds and different speciation that may enable an 

effective method of separating lanthanides and actinides. 

The selectivity that the above sulfur donors display towards actinides is thought to be due 

to the ability of actinides to bond more covalently than lanthanides. The source of this greater 

covalency is thought to arise from energy degeneracy or orbital overlap between the metal and 

ligand or some combination of both55.  Density functional theory (DFT) experiments have shown 

that the 5f orbitals of Am overlap with orbitals in dithiophosphinic acids in a bonding manner 

while the same ligand orbitals are antibonding to the 4f orbitals of Eu33,34. Across the heavy 

actinides, covalency was found to increase as due to greater energy degeneracy between the 

actinides and dithiophosphinic acid35. Additional DFT studies have shown that the bonding of a 

dithiophosphinic acid to Am is energetically more favorable than bonding with Eu31,32.  

The more favorable bonding of dithiophosphinic acid to Am than Eu has not only 

suggests the formation of stronger bonds, but also brings the possibility of different speciation 

for lanthanides and actinides. Bhattacharyya et al. found that with HC301, Am would form 

complexes of the form Am(C301)3 whereas Eu could form two complexes Eu(C301)3 and 

Eu(C301)2(NO3)32. These differences between lanthanides and actinides can cause selectivity in 

an extraction system due to the greater extractability of the actinide31,35 or differences in the 

speciation of the metals that have different extractabilities in the organic phase32. 

2.4 Sulfur Donating Extractants 

Many different types of sulfur containing extractants have been studied for their 

application in the organic phase of a liquid-liquid extraction system. Sulfur containing 

extractants would preferentially extract actinides to the organic phase while the lanthanides 

primarily remain in the aqueous phase. Systems that use sulfur containing extractants are already 

used industrially for the separation of cobalt and nickel from magnesium and manganese56. 

These extractants have yet to be developed into a technologically feasible means for the 

separation of lanthanides and actinides. Lab scale experiments have shown great promise 

regarding the selectivity of sulfur donor extractants in actinide/lanthanide separation, but barriers 

to their implementation due to the limited chemical and radiolytic stability of the extractants and 

the impact of sulfate, a decomposition product, on waste processing remain51.  
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Two main mechanisms exist by which these extractants function, solvation and cation 

exchange. Solvating extractants are neutral, polar molecules that solvate metal ions in the 

organic phase when the metal is bound by the appropriate anions to maintain a neutral charge57. 

Solvating extractants usually extract most efficiently at higher acid concentrations and metals 

can be stripped from them at low acid concentrations57. Cation exchange extractants have acidic 

functional groups capable of exchanging a hydrogen ion initially bound to the extractant in the 

organic phase with a metal ion from the aqueous phase57. Unlike solvating extractants, cation 

exchange extractants extract most strongly at low acid conditions and can be stripped at high 

acid concentrations57. 

Synergism can occur when a mixture of extractants is used and the resulting extraction of 

the metal is greater than the summed metal recovery by each individual extractant, at the same 

concentration. Although synergism is a complex process, several mechanisms exist through 

which synergistic extraction can occur30,58. Synergism can be caused by the opening of a chelate 

ring and the addition of a lipophilic adduct on the newly vacant site, the replacement of 

coordinated waters with a more lipophilic group, or an increase in the coordination number of the 

metal ion allowing additional lipophilic molecules to bond to the complex30,58. Additionally, the 

addition of a synergic agent can alter other aspects of the extraction system by causing changes 

in interfacial properties, or effecting aggregation and micelle formation58. 

In liquid-liquid extractions, the amount of metal extracted is quantified by the distribution 

ratio (D). The distribution ratio is defined as the concentration of analyte in the organic phase 

divided by the concentration of analyte in the aqueous phase, as shown in Equation 2.1. When 

extracting radioactive materials, the radioactivity of each phase is often substituted for the 

concentration as radioactivity is proportional to the concentration and is typically easier to 

measure than the concentration. To quantify the efficacy of a separation using liquid-liquid 

extraction, the separation factor (SF) is evaluated. The separation factor is the ratio of the 

distribution ratios of the species being separated as shown in Equation 2.2. In this paper, the 

distribution ratio of the actinide is the numerator while the ratio for the lanthanide is the 

denominator. Therefore, a SF greater than unity indicates that actinides are extracted more 

readily than lanthanides and a separation factor of one indicates no separation. 
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D = [M]org[M]aq = AorgAaq   (2.1) 

SFAn/Ln = D𝐴𝑛DLn  (2.2) 

Among the many types of sulfur bearing extractants, a general trend is found. When 

comparing phosphinic, monothiophosphinic, and dithiophosphinic acids, the extraction strength 

decreases with increasing sulfur in the extractant, but the separation factor increases in the same 

order. This is true for phosphoric and phosphonic acids as well3,59,60. 

 

Figure 2.1 Phosphinic, monothiophosphinic, and dithiophosphinic acid functional groups3. 

2.4.1 Carbamoylmethylphosphine Sulfide 

Carbamoylmethylphosphine oxides (CMPO) have been widely studied for their ability to 

non-selectively extract the trivalent lanthanides and actinides from highly acidic media as in the 

transuranic extraction (TRUEX) process. Since the actinides show a preference for soft donors, 

Matloka et al. studied softer, sulfide versions of CMPO, carbamoylmethylphosphine sulfide 

(CMPS) for the separation of lanthanides and actinides4. 

 

Figure 2.2 Structures of a generic carbamoylmethylphosphine oxide and 
carbamoylmethylphosphine sulfide. R1 = methyl, t-butyl, t-pentyl. R2 = t-butyl, t-pentyl4. 

Matloka et al. prepared the various types of CMPS they used by the condensation of 2-

(diphenylphosphorothioyl)acetic acid with the appropriate amine containing substituent as shown 

in Figure 2.34. 
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Figure 2.3 Synthetic procedure for the preparation of CMPS4. As tested, R1 and R2 were 
combinations of methyl, t-butyl, and t-pentyl groups and n=1,24. 

All CMPS varieties are solvating extractants. They were found to extract lanthanides and 

americium poorly from 1 M nitric acid with no measurable separation in distribution experiments 

with 241Am and 152Eu when CMPS was dissolved in methylene chloride - the only solvent 

tested4. Unlike typical experiments with CMPO, these systems did not include phase modifiers to 

improve the solubility of the extracted metal-ligand complex17,58,61–63. With CMPO, phase 

modifiers are used to prevent the formation of a third phase58. A third phase occurs when the 

single organic phase splits into two distinct organic phases, commonly due to a high 

concentration of metal ions or acid in the organic phase. It remains to be seen if third phases 

form as readily with CMPS as with CMPO. Additionally, when single crystals of the terbium 

CMPS complex were studied by XRD, no Tb-S bonding was seen4. Assessment of this system 

with phase modifiers might be appropriate, since these are crucial for metal extraction in the 

CMPO system. 

Although the CMPS sulfide does not seem to interact with the lanthanides or actinides, 

CMPS has been shown to form metal-sulfur bonds with softer metals. Aleksenko et al. 

synthesized and studied several different CMPS and CMPO derivatives  with Pd(II) and Re(I)64. 

Pd and Re both formed metal-sulfur and metal-oxygen bonds with the CMPS and the expected 

metal-oxygen bonds with CMPO64. 
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2.4.2 Di- and Mono- Thiophosphoric Acids 

Di- and mono- thiophosphoric acids are the sulfur analogs of the widely used cation 

exchange extractant bis-(2-ethylhexyl)phosphoric acid (HDEHP). For this reason, the extractants 

bis-(2-ethylhexyl)monothiophosphoric acid (HDEHTP) and bis-(2-ethylhexyl)dithiophosphoric 

acid (HDEHDTP) have been the most studied extractants in this class. 

 

Figure 2.4 Structure of HDEHP, HDEHTP, HDEHDTP, and TBP5. 

Dithiophosphoric acids are typically synthesized by the reaction of phosphorus 

pentasulfide with the appropriate anhydrous alcohol65,66. Unfortunately, hydrogen sulfide evolves 

during the course of the reaction. This reaction is sensitive to moisture, as water will cause the 

formation of the triprotic inorganic acid instead of the desired monoprotic diester65. This 

sensitivity to water does complicate the synthesis, but reasonable yields can be achieved with the 

proper attention to reaction conditions. 

Pattee et al. was one of the first groups to extract lanthanides and trivalent actinides with 

a thiophosphoric acid. They found that although HDEHDTP extracts Am and Eu far more 

weakly than HDEHTP, HDEHDTP gives larger separation factors (SF=2.55) than HDEHTP 

(SF=0.89) in nitric acid5. These separation factors were found to be consistent over a range of 

approximately pH 1.7 to 3.6 for HDEHDTP and 0.8 to 1.9 for HDEHTP5. HDEHP gives a 

separation factor of approximately 0.0667. Xu et al. have confirmed these results in perchloric 

acid media, by observing the same trend in extractant efficiency and selectivity with HDEHDTP 

and HDEHTP60. They measured similar separation factors of 2.43 (pH 3.13) and 0.68 (pH 2.87) 
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for HDEHDTP and HDEHTP respectively60. These separation factors are considerably lower 

than those for the dithiophosphinic acids discussed in Section 2.4.3. Small amounts of strongly 

extracting and non-selective impurities may be present, as was observed with some 

dithiophosphinic acids68. Pattee et al. also considered both fully protonated HDEHDTP in 

cyclohexane and fully saponified HDEHDTP (i.e. NaDEHDTP) in benzene and observed 

conventional extraction of Am and Eu in discrete HDEHDTP complexes whereas reverse 

micelles containing up to 25 water molecules per metal ion were observed for the saponified 

system69. It remains unclear as to whether metal is extracted as discrete complexes, reverse 

micelles; or some combination of both at intermediate degrees of saponification.  

Extracted complex stoichiometry has been found through slope analysis experiments, 

where the distribution of the metal of interest is measured as a function of extractant 

concentration and pH. In these studies, one metal atom was found to be extracted by 3 

HDEHDTP or HDEHTP molecules according to Equations 2.3 through 2.65 and by 6 HDEHP 

according to Equations 2.7 and 2.867. The authors also suggest that some quantity of water is 

present in the extracted complex5, but do not report an attempt to quantify the number of water 

molecules in the complex. As HDEHTP is ambidentate, it is possible that it may coordinate 

metal ions with either the oxygen or sulfur site, or both. Although coordination of lanthanides by 

HDEHTP is unknown, it is plausible that the oxygen coordinates more strongly due to its greater 

electronegativity. It is likely that the sulfur site is weaker for the coordination of these hard acid 

cations as demonstrated by the weaker extraction of lanthanides by HDEHDTP than HDEHTP or 

HDEHP5. Co(III) complexes with monothiophosphoric acid been observed with both the sulfur 

and oxygen coordinating the metal70. Although not a monothiophosphoric acid, the 

monothiophosphinic acid Cyanex 302 (HC302), prefers to coordinate An and Ln ions through 

the oxygen atoms. EXAFS studies of the Cm, Sm, and Nd complexes of Cyanex 302 indicated 

each metal was coordinated with 4 oxygen atoms and 1 sulfur atom with a proposed composition 

of M(C302)3(H2O) where the metal was coordinated by all three oxygens from the HC302 and 

one sulfur out of the three available9. The differences between the formulas for HDEHDTP and 

HDEHTP arise from the tendency for HDEHTP to dimerize much like HDEHP while 

HDEHDTP is less likely to aggregate due to weaker hydrogen bonding ability brought on by 

sulfur being less prone to hydrogen bonding than oxygen and more acidic5,20. The authors also 

suggest that some quantity of water is present in the extracted complex5, but do not report an 
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attempt to quantify the number of water molecules in the complex. The weakness of the S-H-S 

hydrogen bond in HDEHDTP is reflected in its aggregation constant, which is reported to be K3 

= 0.145 for formation of (HDEHDTP)3 in benzene69. This is also consistent with the work of 

Zucal et al., who found no evidence for dimerization of short chain (ethyl, propyl, and butyl) 

dithiophosphoric acids in carbon tetrachloride71. 

Am3+ + 3HDEHDTPorg + xH2O ⇌ Am(DEHDTP)3•xH2Oorg + 3H+ (2.3) 

Eu3+ + 3HDEHDTPorg + xH2O ⇌ Eu(DEHDTP)3•xH2Oorg + 3H+ (2.4) 

Am3+ + 1.5HDEHTP2,org + yH2O ⇌ Am(DEHTP)3•yH2Oorg + 3H+ (2.5) 

Eu3+ + 1.5HDEHTP2,org + yH2O ⇌ Eu(DEHTP)3•yH2Oorg + 3H+ (2.6) 

Am3+ + 3HDEHP2,org ⇌ Am(H(DEHP)2)3,org + 3H+ (2.7) 

Eu3+ + 3HDEHP2,org ⇌ Eu(H(DEHP)2)3,org + 3H+ (2.8) 

In addition to the research done with thiophosphoric acids as the sole extracting species, 

work has been done with synergistic mixtures of thiophosphoric acids with a neutral 

organophosphorus species. When tributyl phosphate (TBP) is added to the organic phase, less 

water is extracted than by HDEHDTP alone and the Am/Eu separation factor significantly 

increases to 255. Pattee et al. proposed this is caused by TBP coordinating to the metal in place of 

water which causes a decrease in the metal-sulfur bond length and this decrease enhances the 

covalency of the bond between actinides and sulfur5.  

2.4.3 Dithiophosphinic Acids 

Dithiophosphinic acids, Figure 2.1, have been the most widely studied sulfur bearing 

class of ligands for the separation of lanthanides and actinides with bis(2,4,4-

trimethylpentyl)dithiophosphinic acid (HC301), commercially available as Cyanex 301, being of 

particular interest. This class of extractants have given some of the highest separation factors 

observed at this time - up to 100,0007,8,12,28. As stronger Lewis Bases, the dithiophosphinic acids 

also have a greater affinity for metals than their dithiophosphoric acid counterparts if the pH is 

high enough to enable binding72. The selectivity that dithiophosphinic acids display towards 

actinides due to the ability of actinides to bond more covalently than lanthanides due to energy 

degeneracy, orbital overlap, or some combination of both. This covalency could cause selectivity 

by enabling stronger bond with the actinides9,55 or by forming complexes with different 

structures and extractabilities10. For some cases, the extracted complexes of lanthanides and 
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actinides are the same except for the metal which suggests that stronger interactions between the 

extractant and actinide drives the observed selectivity9. However, in other cases the complexes 

are different which points to different speciation as the driver of selectivity10,11. It may also be 

possible that both causes can occur simultaneously. 

2.4.3.1 Synthesis 

Most dithiophosphinic acids are not commercially available necessitating their synthesis 

at the laboratory scale. Many synthetic schemes have been developed to produce different types 

of thiophosphinic acids. Due to the number of different synthesis, only the more widely used 

procedures that require few unusual or difficult steps will be given here. 

For symmetric dithiophosphoric acids, diethylphosphite can be reacted with the Grignard 

reagent of the desired alkyl chain6. The resulting dialkylphosphine oxide is then reduced to a 

dialkylphosphine by a strong reducing agent such as lithium aluminum hydride6. The 

dialkylphosphine is reacted with sulfur in aqueous ammonia to yield the crude 

dialkyldithiophosphinic acid, Figure 2.56. Due to the simplicity of the procedure, this is the most 

commonly used method. This is the method used by Tian et al. and Xu et al6,59,60. A similar 

procedure for this synthesis uses phosphorus trichloride as an alternative to diethylphosphite as a 

starting material and forms a chlorodialkylphosphane as an intermediate instead of a 

dialkylphosphine as shown in Figure 2.67,8. Although normally used for the synthesis of 

symmetric dialkyldithiophosphinic acids, with careful control of the stoichiometry this method 

has been used to create asymmetric dithiophosphinic acids8. 

 

Figure 2.5 Synthetic procedure for dithiophosphinic acids as done by Tian et al.6 
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Figure 2.6 Synthetic procedure for dithiophosphinic acids as done by Klaehn et al. and Peterman 

et al7,8. 

Another procedure for this synthesis uses 1,1-dichloro-N,N-diethylphosphanamine and a 

Grignard reagent to prepare N,N-diethyldialkylphosphanamine, which is converted into a 

chlorodialkylphosphane8. The chlorodialkylphosphane is reduced to a dialkylphosphine and 

reacted with elemental sulfur in toluene to prepare the dithiophosphinic acid, Figure 2.78. 

 

Figure 2.7 Synthesis procedure of dithiophosphinic acids from 1,1-dichloro-N,N-

diethylphosphanamine as done by Klaehn et al.7. 

Preparing monothiophosphinic acids is somewhat more difficult than dithiophosphinic 

acids, but can be done by several means. The dialkylphosphinothioic chloride can be reacted 

with sodium hydroxide, or the more common treatment of dialkylphosphinic chloride with 

sodium sulfide, to prepare a monothiophosphinic acid73. 

Throughout the synthesis, storage, and use of these thiophosphinic acids, it is important 

to be mindful of the formation of impurities. In particular, more oxygenated impurities can have 

a large impact on the extraction strengths and selectivity of the extractants as these impurities are 

often stronger extractants and lack selectivity. The effects of these impurities are particularly 

pronounced when using tracer or small quantities of metals. 
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2.4.3.2 Effect of Varying Alkyl and Aryl Groups 

Many mono- and di-thiophosphinic acids have been tested for their ability to separate f-

elements and to determine the impact of the alkyl or aryl group on the separation. Despite the 

number of different extractants tested, providing a definitive assignment to the role of the alkyl 

or aryl group on selectivity remains difficult. The thiophosphinic acids evaluated to date and 

their separation factors for tracer amounts of Am and Eu are shown in Table 2.1. If the pH at 

which the separation factor was measured has been published, the pH has been included in Table 

2.1. 

Xu et al. have synthesized and evaluated thiophosphinic acids substituted with many 

different straight chain and branched alkyl groups and several aryl groups. To evaluate the 

extraction behavior of these thiophosphinic acids, tracer amounts of Am and Eu in 0.1 M 

NaClO4 were contacted with a solution of the extractant in xylene59,60. Alkyl group substituted 

extractants were found to provide a lower selectivity for Am over Eu than with branched chain 

substituted extractants59,60. Aryl group substituted extractants typically gave better separations 

than alkyl group substituted extractants59 and, by being more acidic, they will likely have 

stronger extraction from more acidic media6,59,74. 

Tian et al. also synthesized several dialkyldithiophosphinic acids and came to a different 

conclusion regarding the impact of the alkyl chain on selectivity. They found the separation 

factors for Am and Eu were nearly unaffected by varying the alkyl group between octyl, 1-

methylheptyl, 2-ethylhexyl, and 2,4,4-trimethylpenthyl6. The separation factors found by Xu et 

al. and Tian et al. have a difference of several orders of magnitude, with those found by Tian et 

al. being much closer to other reported separation factors for dithiophosphinic acids6,12,59,60,75. 

This could be due to difference in pH, which were not reported by Xu et al., or traces of 

impurities in the organic phase. However, these discrepancies cast some doubt on the findings of 

Xu et al. as the separation factors they found are substantially different. 

The effect of electron donating and withdrawing groups on aryl dithiophosphinic acids 

was also tested. With electron withdrawing groups, separation factors were increased and with 

electron donating groups, the separation factors decrease, but extractant strength is increased59. 

Klaehn et al. and Peterman et al., in addition to developing novel synthetic pathways for 

dithiophosphinic acids, have tested several aromatic dithiophosphinic acids with trifluoromethyl 



23 
 

group on different sites on the benzene rings using phenyltrifluoromethylsulfone (FS-13) as a 

solvent and a 1 M sodium nitrate aqueous phase. They found that location of the trifluoromethyl 

group has a profound impact on the selectivity7,8. With bis(o-

trifluoromethylphenyl)dithiophosphinic acid, the remarkably high separation factor of 100,0007 

was observed. For the isomeric bis(m-trifluoromethylphenyl)dithiophosphinic acid, the 

separation factor was two orders of magnitude less8. 

Daly et al. examined this system with sulfur K-edge x-ray absorption spectroscopy and 

time-dependent DFT. They found that when substituents were present in the ortho position, the 

symmetry of the ligands was reduced to C2 from C2v due to steric effects and the electron 

delocalization increased on the aromatic rings55
. These changes cause the energy of the highest 

occupied molecular orbital (HOMO) to increase, thus decreasing the HOMO-LUMO gap and 

creating a softer ligand which promotes greater selectivity for actinides55. Pu et al. also found 

that the steric effects of the trifluoromethyl group greatly impact the extractant’s properties76. 

The decreased symmetry may also be responsible for the greater selectivity possessed by 

branched alkyldithiophosphinic acids as observed by Xu et al. Another possible explanation for 

the high selectivity of bis(o-trifluoro-methylphenyl)dithiophosphinic acid is that that the 

trifluoromethyl groups are effective at displacing water molecules from the metal center thus 

raising the entropic contribution to complex formation and increasing selectivity77.  

Overall, the effect of the alkyl or aryl group on selectivity remains unclear. In many 

cases, little more than the separation factor is known. If more information were available, a more 

comprehensive explanation for the effect may be determined. Of particular interest would be the 

structure and coordination of the extracted complexes for extractants other than HC301. This will 

likely require extended x-ray absorption fine structure (XAFS) as the long alkyl groups of many 

extractants likely prevent the formation of crystals necessary for single crystal XRD. 
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Table 2.1 Various mono- and di-thiophosphinic acids and their separation factors for tracer 
amounts of Am and Eu from nitric acid media. None of the extractants have been saponified 
prior to extraction. 
 

Phosphinic Acid SFAm/Eu Solvent Aqueous pH Reference 

 

100,000 FS-13 2.5 7 

10,000 FS-13 ~2.3 8 

 

40,000 FS-13 ~2.3 8 

 

1,000 FS-13 ~2.1 8 

 

20 FS-13 2.5 7 

 
21 Xylene Not Reported 59 

 
4.4 Xylene Not Reported 59 

 

1.8 Xylene Not Reported 59 

 
1.3 Xylene Not Reported 59 

 

1.0 Xylene Not Reported 59 

 
3.0 Xylene Not Reported 59 
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Table 2.1 Continued 
 

 
2.1 Xylene 2.82 59,60 

 

1.4 Xylene 3.51 59,60 

9,700 Toluene Not Reported 6 

 
0.71 Xylene 4.90 59,60 

 
0.3 Xylene 1.94 59,60 

 

5,900 Kerosene ~2.8-4.4 12 

6,000 Dodecane 3.4 75 

9,800 Toluene Not Reported 6 

 

8.3 Xylene 4.12 60 

10,000 Toluene Not Reported 6 

 

4.2 Xylene 2.36 59,60 

10,000 Toluene Not Reported 6 

 

1.3 Xylene Not Reported 59 

2.43 Xylene 3.13 60 

 

0.8 Xylene Not Reported 59 

0.96 Xylene 0.86 60 

 

0.3 Xylene Not Reported 59 

0.68 Xylene 2.87 60 

 

In addition to the above thiophosphinic acids being considered as the sole extractant, 

dithiophosphinic acids have been studied in combination with neutral, organophosphorus 

extractants in a synergistic extraction system. Modolo and Odoj have characterized bis(phenyl)-, 
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bis(fluorophenyl)-, and bis(chlorophenyl)-dithiophosphinic acids with many synergic, solvating 

extractants. They found the extractant strength increases in the order of phenyl < fluorophenyl < 

chlorophenyl, but as the extractant strength increases, the separation factor decreases78,79. Xu et 

al. also observed that an increase in extractant strength corresponds to a decrease in selectivity, 

even though no synergists were used in Xu’s work59. 

2.4.3.3 Mechanisms 

The precise mechanism by which dithiophosphinic acids extract lanthanide and actinide 

ions is not universally agreed upon, but it is generally accepted that dithiophosphinic acids are 

cation exchange extractants that exchange protons for metal ions in the extraction process. A 

more complete understanding of the mechanism by which these acids extract could lead an 

improvement of the separation of lanthanides and actinides. However, uncertainty remains about 

the effect of extractant aggregation, stoichiometry of the extracted complexes, impact of 

saponification, and effect of solvents.  

In solution, purified HC301 has been found to weakly dimerize in deuterated n-heptane 

(K2=0.67)3 and toluene (K2=0.78)80. Therefore, under typical extraction conditions, both HC301 

monomers and dimers are present and able to impact the extraction of metal. In contrast, the 

monothiophosphinic acid analog, bis(2,4,4-trimethylpentyl)monothiophosphinic acid (HC302), 

(K2=20)81 and its phosphinic acid analog, bis(2,4,4-trimethylpentyl)phosphinic acid (HC272), 

(K2=1.0 x 103)82 are substantially dimerized. 

When Jensen and Bond conducted distribution experiments in dodecane and accounted 

for changes in the concentration of extractant dimers, slope analysis showed three molecules of 

purified HC301 or HC302 are necessary for the extraction of one trivalent lanthanide or actinide 

as per Equations 2.9-2.10, but the more strongly dimerized HC272 extracts trivalent metals using 

three dimers of H(C272)2
-, Equation 2.113,9. The complexes that are proposed to be formed from 

these reactions are shown in Figure 2.8. This behavior was further confirmed by SANS studies of 

the Cyanex 301 solutions83,84. Later XAFS studies of the coordination environments of Cm, Sm, 

and Nd extracted by HC301 were best fit with 6 sulfur atoms which corresponds to three 

molecules of HC3019. XAFS also showed similar bond lengths for lanthanides and actinides with 

HC301, and metal-sulfur distances consistent with hexacoordination9. Since XAFS shows the 

same number of sulfur atoms coordinating to both the lanthanides and actinides with HC301, yet 
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selectivity is observed, they proposed that the selectivity must be due to greater covalency with 

actinides under their extraction conditions9. 

M3+ + 3HC301org ⇌ M(C301)3,org + 3H+ (2.9) 

M3+ + 3HC302org + H2O ⇌ M(C302)3(H2O)org + 3H+ (2.10) 

M3+ + 3HC2722,org ⇌ M(H(C272)2)3,org + 3H+ (2.11) 

Figure 2.8 Proposed structures of the complexes extracted in Equations 2.9 to 2.113,9. R=2,4,4-

trimethylpentyl. 

Xu et al. and Pu et al. studied the reaction of lanthanides with the ammonium salts of 

HC30185 and aromatic dithiophosphinic acids77 in ethanol. UV-vis and calorimetric titrations 

showed the step-wise addition of dithiophosphinates to the metal center ultimately leading to 

complexes of one metal coordinated by three dithiophosphinates77,85. Formation constants and 

thermodynamic parameters were determined this data and enable the calculation of speciation for 

most of the lanthanides with HC301 in ethanol85. Although this system is not directly 

comparable to the solvent extraction system used by Jensen and Bond9, it is worth noting that the 

same complex was observed at the endpoint of the titrations and from solvent extraction. 

The extraction mechanisms shown in Equations 2.9-2.11 are not the only proposed 

mechanisms. Tian et al. used XAFS to characterize the complexes formed when purified HC301 

extracts Am in hydrogenated kerosene11 and La, Nd, and Eu in toluene10. They found seven 

sulfur atoms and the oxygen from a water molecule are coordinated to the lanthanides and eight 
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sulfur atoms and no oxygens are coordinated to Am, suggesting that 4 molecules of HC301 

participate in the extraction as shown in Figure 2.910,11. These results were also obtained by a 

mass spectrometry experiment10. Due to the difference in the coordination environments of 

lanthanides and actinides in these results, they propose that differences in the hydration of the 

metal are responsible for the selectivity observed with HC301.  

 

Figure 2.9 Speculative structures of the complexes postulated by Tian et al10,11. R=2,4,4-
trimethylpentyl. 

Zhu et al. have also studied the extraction of lanthanides and actinides with purified 

HC301 in kerosene using slope analysis distribution studies. They found four HC301 molecules 

are required for the extraction of one trivalent actinide or lanthanide when they assumed that all 

HC301 is dimerized in the slope analysis12. This group has also reported the widely cited Am 

and Eu separation factor of 5900 for purified HC301 with no additional synergistic reagents12. 

This group’s studies that show four HC301 moieties used in the extraction of lanthanides also 

show consistent coordination environments with single crystal XRD studies of dithiophosphinic 

acids with smaller alkyl groups26,86,87. Single crystals of metal complexes with dithiophosphinic 

acids with more sterically demanding alkyl groups, such as cyclohexyl groups, show three 

dithiophosphinic acids84.  
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Figure 2.10 Speculative structures of the complexes postulated by Zhu et al12. R=2,4,4-
trimethylpentyl. 

A third mechanism for lanthanide extraction by HC301 has also been identified for the 

heavy lanthanides. While light lanthanides form inner sphere complexes with the Cyanex 301 

anion in organic phases, lanthanides heavier than Eu are extracted as fully hydrated cations with 

the extractant in the outer coordination sphere when extracted from a 0.1 M solution of the 

lanthanide nitrate adjusted to pH 3.5 with NaOH or HNO3
88. XAFS, UV-vis, and fluorescence 

measurements of the extracted complexes of heavy lanthanides with 30% saponified HC301 in 

toluene show only water in the coordination sphere and are similar to the aqua ions whereas the 

light lanthanides show sulfur and phosphorus from HC301 in the coordination sphere and are 

quite different than for the aqua ions88. Computational studies have also suggested that heavy 

actinides more prone to be extracted as outer sphere complexes89. At higher degrees of 

saponification, further extraction of water with both light and heavy lanthanides due to the 

formation of water-in-oil micelles is observed90,91. 

Under the narrow pH ranges tested without saponification of the extractant, slope 

analysis suggests a consistent metal-to-ligand ratio3,12. However, at a higher pH or with a 

saponified extractant, it is possible that different extracted complexes or micelles may form. 

Therefore, it is possible that the different mechanisms observed by Tian et al. and Zhu et al., as 

compared to the mechanism found by Jensen and Bond, arise from saponification of the 

extractant. Jensen and Bond did not saponify their organic phases for their studies3,9, whereas 

Tian et al. and Zhu et al. added a base to partially neutralize the HC301 and promote greater 

metal uptake10–12. Therefore, the differences in the observed mechanisms may both be correct for 

the different conditions used, but further research is needed to verify this.  
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In addition to the previous studies, where purified HC301 is considered, the 

commercially supplied form of HC301 has been studied. HC301 as supplied has been found to 

contain HC301 is 75-83% of the desired dithiophosphinic acid, 5-8% is neutral phosphine 

sulfides, 3-6% is the monothiophosphinic acid, and the remainder is unknown92. Zhu et al. have 

tested HC301 as supplied by the manufacturer and found that the separation depends on the 

concentration of lanthanide in the aqueous phase. With higher lanthanide concentrations and 

tracer amounts of Am, the separation factor increased68. They propose that at low concentrations 

of lanthanides, the impurities which are not selective extract metals, particularly lanthanides, 

more strongly than bis(2,4,4-trimethylpentyl)dithiophosphinic acid. The lack of selectivity 

provided by the impurities are responsible for the low separation factors68. As the concentration 

of lanthanides increases, the impurities become saturated with metal leaving bis(2,4,4-

trimethylpentyl)dithiophosphinic acid as the only ligand still capable of extraction, which it does 

selectively68. 

Dithiophosphinic acids have also been considered in conjunction with other neutral, 

oxygen donor extractants in synergistic mixtures. Hill et al. have studied lanthanide and actinide 

separations with synergistic mixtures of purified HC301 and TBP. Using slope analysis of 

distribution experiment results, they found Am and Eu are extracted through the formation of 

different complexes as shown in Equations 2.12 and 2.1375. Structures of the complexes 

extracted in Equations 2.10 and 2.11 are shown in Figure 2.11. A maximum separation factor of 

this HC301 and TBP synergistic mixture was observed at 10% TBP (SF≈6,000), where the 

separation factor was greater than that of only HC301 (SF≈3,500)75. In addition to testing 

synergistic mixtures of HC301 and TBP, Hill et al. tested mixtures of HC301 with either 

triphenylphosphate (TPP) or diphenylsulfoxide (DPSO) and were able to modulate the 

distribution values and separation factors with the use of other synergic agents75. Ionova et al. 

have continued studying synergistic effects of neutral, oxygen donating extractants. They found 

that for both HC301 and bis(chlorophenyl)dithiophosphinic acid with TBP, tri-tert-

butylphosphate (TtBP), TPP, trioctylphosphine (TOPO), and CMPO, the distribution ratio of Am 

and Eu is linearly related to both the effective charge on the oxygen of the neutral extractant and 

the chemical shift of the molecule with 31P NMR72,93. 

Am3+ + 2HC3012,org + TBPorg ⇌ AmH(C301)4TBPorg + 3H+ (2.12) 



31 
 

Eu3+ + NO3
- + HC3012,org + 2TBPorg ⇌ EuNO3(C301)2TBP2,org + 2H+ (2.13) 

 

Figure 2.11 Speculative structures of the Am and Eu complexes extracted in Equations 2.12 and 
2.13. R=2,4,4-trimethylpentyl and R’=n-butyl. 

The synergistic effect of TBP or other synergic agents likely arises from the increased 

coordination of the metal ion by lipophilic moieties30,58. In the mechanisms for the extraction of 

metal solely by HC301 as proposed by Jensen and Bond, three HC301 molecules are coordinated 

to a metal ion3. With all of the sulfur from the HC301 and no water molecules coordinating the 

metal, as supported by XAFS9, the metal would be under coordinated with a coordination 

number of six. Being incompletely coordinated allows the coordination of a TBP molecule or 

similar moiety causing the entire complex to become more lipophilic and thus more readily 

extracted. This effect would increase the distribution ratio, but it does not fully explain the 

increase of the separation factor from 3,500 to 6,000 or the different complexes extracted in 

Equations 2.12 and 2.13 observed by Hill et al75.  

The greater separation factor with TBP or similar synergic agents may be explained by 

competition between HC301 and the neutral, solvating extractant. Since the lanthanides are 

bound less strongly than actinides by HC301, the HC301 bound to a lanthanide can be replaced 

by TBP more easily as evidenced by the Eu complex from Equation 2.11 having two TBP 

molecules and only two C301- species versus the three C301- from Jensen and Bond’s findings. 
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The substitution of an anionic C301- with a neutral TBP species requires the coordination of 

another anion to maintain the charge neutrality required for organic phase solubility.  

In the work done by Hill et al., this anion was nitrate which is not lipophilic and therefore 

poorly extracted. The extraction of nitrate roughly balances the increased lipophilicity resulting 

from the coordination of TBP to the complex. This crude balance causes the distribution ratio of 

Eu to change only slightly with the addition of TBP75. For Am, the lipophilicity would increase 

by the addition of a TBP and the retention of HC301. In this case, Am extraction increases with 

the addition of TBP75. This increase in the Am distribution ratio, while the Eu distribution ratio 

remains relatively unchanged, has been argued to generate the separation factor to increase 

shown by Hill et al75. 

The solvent effects on the synergistic extraction by a mixture of 

bis(chlorophenyl)dithiophosphinic acid and TOPO has been briefly studied. Ionova et al. tested 

the effect of using toluene, xylene, t-butylbenzene, or tri-i-propylbenzene as the diluent for this 

extraction and found that the distribution ratio of Am greatly increases as the polarizability of the 

diluent increases. The degree of increase in the Eu distribution ratio reduces as the bulkiness of a 

solvent molecule increases93. As a result, the separation factor increases from 23.5 for toluene to 

45.6 for tri-i-propylbenzene 93. 

2.4.3.4 Degradation Studies 

One concern about the use of dithiophosphinic acids for separating the components of 

used nuclear fuel is their radiolytic stability. Chen et al. have studied the effects of irradiating 

both commercial and purified HC301 in an open glass tube with a 60Co γ-source in the absence 

of an aqueous phase13. From NMR spectra of the irradiated extractants, they found both 

decompose to the monothiophosphinic acid and phosphinic acid, sulfuric acid, and an 

unidentified, neutral phosphorus containing molecule as shown in Figure 2.1213. Initially, both 

the purified and commercial HC301 are primarily the dithiophosphinic acid with a 31P NMR 

peak at 65 ppm13. As the radiation dose increases, an ingrowth of peaks occurs corresponding to 

the monothiophosphinic acid (93.5 ppm), phosphinic acid (59.8 ppm), and other phosphorus 

compounds. Photodegradation of HC301 also produces the monothiophosphoinic and phosphinic 

acids plus an unknown compound94. Accompanying the decomposition of the HC301, the 

separation factors also markedly decrease13. Although both the commercial and purified HC301 
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decompose, the purified HC301 is more robust, being able to effectively separate tracer amounts 

of Am and Eu after 1x105 Gy whereas the commercial HC301 only retains that ability up to 

1x104 Gy13.  

Despite the radiolysis, Chen et al. propose that under typical process conditions, purified 

HC301 would be capable of the industrial separation of lanthanides and actinides for 

approximately 10 hours13. Modolo and Odoj have also studied the radiolytic stability of purified 

HC301 and confirmed the findings of Chen et al. Modelo and Odoj have also found that after 

irradiation, the separation factor between Am and Eu more sensitive to pH52. In addition to 

HC301, Modelo and Odoj found the irradiation characteristics of bisphenyldithiophosphinic acid 

and bis(chlorophenyl)dithiophosphinic acid to be much more resistant than HC30178. At a dose 

of 1x106 Gy, 82% of the HC301 had decomposed52, but under the same conditions, <2% 

decomposition was observed for the aromatic dithiophosphinic acids78. Although not discussed 

by Modolo and Odoj, these dithiophosphinic acids likely decompose into their 

monothiophosphinic and phosphinic acid analogues similarly to how HC301 decomposes13. 

Modolo and Seekamp further examined the radiolysis and hydrolysis of 

bis(chlorophenyl)dithiophosphinic acid. They found that both radiolysis and hydrolysis produce 

the monothiophosphinic acid and phosphinic acid and that the nitrous acid scavengers 

amidosulfuric acid, hydrazine, and urea prevent hydrolysis95. Although untested, further 

decreases in radiolysis may be possible by adding a radical scavenger to the organic solution. 

The greater stability of the aromatic dithiophosphinic acids, in combination with the higher 

separation factors they provide, is promising for the use of such extractants for the industrial 

separation of actinides and lanthanides.  

 

Figure 2.12 a) 31P NMR spectra of purified HC301 at various doses of radiation and b) 31P NMR 
spectra of commercial HC301 at various doses of radiation13. 

a) b) 



34 
 

HC301 was also found to be susceptible to degradation by nitric acid96–98, but not sulfuric 

acid96. As seen with radiolysis and photolysis of HC301, this degradation results in the formation 

of the monothiophosphinic and phosphinic acids96. An intermediate that consists of two HC301 

molecules linked by a disulfide bridge has been observed97,98. This disulfide intermediate is 

produced more quickly at higher nitric acid concentrations97 and therefore should be less of a 

problem at the low nitric acid concentrations typically used for separations. 

The stability of bis(o-trifluoromethylphenyl)dithiophosphinic acid has also been tested 

when in contact with aqueous nitric acid during irradiation. Klaehn et al. found that after 140 

days of being in contact with 0.01 M nitric acid, 68% of the dithiophosphinic acid remained and 

when no acid was present, 81% remained7. When the high radiolytic stability of similar 

bisphenyldithiophosphinic acids is also considered, bis(o-trifluoromethylphenyl)dithiophosphinic 

acid is likely to be quite stable under typical reprocessing conditions.  

2.4.4 Miscellaneous Sulfur Containing Extractants 

In addition to the sulfur containing extractants detailed above, other reagents have been 

considered. Zalupski et al. have tested the cation exchange extractant P,P’-di(2-ethylhexyl)-

methylenebisthiophosphonic acid and its oxygen analog, P,P’-di(2-ethylhexyl)methylenebisphos-

phonic acid. They found the bisthiophosphonic acid has lower extractant strength for both Am 

and Eu than for the phosphonic acid, but has higher selectivity for Am99. This increase in 

selectivity does not enable an effective separation, as Am and Eu are extracted with nearly the 

same strength, whereas the phosphonic acid extracts Eu more strongly99. This behavior is similar 

to that of monothiophosphinic acids such as HC302, where lanthanides and actinides are 

extracted to approximately the same degree3. Bisdithiophosphonic acids have not been tested for 

the separation of trivalent actinides and lanthanides although they may be expected to display 

more selectivity due to additional sulfur sites. They have been observed to extract Gd3+ poorly 

though they hydrolyze below pH 2 and above 11 to 12100. 

 

Figure 2.13 Structure of a bis(thiophosphoryl)disulfane and bis(thiophosphinyl)disulfane. 
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Another class of extractants that may merit more study are the 

bis(thiophosphoryl)disulfanes and bis(thiophosphinyl)disulfanes. They have been used as 

extractants for soft, transition metal cations and their complexes with several lanthanides have 

been characterized101–104. Although they have yet to be studied in the context of 

lanthanide/actinide separations, they may have implications on the use of dithiophosphinic or 

dithiophoshoric acids as they can form bis(thiophosphinyl)disulfanes or 

bis(thiophosphoryl)disulfanes by the formation of a disulfide bond in oxidizing conditions101. 

 

Figure 2.14 Generic structure of a dialkylammonium dithiocarbamate. R= butyl, octyl, phenyl, or 
benzyl. 

Dithiocarbamates have shown high separation factors of up to 32,000. Miyashita et al. 

have prepared dialkylammonium dialkyldithiocarbamates in situ where the alkyl groups were 

butyl, octyl, phenyl, or benzyl and tested their ability to separate Am and Eu in different organic 

solvents105–107. They act as cation exchange extractants that extract metal as complexes with one 

trivalent metal ion and three dithiocarbamates to form a neutral complex105–107. To avoid the 

rapid hydrolysis of these extractants when contacted with an acidic aqueous phase, they were 

synthesized in situ by combining carbon disulfide and the appropriate disubstituted amine106. 

 

Figure 2.15 Tetrakis(phosphane sulfide) cavitand. 

Tetrakis(phosphane sulfide) cavitands have been synthesized and their efficacy for 

separations has been tested108. They were found to extract both Am3+ and Eu3+ very weakly if at 

all and with a SF of 1.7108. These cavitands were also tested in the presence of the synergists 
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TBP and TOPO. Although the distribution ratios of both Am3+ and Eu3+ were increased, almost 

no selectivity was observed with SFs ranging from 1.1 to 1.2108. 

 

Figure 2.16 Structure of thenoyltrifluoroacetone, thiothenoyltrifluoroacetone, and tri-iso-
butylphosphine sulfide. 

Thenoyltrifluoroacetone (HTTA) is often used as an extractant for f-block metals that has 

been tested in conjunction with the sulfur donating synergist tri-iso-butylphosphine sulfide 

(TBPS) for the separation of Am3+ and Eu3+109. In extractions from perchlorate media, metal was 

weakly extracted as complexes of the form M(TTA)2(ClO4)(TBPS) in cyclohexane109. The SF 

for this separation is approximately 0.59109. A sulfur donating version of HTTA was also 

prepared, thiothenoyltrifluoroacetone (HSTTA)109. It was found to extract trivalent metals as 

complexes of the form M(STTA)2(ClO4)(HSTTA)109. The addition of TBP caused the formation 

of M(STTA)3(TBP) and M(STTA)3(TBP)2 complexes while increasing the distribution ratio and 

selectivity for Am3+109. 

2.5 Conclusions 

Soft, sulfur donating ligands have shown remarkable success for the difficult, laboratory 

scale separation of lanthanides and trivalent actinides. Although many of the sulfur containing 

ligands have not yielded usable separations, several molecules show promise for an efficient 

industrial scale separation. Generally, extractants that contain anionic sulfur donors and can form 

chelate rings, such as the dithiophosphinic acids, dithiophosphoric acids, and dithiocarbamates 

display the best selectivity for actinides. Of these three extractants, dithiophosphinic acids have 

shown the most promise as the dithiophosphoric acids give lower separation factor and are 

weaker extractants while the dithiocarbamates rapidly hydrolyze at low pH. Extractants that have 

neutral sulfur donor sites are much weaker extractants and require the ability to form chelate 

rings to extract lanthanides or actinides as the sole extractant as seen with the phosphane sulfide 

cavitands and STTA. Yet extractants with neutral sulfur sites that cannot form chelates can 

increase selectivity as a synergist, such as TBPS. Perhaps the best example of a successful sulfur 
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based extractant is bis(o-trifluoromethylphenyl)dithiophosphinic acid as this extractant has a 

high Am/Eu separation factor7,8 and usable stability7. Other sulfur containing extractants, even 

those that do not show great separations, indicate what drives trivalent actinide/lanthanide 

selectivity and can help guide the design of better molecules for this challenging separation.  

There are several benefits and drawbacks that would be associated with the 

implementation of one of these extractants on a scale suitable for processing large quantities of 

used nuclear fuel. There are several extractants with high separation factors7,8,12 that would 

enable a more compact and efficient process flowsheet for the separation of actinides and 

lanthanides. However, these sulfur based extractants will introduce sulfur to the waste stream 

which adds an additional waste treatment challenge51 and the synthesis and purification of these 

extractants is not trivial6–8. More research is needed to develop this class of extractants into a 

useful, scalable separation process. 

While many unknown facets of this type of chemistry still exist, the most pressing 

question relevant to this and other soft donor work is the precise cause of the selectivity that 

sulfur and other soft donors have for the actinides over the lanthanides. It has been shown that 

sulfur sometimes forms shorter bonds with the actinides than the lanthanides24–26, but the cause 

of this bond shortening remains unknown and may contribute to the observed selectivity of some 

sulfur donating ligands. Work on structure-function relationships for this class of extractants is 

needed and would assist in assessing the source of sulfur’s selectivity towards the actinides, 

ultimately leading to improvements in the challenging separation of trivalent actinides and 

lanthanides. 
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CHAPTER 3  

PERMANGANOMETRIC QUANTIFICATION OF CYANEX 301 IN N-DODECANE 

Nathan P. Bessen,1 Erin R. Bertelsen,2 Jenifer C. Shafer1 

3.1 Abstract 

The organic soluble extractant bis(2,4,4-trimethylpentyl)dithiophosphinic acid (HC301) 

has shown selectivity for preferentially extracting trivalent actinides over the lanthanides in the 

treatment of used nuclear fuel. To maintain control and efficiency of a separation process using 

this extractant, it is necessary to accurately know specific parameters of the system, including the 

concentration of HC301 in the organic phase, at any given time. Here, the ability to quickly 

determine the concentration of HC301 in n-dodecane was tested by a one-step permanganometric 

titration using a double beam UV-vis spectrophotometer. Potassium permanganate (KMnO4) was 

found to have reduced stability relative to water in both acetone and a mixture of 18-crown-6 and 

benzene. The addition of HC301 in n-dodecane to any of the solutions of KmnO4 was found to 

decolorize the KmnO4 solutions, but the HC301 was quantified best by the amount of 

decolorization in solutions of KmnO4 in acetone. Cross validation of a calibration curve relating 

the amount of KmnO4 consumed to the amount of HC301 added was able to reproduce the 

known amount of HC301 added with a relative difference of 4.03% or less. 

3.2 Introduction 

The extractant bis(2,4,4-trimethylpentyl)dithiophosphinic acid, commercially available as 

Cyanex 301 (HC301), Figure 3.1, is used industrially for the extraction of cobalt and nickel110 

and has shown promise for selectively extracting actinides during the difficult separation of 

trivalent actinides and lanthanides found in used nuclear fuel12,111, as have other related 

dithiophosphinic acids8,27,76,78,93. Generally, the separation procedure comprises an organic phase 

containing the chosen dithiophosphinic acid dissolved in a hydrocarbon diluent, possibly with 

the addition of a second, synergistic extractant29,30,78,93. This organic phase would selectively 

1 Department of Chemistry, Colorado School of Mines, 1500 Illinois St, Golden, CO 80401, 
United States 
2University of Massachusetts Lowell, 220 Pawtucket St, Lowell, MA 01854, United States 
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extract actinides from an aqueous phase containing the metals to be separated and adjusted to a 

defined pH. To maximize the efficiency and maintain stability of such a process, it is necessary 

to frequently and quickly determine and adjust various process conditions such as extractant 

concentration, pH, and phase ratios. Of interest here is the determination of the HC301  

concentration in the organic phase as it decreases due to oxidation and hydrolysis96–98 or 

radiolysis13,52,78. 

 

Figure 3.1 Structure of HC301 (bis(2,4,4-trimethylpentyl)dithiophosphinic acid). 

Permanganometry is a type of colorimetric redox titration in which the strongly colored 

and oxidizing permanganate anion (MnO4
–) as potassium permanganate (KmnO4) is used to 

quantify the amount of an oxidizable species in a sample. HC301 has reduced sulfur sites that are 

capable of being oxidized by nitric acid96–98, so the more powerfully oxidizing MnO4
– would also 

be capable of this oxidation—making permanganometry and ideal candidate for HC301 

quantification. Additionally, due to the intense visible absorption bands of MnO4
–, even at low 

concentrations, its concentration can be quickly determined by UV-vis spectroscopy. As MnO4
– 

reacts with HC301, and the concentration of MnO4
– before and after the reaction can be easily 

and quickly determined spectroscopically, MnO4
– seems well suited to be developed into a 

method to quickly determine the concentration of HC301. 

One problem with permanganometry is that permanganometry is traditionally used to 

analyze oxidizable species in aqueous solution whereas HC301 is dissolved in an organic diluent, 

frequently n-dodecane or kerosene. Therefore, the ability to conduct a permanganometric 

titration in two different organic phases was studied. The first organic phase was based on purple 

benzene, where a phase transfer catalyst, in this case 18-crown-6, is used to solubilize KmnO4 in 

benzene112,113, and bis(2-ethylhexyl)phosphoric acid was used to solubilize reduced Mn species. 

KmnO4 was expected to have high stability in this benzene-based solvent, but, due to the hazards 

associated with benzene, acetone was also considered despite likely being able to react with 

KmnO4
114. The stability of KmnO4 in these two organic solvents and water was tested as was the 

ability to quantify the concentration of purified HC301 in n-dodecane via permanganometry with 

these different KmnO4 solutions. 
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3.3 Experimental 

Potassium permanganate (ACS grade) was obtained from Alfa Aesar and dried in vacuo 

prior to use. Bis(2-ethylhexyl)phosphoric acid (97%) was purchased from Sigma-Aldrich and 

purified by the third-phase method published by Hu et al115. Benzene (HPLC grade), anhydrous 

dodecane (≥99%), and anhydrous hexanes (≥99%) were obtained from Sigma-Aldrich and used 

as supplied. The 18-crown-6 (99%) was purchased from Acros organics. Ethanol (200 proof) and 

acetone (ACS grade) was purchased from Pharmco by Greenfield Global. Concentrated nitric 

acid (ACS grade) was purchased from Mallinckrodt Chemicals and hydrochloric acid (ACS 

grade) was supplied from Macron Fine Chemicals. Sodium sulfate (ACS grade) and ammonium 

sulfate (ACS grade) were obtained from Fisher Chemical. Neodymium oxide (99.995%) was 

purchased from Treibacher Industrie AG and converted to the nitrate by dissolution in nitric acid.  

Cyanex® 301 GN extractant (HC301) was obtained from Solvay and purified as 

follows116. The crude HC301 was converted to the ammonium salt by bubbling with excess dry 

ammonia gas generated from the reaction between ammonium sulfate and sodium hydroxide. 

The precipitate of NH4C301 was filtered and washed with hexanes then dissolved in a mixture of 

ethanol in water with 6.8% ethanol and sodium hydroxide was added to achieve a pH of 10. To 

this, hexane and 0.005 equivalents of neodymium nitrate were added and mixed for several 

minutes. Once the phases separated, the hexane phase was removed, and this process was 

repeated for a total of 15 times. Then the remaining aqueous phase was acidified with 

hydrochloric acid to reprotonate the HC301 which was extracted with fresh hexane. This hexane 

phase was removed and dried with anhydrous sodium sulfate before evaporation of the hexane to 

recover the purified HC301. The resulting purity was found to exceed 99.9% by 31P NMR. 

3.3.1 Solution Preparation 

Solutions of KmnO4 in both water and acetone were prepared by dissolving the required 

quantity of KmnO4 in the appropriate solvent. Solutions in benzene were prepared by dissolving 

KmnO4 in a solution containing 40 mM 18-crown-6 and 5.0 mM bis(2-ethylhexyl)phosphoric 

acid. HC301 solutions were prepared by dissolving the required quantity of purified HC301 in n-

dodecane. 
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3.3.2 UV-vis Spectroscopy 

UV-vis spectra were collected with a Cary 300 Bio UV-Visible Spectrophotometer. 

Quartz cuvettes with a 1 cm pathlength were used for all samples. The reference cell was loaded 

with the same solvent as used in the sample except for the quantification of HC301 in dodecane 

using potassium permanganate dissolved in acetone. Due to the limited stability of MnO4
– in 

acetone, the same KmnO4 solution was used in both the sample and reference cell and the HC301 

sample to be quantified was added to the sample cell. 

3.4 Results and Discussion 

To determine the concentration of KmnO4 by UV-vis, the value for the molar absorption 

coefficient is required for each solvent. Equation 3.1 shows the formula for Beer-Lambert Law 

by which the absorbance of a sample (A) is related to the concentration of an absorbing species 

(c) and pathlength (𝓁) by the molar absorption coefficient (ɛ). These were determined by 

preparing samples with different concentrations of KmnO4 in water or acetone and immediately 

measuring their UV-vis spectrum, Figure 3.2. If the absorbance at a single wavelength (λ) is 

plotted against the concentration of the absorbing species and the pathlength is constant, the 

slope of the resultant line is the molar absorption coefficient and the y-intercept should 

approximate zero barring no other interferences. As KmnO4 was found to be much less soluble in 

the benzene solvent and more difficult for permanganometry, the molar absorption coefficient 

was less rigorously determined. The molar absorption coefficient was estimated from the slope 

between the origin and the absorbance of a single point, 0.058 mM KmnO4 in benzene. This 

concentration is also the concentration at which this benzene-based solvent is saturated with 

KmnO4. All of the molar absorption coefficients and related information is shown in Table 3.1. 

 A = ε𝓁c            (3.1) 

The plots of absorbance as a function of KmnO4 concentration in water and acetone, 

Figure 3.2, are both linear and intercept the y-axis at close to zero as would be expected from the 

Beer-Lambert Law. From these plots, the molar absorption coefficient was determined with the 

maximum relative standard deviation being 3%. The molar absorption coefficients are found to 

increase with the decreasing polarity of the solvent. 
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Figure 3.2 Calibration curves of KmnO4 in water 
(λ = 526 nm) and acetone (λ = 528 nm). 

 
Table 3.1 Molar absorption coefficient (ɛ) measured at λmax and 
intercept for KmnO4 in water, acetone, and benzene. 
 
Solvent λmax (nm)  ɛ (mM-1∙cm-1) y-Intercept r2 

Water 526 2.323 ± 0.005 0.011 ± 0.001 0.99998 

Acetone 528 2.62 ± 0.08 -0.010 ± 0.007 0.997 

Benzene 525 13.6   

 

3.4.1 Permanganate Stability 

The stability of KMnO4 was observed in water, acetone, and benzene by UV-vis and the 

results are shown in Figure 3.3. The KMnO4 in water is stable and no decrease in its 

concentration was observed during 1200 minutes of observation. The stability is greatly reduced 

in both organic solvents and negligible quantities of KMnO4 remain after approximately 300 

minutes. The stability of KMnO4 in the benzene solution is higher than for acetone, as the rate at 

which the MnO4
– concentration decreases is slower in benzene than acetone. Although the 

stability was lowest in acetone among the organic solvents tested, KMnO4 is more soluble in 

acetone than the benzene mixture. The ability to dissolve greater quantities of KMnO4 partly 

offset the reduced stability and appears to offer a reasonable working time of approximately 200 

minutes if considerations are taken for the decreasing concentration of KMnO4. This possibility 
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is beneficial as it is desirable to eliminate the use of benzene when possible for a less hazardous 

solvent like acetone. Toluene or xylene could also be considered as less hazardous alternatives to 

benzene but would have similar low solubility for KMnO4 while being less oxidation resistant 

than benzene117. 

  

Figure 3.3 Left: The spectra of KMnO4 in acetone. The initial spectra are shown in blue and the 
final spectra are shown in red. Right: Stability of KMnO4 in water, acetone, and a mixture of 
40.024 mM 18-crown-6 and 5.046 mM bis(2-ethylhexyl)phosphoric acid in benzene. 
 

3.4.2 Quantification of HC301 

To quantify the concentration of HC301 as quickly as reasonably possible, it is desirable 

to not have to conduct a full titration to the endpoint to determine the concentration while 

maintaining accuracy and precision. Instead of titrating to the endpoint, an aliquot of the HC301 

containing sample can be added to a solution containing a known, sizable excess of KMnO4 and 

allowed to react. After this reaction, the concentration of KMnO4 remaining can be determined 

by UV-vis and the difference between the initial and final amount of KMnO4 will be 

proportional to the amount of HC301 contained within the aliquot of sample. 

This one-step titration was first tried with aqueous KMnO4. Upon addition and mixing of 

an HC301 containing sample, but not a sample containing solely n-dodecane, an immediate 

lightening of the KMnO4 solution’s color was observed indicating a reaction between the 

KMnO4 and HC301 as the reduced sulfur of HC301 is oxidized, presumably to sulfate 

considering the high reduction potential of MnO4
-. Despite the successful reaction, attempts to 

quantify the HC301 by this method were largely unsuccessful as the UV-vis spectra collected 

after the addition were unusually variable. This was likely due to the formation of droplets of 

negligibly water-soluble n-dodecane and oxidized HC301 suspended in the aqueous bulk as a 
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result of mixing the two phases. These droplets would be capable of scattering light and causing 

the poorly reproducible UV-vis spectra observed. 

As KMnO4 and HC301 were observed to react with each other in water, but the 

insolubility of n-dodecane and oxidized HC301 in water prevented the reproducible 

quantification of the remaining KMnO4 by UV-vis, this reaction was tested in acetone. Either the 

acetone or benzene-based solvents could have been used as n-dodecane and HC301 are soluble 

in both, but acetone was chosen as it could dissolve more KMnO4 and is less hazardous than 

benzene. A major drawback of using either of these organic solvents is the reduced stability of 

the MnO4
– anion. To avoid this instability from affecting the determination of HC301, the same 

solution containing an excess of KMnO4 was put into both the sample and reference cell of the 

double beam spectrophotometer. With this approach, although the KMnO4 is continuously 

degrading in the sample cell, it is degrading at the same rate in the reference cell too. Therefore, 

if nothing else is added to either of the cells and the spectra is recorded over time, the baseline 

spectra should be recorded at all time points. Indeed, when the same solution of KMnO4 in 

acetone was placed in the sample and reference cell, stable baseline spectra are observed over at 

least three hours. When an oxidizable species is added to the sample cell, such as HC301, the 

concentration of KMnO4 in the sample cell will decrease relative to the reference cell and a 

negative absorption peak that is proportional to the amount of oxidizable species added should be 

detected. Upon addition of an aliquot containing HC301 to the sample cell, a negative 

absorbance peak was observed and had a consistent absorbance from immediately after mixing 

to 30 minutes later. 

Since issues arising from the instability of KMnO4 in acetone were avoided by using the 

same KMnO4 solution in both the sample and reference cell, this system was assessed for its 

ability to quantify HC301. Figure 3.4 shows the spectra resulting from the addition of HC301 

and the amount of MnO4
– consumed as a function of HC301 added. During this reaction, no solid 

products were observed, suggesting that neither MnO2(s) or S(s) form. The amount of HC301 

added was calculated from the molar absorption coefficient previously determined. The first nine 

spectra show a continuous decrease which, when converted to the graph on the right, show a 

consistent linear response to the addition of HC301 with a y-intercept of nearly zero, −6 ±1 × 10−6 . This linear portion of the graph can serve as a calibration curve to relate the amount 

of HC301 added to the amount of KMnO4 reduced. The later spectra and points did not have 
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sufficient KMnO4 to react with all the HC301 added which causes this linear response upon 

addition of HC301 to cease. 

  

Figure 3.4 Left: Spectra of KMnO4 in acetone after addition of HC301. Spectra with less 
HC301 added are shown in blue and those with more HC301 are shown in red. Right: The 
amount of MnO4

– dissolved in acetone consumed as a function of the amount of HC301 added.   
 

As the reduction KMnO4 remaining was found to have a linear relationship to the amount 

of HC301 added, it has the potential to quantify the amount of HC301 that has been added. To 

test this, Leave-One-Out Cross-Validation118 (LOOCV) was applied to the linear portion of the 

relationship between the reduction in KMnO4 and the amount of HC301 added. In this method of 

cross-validation, a single data point is removed from the data set and a calibration curve is 

created from the remaining points. This new calibration curve is then used to determine the 

amount of HC301 added for the data point that was removed from the data set. The value 

resulting from the new calibration curve can be compared to the known value, Figure 3.5 and 

Table 3.2. The amount of HC301 measured by the LOOCV method is close to the known 

amount, with the first data point having the largest relative difference from the known value 

(4%). When greater amounts of HC301 were added, the LOOCV result had smaller relative 

differences, especially for points in the middle of the series where the relative difference was 

frequently within ± 1%. Overall, the average of the absolute value of the relative differences was 

1.73%. If the calibration curve is accurate, the slope of the relationship between the LOOCV 

measured value and known value will equal one. The slope determined for this data set is 1.00 ± 

0.01 and therefore this method of quantifying HC301 is accurately reproducing the known 

quantity. 
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Figure 3.5. Comparison of the amount of HC301 measured by LOOCV and the known amount 
of HC301 that was added. The dashed line represents the ideal relationship between the known 
and measured amount (i.e. LOOCV measured amount is equal to the known amount or y = x). 

 
Table 3.2 Known amounts of HC301 added and the amount measured by 
LOOCV along with the difference between these two values. 
 

Known HC301 

(mmol) 

LOOCV 

Measured HC301 

(mmol) 

Difference 

(mmol) 

Difference 

(%) 1.00 × 10−5 9.62 × 10−6 4 × 10−7 4 2.00 × 10−5 1.94 × 10−5 6 × 10−7 3 3.00 × 10−5 3.04 × 10−5 −4 × 10−7 -1 4.00 × 10−5 3.98 × 10−5 2 × 10−7 1 5.01 × 10−5 5.05 × 10−5 −4 × 10−7 -1 6.01 × 10−5 6.03 × 10−5 −2 × 10−7 0 7.01 × 10−5 7.22 × 10−5 −2.1 × 10−6 -3.0 8.02 × 10−5 8.00 × 10−5 2 × 10−7 0 9.02 × 10−5 8.81 × 10−5 2.1 × 10−6 2.3 

 

3.5 Conclusions 

The ability to quantify the amount of HC301 in n-dodecane by permanganometry was 

tested here. Traditional aqueous permanganometry was found to be unsuitable for this fast, 
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spectrophotometric titration due to light scattering from droplets of the water insoluble n-

dodecane and oxidized HC301. To avoid the formation of droplets within the cuvette, two 

solvents which can dissolve n-dodecane and HC301 were tested, an 18-crown-6 and benzene 

based solvent mixture and acetone. The stability of KMnO4 was found to be reduced in both 

organic solvents relative to water, particularly for acetone, but can be accounted for by using the 

same solution of KMnO4 in both the reference and sample cell of the spectrophotometer. By 

adding aliquots containing a known quantity of HC301 to the sample cell, a linear calibration 

curve can be obtained relating the amount of MnO4
– consumed to the amount of HC301 added 

until all KMnO4 is consumed. Cross validating this calibration curve by LOOCV shows that this 

technique was able to determine the known amount of HC301 with reasonable accuracy. The 

average of the absolute value of the difference between the amount of HC301 calculated by 

LOOCV and the known value is 1.73%. The largest relative difference was 4%, with other points 

having smaller relative differences. Although this system has shown the ability to quantify 

purified HC301 in a pure solvent, additional studies are needed to determine how suitable this 

method is to quantify HC301 within a solvent extraction system as the presence of HC301 

degradation products, acid, oxidizable metal species, solvents, anions, and other impurities could 

interfere. 
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CHAPTER 4  

EXTRACTION OF THE TRIVALENT TRANSPLUTONIUM ACTINIDES AMERICIUM 

THROUGH EINSTEINIUM BY PURIFIED CYANEX 301 

Nathan P. Bessen,1 Ning Pu,2 Jing Chen,2 Taoxiang Sun,2 Chao Xu,2 Jenifer C. Shafer1 

4.1 Abstract 

In the extraction of lanthanides by the purified Cyanex 301 (HC301, bis(2,4,4-

trimethylpentyl)dithiophosphinic acid), a transition in the coordination mode of extracted 

complexes has been observed between Eu and Gd. The light lanthanides La–Eu tend to be 

extracted as inner sphere complexes with HC301 directly coordinating the metal whereas the 

second half of the series Gd–Lu have a tendency to be extracted as outer sphere complexes. 

Without extended actinide studies, spanning the transplutonium actinides, it was unclear if a 

similar change in the extraction mechanism occurs in the actinide series.  To assess this, solvent 

extraction studies were completed examining the slope dependence of the actinides in the 

presence of varied nitrate and acid concentrations. Significant variation in the slope dependences 

was not observed for either the actinides or the lanthanides as pH varied, however, the nitrate 

dependence and neodymium spectroscopy data suggest that the formation of outer sphere 

complexes is suppressed by higher nitrate concentrations. This suppression of outer sphere 

complexes enhanced the extraction of lanthanides, but not the actinides and suggests that the 

actinides form inner sphere complexes. Therefore, the HC301 separations chemistry observed 

thus far suggest differences in the chemistry of the actinides and lanthanides continues to persist 

deep into the actinide series. 

4.2 Introduction 

 One of the most challenging separations for the processing and disposal of used nuclear 

fuel is the separation of trivalent actinides and lanthanides due to the similar sizes, charges and 

chemistries of the two types of metals. Of the proposed processes for this separation, those using 
1 Department of Chemistry, Colorado School of Mines, 1500 Illinois St, Golden, CO 80401, 
United States 
2Institute of Nuclear and New Energy Technology, Tsinghua University, Beijing 100084, 
China 
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dithiophosphinic acids have shown some of the greatest selectivity for the actinides relative to 

the trivalent lanthanides8,12,27,111. In particular, bis(2,4,4-trimethylpentyl)dithiophosphinic acid  

(HC301), Figure 4.1, has received the most attention due to having the most significant 

commercial availability relative to other dithiophosphinates and reported separation factors as 

large as 5000 between trivalent lanthanides and actinides111. 

Despite the volume of research on HC301, a multitude of questions about its extraction 

characteristics remain - including how it extracts the heavier actinides. In the current literature, 

the heaviest actinide studied with HC301 and no other ligands was Cm by Jensen and Bond3.  

The lanthanides in this system have been more thoroughly studied and an interesting change in 

the extraction mechanism is observed half-way through the series88,89,111. When HC301 has not 

been saponified by the addition of sodium hydroxide, the first half of the lanthanide series tend 

to be extracted as inner sphere complexes with distinct metal-sulfur bonds while the heavier 

metals from Gd to Lu are typically extracted as outer sphere complexes where water is directly 

solvating the metal ion88,89,111. This transition from inner- to outer-sphere complexes is gradual 

with some formation of both types of complexes occurring simultaneously89,111,119. A high degree 

of saponification of the HC301 leads to all of the metals being extracted within reverse micelles 

that likely contain multiple metal ions and additional water90,91. In an extraction system using 

HC301 as supplied, no saponification, and the strongly coordinating ligand 3,4,3-LI(1,2-HOPO) 

in the aqueous phase, there were significant changes in the extraction of the actinides from Am 

to Cf, but this was attributed to changes in the stability of the aqueous complex and oxidation of 

Bk to the tetravalent state instead of any changes in the extraction mechanism for the different 

actinides120. Additionally, to mimic industrially anticipated conditions, this manuscript did not 

purify the HC301 and much of the metal-extractant interactions under radiotracer conditions 

were probably controlled by the oxo-extractant impurity, Cyanex 272. In systems containing 

only purified, non-saponified HC301 as the extractant and no aqueous ligands, all of the 

actinides studied have been lighter than Bk, so it was unknown if the actinide series has the same 

change in extraction mechanism as the lanthanides or if they continue to be extracted as the inner 

sphere complexes that have been observed with the light lanthanides, Am, and Cm3,9–12,85,111.  

 



50 
 

  

Figure 4.1 Structure of HC301 (bis(2,4,4-trimethylpentyl)dithiophosphinic acid). 

 

In this work, the extraction of the trivalent actinides Am–Es and most of the lanthanides 

from an aqueous, sodium nitrate media by purified, non-saponified HC301 was examined to 

determine if the extracted complexes of actinides with HC301 undergo a change from inner 

sphere to outer sphere complexes with the heavier members of the series as is observed within 

the lanthanide series. Based on slope analysis of the previous extraction results, the impact of 

nitrate anions in the aqueous phase on the extraction was also tested for these metals.  

4.3 Experimental 

Sodium nitrate (ACS grade), anhydrous dodecane (≥99%), anhydrous hexanes (≥99%), 

and 50% sodium hydroxide solution were obtained from Sigma-Aldrich and used as supplied. 

Ethanol (200 proof) was purchased from Pharmco by Greenfield Global. Concentrated nitric acid 

(ACS grade) was purchased from Mallinckrodt Chemicals and hydrochloric acid (ACS grade) 

were supplied from Macron Fine Chemicals. Sodium sulfate (ACS grade) and ammonium sulfate 

(ACS grade) were obtained from Fisher Chemical. Lanthanum oxide (99.99%), neodymium 

oxide (99.995%), samarium oxide (99.99%), europium oxide (99.99%), gadolinium oxide 

(99.99%), dysprosium oxide (99.9%), erbium oxide (99.995%), ytterbium oxide (99.995%), and 

lutetium oxide (99.95%) was purchased from Treibacher Industrie AG. Praseodymium oxide 

(99.9%), holmium oxide (99.99%), and thulium oxide (99.99%) was purchased from Yick-Vic 

Chemicals and Pharmaceuticals. All lanthanide oxides were converted to the nitrate by 

dissolution in nitric acid.  

Cyanex® 301 GN extractant (HC301) was obtained from Solvay and purified as 

follows116. The crude HC301 was dissolved in hexanes and converted to the ammonium salt by 

bubbling with dry ammonia gas generated from the reaction between ammonium sulfate and 

sodium hydroxide. The solid NH4C301 salt was filtered, washed, dissolved in a 6.8% solution of 

ethanol in water, and adjusted to pH 10 by addition of sodium hydroxide. To this, hexane and 

0.005 equivalents of neodymium nitrate were added and shaken for two minutes. After the 

phases disengaged, the hexane phase was removed, and this process was repeated 14 more times. 
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The remaining aqueous phase was acidified with hydrochloric acid and the regenerated HC301 

was extracted with hexane. This hexane phase was removed and dried over anhydrous sodium 

sulfate before evaporation of the hexane to recover the purified HC301 (18.9% yield). The 

resulting purity was found to exceed 99.9% by 31P NMR. 

4.3.1 Radiotracer Distribution Studies 

Distribution measurements were made with 152/154Eu, 241Am, 244Cm, 249Bk, 249Cf, and 
253/254Es radiotracers using an organic phase of 0.5024 M HC301 dissolved in dodecane that had 

been pre-equilibrated with the appropriate aqueous phase prior to the introduction of metal. The 

aqueous phase contained 5 mM Lu(NO3)3 and the appropriate concentration of sodium nitrate. 

The desired pH was obtained by addition of nitric acid or sodium hydroxide. Equal volumes 

(0.750 mL) of the aqueous phase and pre-equilibrated organic phase were combined in a glass 

vial and the appropriate volume (4–8 μL) of the desired lanthanide or actinide (Eu, Am–Es, 

dissolved in 0.001 M nitric acid) was added. Samples were shaken for 30 min at room 

temperature and subsequently centrifuged for 2 min. The activity (A) of a 0.300 mL sample of 

each phase was counted on a HIDEX 300 SL liquid scintillation counter. Ultima Gold AB 

scintillation cocktail was used for experiments that require discrimination between two 

radioisotopes (one α emitter and one β– emitter). When α/β discrimination was not needed, 

Ecoscint A scintillation cocktail was used. The pCH+ (which is -log10 [H+] on the molar 

concentration scale) of the remaining, post-contact aqueous phase was measured with an Orion 

8103BNUWP Ross Ultra pH probe. The distribution ratio (D) for a given radioisotope was 

calculated by D = Aorg/Aaq. To quantify the separation between an actinide and Eu, the separation 

factor (SF) was calculated by the formula: SFAn/Eu = DAn/DEu. 

4.3.2 Lanthanide Distribution Studies 

The distribution ratios of the non-radioactive lanthanides were collected from a system 

much like that used for the radiotracer experiment, except for the aqueous phase which contained 

a set of four or five lanthanides (either La, Pr, Nd, Sm, and Lu, or Eu, Gd, Dy, and Lu, or Ho, Er, 

Tm, Yb, and Lu) at a concentration 5 mM of each metal, the appropriate amount of sodium 

nitrate, and the pCH+ was adjusted to 4.46. An aliquot of the aqueous phase was taken and diluted 

in 3% nitric acid for analysis in a Varian Liberty Series II inductively coupled plasma-atomic 
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emission spectrometer (ICP-OES). The emission wavelengths used for each metal are shown in 

Table A.1. As only the concentration of metal in the aqueous phase was measured, the 

distribution ratio (D) was calculated by D = ([Minitial] − [Maq]) [Maq]⁄ . The mass balance of a 

Eu radiotracer within this systems was found to be within 100 ± 3%. 

4.3.3 Computational Details 

Geometry optimizations and frequency calculations of M(C301)3 and M(C301)2(NO3) 

complexes were done using density functional theory (DFT) using a PBE functional with scalar 

relativity121–123 and triple-ζ plus one polarization function (TZP) with a small frozen core 

approximation124 in ADF 2019.104125. The 2,4,4-trimethylpentyl groups of HC301 were 

truncated to methyl groups to reduce the computational time. The calculations used COSMO 

solvation with hexane and the atomic radii were set to the Allinger radii divided by 1.2126. 

Coordinates of the optimized structures can be found in Appendix A. 

4.4 Results and Discussion 

 The extraction of lanthanides and actinides by HC301 was tested under varying 

concentrations of carrier metals, pCH+, and aqueous phase nitrate concentration. The results of 

these studies are presented below. 

4.4.1 Carrier Metal 

The distribution ratio of Eu at a constant pCH+ of 4.66 was found to be dependent upon 

the concentration of metal in the aqueous phase, Figure 4.2. At higher concentrations of metal, 

the distribution ratio of Eu decreased. This is consistent with the findings of Zhu et al. who found 

that higher concentrations of lanthanides increase separation factors by decreasing the extraction 

of lanthanides68. Lutetium was found to be more effective than Eu in this regard as it suppressed 

the extraction of Eu at lower concentrations than Eu. With Lu the distribution ratio of Eu 

stabilized at approximately 3 mM or greater Lu in the aqueous phase whereas this occurred with 

Eu around 5 mM. It is expected that Lu would be more effective at masking the impurities than 

Eu as Lu is the most readily extracted lanthanide by both Cyanex 272 and Cyanex 302127,128 

which are common extracting impurities and degradation products found in HC30192,94,96–98. For 

these reasons, all subsequent experiments were conducted with an aqueous phase containing 5 

mM Lu(NO3)3 to ensure that the strongly extracting impurities were fully masked. 
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Figure 4.2 The distribution ratio of Eu at pCH+ 4.66 with varying aqueous concentrations of Eu 
(red squares) or Lu (black circles).  

 

4.4.2 Transplutonium Actinide Extraction 

The distribution ratios of Eu and the actinides Am through Es at varying pCH+ are shown 

in Figure 4.3. The distribution ratios of the actinides are closely grouped with slopes ranging 

from 2.4 ± 0.1 (Bk) to 2.57 ± 0.07 (Am), Figure 4.3. Europium is more weakly extracted 

compared to any of the actinides tested and has a lower slope of 1.13 ± 0.08. These slopes are 

flatter than those observed by both Zhu et al.12 and Jensen and Bond3, particularly for Eu. These 

flatter slopes may be due to examining a wider range of pCH+ here and the presence of the 5 mM 

Lu carrier. As Lu is more readily extracted by HC301 than Eu119, the addition of Lu can suppress 

the extraction of Eu and cause the flatter slope. The greater extraction of the actinides, 

particularly at higher pCH+ gives rise to a separation factor that increases with pCH+ (Table 4.1). 

Separation factors at pCH+
 4 range from 700 for Es to 6300 for Am. The separation factor for Am 

is comparable to the value of 5900 seen by Zhu et al12. and 6000 seen by Hill et al75.  
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Figure 4.3. Left: The distribution ratios of Eu, Am, Cm, Bk, Cf, and Es as a function of pCH+ 
with 0.5024 M HC301 in dodecane at an ionic strength of 1 M. Right:  The distribution ratios 
for the extraction of the actinides Am, Cm, Bk, Cf, and Es and the lanthanides at pCH+ 4.50 as a 
function of ionic radii with 0.50 M HC301 in dodecane at an ionic strength of 1 M. Distribution 
ratios for the radiotracers were extrapolated from the graph on the left. Error bars are shown at 
3 σ uncertainty. 

 

The distribution ratios at pCH+ 4.50 are shown in Figure 4.3. The distribution ratios for 

the actinides and lanthanide tested each form their own group with actinides being more strongly 

extracted and the lanthanides more weakly. The distribution for Eu measured by the radiotracer 

is lower than for the ICP-OES method. It is unclear if this is from different metal concentrations 

in the aqueous phase or extrapolation of the radiotracer distribution ratios to pCH+ 4.50. Across 

the lanthanide series, it can be seen that the distribution ratio for the lanthanides initially 

decreases slightly, then remains relatively consistent for the heavier lanthanides even though 

they are extracted as outer sphere complexes under these conditions88,89,111. Also, an emulsion is 

observed at the interface between the aqueous and organic phases for the heavier lanthanides at 

higher pCH+ but not the lighter lanthanides. All radiotracer studies had mass balances within 100 

± 3%.  This trend in the distribution ratios of the lanthanides is also consistent with the 

distribution ratios observed by He et al88.  
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Table 4.1. The separation factors of Am, Cm, Bk, Cf, and Es from Eu with 0.50 M HC301 in 
dodecane at an ionic strength of 1 M and pCH+ = 4.00. 
 

Metal SF 

Am 6300 

Cm 930 

Bk 1400 

Cf 2800 

Es 700 

 

The similarity of the distribution ratios within both the lanthanide and actinide series 

suggests that the change from inner sphere to outer sphere coordination does not have a large 

impact on the quantity of metal extracted and therefore the consistency of distribution ratios for 

the actinides is not necessarily indicative of changing coordination modes within that series. The 

similar distribution ratios and slopes among the actinides shown in Figure 4.3 do not 

conclusively suggest either a consistent extraction mechanism across the series or a change from 

inner- to outer-sphere complexes. This is different from the behavior within the lanthanide series 

where there is a change in the mechanism across the series88,89,111. Without saponification of the 

HC301, the first half of lanthanide series tend to be extracted as inner sphere complexes with 

bonds between the metal and HC301, while the heavier lanthanides tend to form outer sphere 

complexes88,89,111. Due to the presence of the Lu carrier and the co-extraction of water within its 

outer sphere complexes, there is some possibility that this could impact the speciation of the 

actinides. At higher pCH+ values than tested here, saponification of the HC301 will be more 

extensive and may cause the actinides to be extracted within reverse micelles as has been 

observed with the lanthanides90,91. 

4.4.3 Nitrate Dependency 

As the slopes shown in Figure 4.3 for the distribution ratio as a function of pCH+ are less 

than the value of three that would be expected to maintain a neutral extracted complex, the effect 

of changing the concentration of the nitrate anion (as sodium nitrate) in the aqueous phase was 

tested. Figure 4.4 shows the UV-vis spectra of Nd3+ in the organic phase after extraction from an 

aqueous phase containing between 1.50 and 5.00 M nitrate as compared to the spectrum of Nd3+ 
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in 5.00 M aqueous nitrate media. All the organic phase spectra are different from the aqueous 

spectrum and they continue to change with changing nitrate concentrations. This is especially 

clear in the hypersensitive transitions from 560 to 610 nm. These changes in the organic Nd3+ 

spectra indicate that the coordination environment of Nd is changing with the aqueous nitrate 

concentration. The spectra can be further interpreted via the nephelauxetic effect129. The 

nephelauxetic effect causes a redshift of a metal ion’s spectra upon complexation by ligands with 

a tendency to form covalent bonds, such a HC301. Indeed, a redshift of the Nd spectra upon 

coordination by HC301 has been previously observed85,130. Coordination of nitrate causes a 

redshift of a much smaller magnitude131,132 and coordination of water causes a blueshift 

approaching the spectra of the hydrated Nd ion90. Therefore, as the spectra is redshifted at higher 

nitrate concentrations, it suggests that more sulfur from HC301 is coordinating Nd at higher 

nitrate concentrations. This greater coordination by sulfur could be due to a salting out effect 

reducing the concentration of water in the organic phase thereby preventing the formation of 

complexes with water coordinating the Nd center. Principle component analysis (PCA) of these 

spectra shows two significant components which is consistent with the existence of inner and 

outer sphere complexes. 

 

Figure 4.4 The UV-vis spectra of aqueous Nd3+ (black) and the organic phase resulting from the 
extraction of Nd3+ by 0.5024 M HC301 in dodecane from an aqueous phase containing 0.5 M 
Nd3+ and 1.5 to 5.00 M NO3

- at a pH of 4.20.  
 

As the coordination of Nd3+ changes with nitrate concentration, the spectra alone provide 

limited information about how the distribution ratios of Nd or other metals are affected. To look 

more closely at this, distribution ratios were measured for most lanthanides and the actinides 
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Am, Cm, Bk, and Es at different nitrate concentrations. The results for the actinides and 

lanthanides are shown in Figure 4.5 and A.1. The actinides were minimally affected by the 

changing nitrate concentration as the slope with a flat or slightly negative slope. However, the 

lanthanides have increased extraction at higher nitrate concentrations and this trend becomes 

more pronounced along the lanthanide series. 

 

Figure 4.5 The distribution ratio for the lanthanides Pr, Nd, Eu, and Lu at pCH+ 4.50 and the 
actinides Am (pCH+ 3.23), Cm (pCH+ 2.51), Bk (pCH+ 2.93), and Es (pCH+ 2.93) with 0.5024 M 
HC301. 
 

As the slope of the distribution ratio plotted against the nitrate concentration is 

approximately zero or slightly negative, nitrate does not appear to have an effect on the 

extraction of these actinides. The lanthanides show a much greater dependence on nitrate 

concentration where higher nitrate concentrations promote extraction, especially for the heavier 

lanthanides. One possible reason for the enhanced extraction is due to the salting out effect at 

higher nitrate concentrations. As the concentration of nitrate in the aqueous phase increases, the 

quantity of water extracted will decrease. With less water in the organic phase, the formation of 

outer sphere complexes or complexes that have water coordinating the metal will be limited. As 

the actinides Am and Cm have previously been observed to form inner sphere complexes with no 

coordinating water molecules3,9, it is unsurprising that this limitation on the formation of outer 

sphere complexes has no great impact on the extraction of Am and Cm. As the extraction of Bk 

and Es was also minimally affected, it suggests that these actinides continue to form inner sphere 

complexes as with Am and Cm. The lanthanides, which are seen to be more affected by the 

aqueous nitrate concentration and have been shown to produce both inner- and outer-sphere 
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complexes89,111,119, would have their extraction mechanism more affected because the formation 

of outer sphere complexes is limited. As the extraction of inner sphere complexes was observed 

to be more favorable than outer sphere complexes in Figure 4.3, it follows that preventing outer 

sphere complexes from forming with higher nitrate concentrations promotes the extraction of the 

lanthanides seen in Figure 4.5.  

Another possible explanation is the co-extraction of nitrate in heteroleptic complexes of 

the form Ln(C301)2(NO3). Bhattacharya observed Eu complexes of this form at lower 

concentrations (<0.3 M) of HC301 than used here133 and computationally observed that the 

formation of M(C301)2(NO3) and M(C301)3 complexes with Am, La, Eu, and Lu were close to 

the same reaction energy32. Therefore, it is plausible that these heteroleptic complexes have 

favorable or nearly equal reaction energies for all the lanthanides and a mixture of the M(C301)3 

and M(C301)2(NO3) are extracted. 

To test this hypothesis, the substitution of a C301 anion for a nitrate anion, Equation 4.1, 

was modeled using DFT calculations and the resulting thermodynamic parameters are shown in 

Table 4.2. Examples of the complexes modeled are shown in Figure 4.6. The uncertainty of the 

calculated Gibbs free energy (∆G) is estimated to be approximately 1-2 kcal/mol40,134. Although 

this reaction is the system modeled by Bhattacharya, the metal centers are somewhat 

undercoordinated with a coordination number of six and all complexes are assumed to be inner 

sphere. These simplifications may limit the application of this modeling to this system, 

especially for the heavier lanthanides that form outer sphere complexes. The calculated ∆G of 

this reaction is endergonic for all the metal studied which indicates that this substitution is 

unfavorable, but it is less endergonic for the lanthanides, particularly the heavier lanthanides. 

Several of the metals examined have values of ∆G that are slightly higher or lower than would be 

expected given the ∆G of neighboring metals and the general trend observed, but these variances 

are well within the estimated uncertainty of these calculations. Overall, this trend suggests that if 

the heteroleptic complex does form, it will do so most readily with the lanthanides, particularly 

the heaviest lanthanides. As this substitution of C301 anion for a nitrate anion is endergonic for 

all metals considered and does not account for the nephelauxetic effect seen in Figure 4.4, it 

seems that the formation of this heteroleptic complex is less important to extraction of the 

lanthanides or actinides than the salting out effect. 
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M(C301)3 + NO3−  ⇌  M(C301)2(NO3) + C301−    (4.1) 

 

  

Figure 4.6 Left: The structure of the Am(C301)3 complex. Right: The structure of the 
Am(C301)2(NO3) complex. 
 
Table 4.2 Calculated thermodynamic parameters for the reaction M(C301)3 + NO3−  ⇌ M(C301)2(NO3) + C301−. ∆G is calculated at a temperature of 298.15 K. 
 

Lanthanide 
∆G 

(kcal/mol) 

∆H 

(kcal/mol) 

∆S 

(cal/mol∙K) 
Actinide 

∆G 

(kcal/mol) 

∆H 

(kcal/mol) 

∆S 

(cal/mol∙K) 

Ce 3.78 4.44 2.21 Am 4.55 5.22 2.22 

Pr 3.1 3.7 2.01 Cm 4.45 5.38 3.11 

Pm 3.92 5.01 3.65 Bk 5.55 6.97 4.79 

Sm 3.06 7.48 14.81 Cf 5.04 6.47 4.80 

Eu 4.67 7.4 9.13 Es 5.69 7.42 5.81 

Tb 4.13 7.49 11.26     

Dy 3.64 6.32 8.98     

Ho 1.97 7.4 18.23     

Er 1.65 6.5 16.24     

Tm 1.07 7.49 21.55     

Lu 1.66 6.26 15.46     

 

4.5 Conclusions 

The extraction of Eu and the trivalent actinides Am through Es with HC301 has been 

investigated. The distribution ratios and pH dependency of the actinides is similar from Am to 

Es. This alone cannot fully justify a claim of either consistent inner sphere or a change from 
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inner- to outer-sphere coordination within the actinide series occurs as it does with the lanthanide 

series88,89,111. 

The aqueous nitrate concentration dependency was also probed, and the extraction of the 

actinides was found to be less dependent on the nitrate concentration than the lanthanides, 

particularly the later members of the series. This nitrate dependency may be due to the 

suppression of outer sphere complexes at higher nitrate concentrations resulting in the formation 

of more strongly extracted inner sphere complexes. As all actinides tested were minimally 

impacted by this suppression of outer sphere complexes, it suggests that the actinides exclusively 

form inner sphere complexes under the conditions tested. 
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CHAPTER 5 

LANTHANIDE & ACTINIDE COMPLEXES WITH AQUEOUS SULFUR DONATING 

LIGANDS 

Nathan P. Bessen,1 Ivan A. Popov,2 Colt R. Heathman,3 Travis S. Grimes,3 Peter R. Zalupski,3 

Liane M. Moreau,4 Kurt F. Smith,4 Corwin H. Booth,4 Rebecca J. Abergel,4 Enrique R. Batista,2 

Ping Yang,2 Jenifer C. Shafer1 

5.1 Abstract 

The separation of trivalent lanthanides and actinides is challenging due to their similar 

sizes and charge densities. Sulfur donating extractants have shown significant selectivity for 

trivalent actinides over the lanthanides, with single stage americium/lanthanide separation 

efficiency for some thiol-based extractants reported at >99.999%. While such separations could 

transform the nuclear waste management landscape, these systems are often limited by the 

hydrolytic and radiolytic stability of the extractant. Progress away from thiol-based systems is 

limited by the poorly understood and complex interactions of these extractants in organic phases, 

where molecular aggregation and micelle formation obfuscates assessment of the metal-

extractant coordination environment. Since sulfur-donating thioethers are generally more 

resistant to hydrolysis and oxidation, and the aqueous phase coordination chemistry is 

anticipated to lack complications brought on by micelle formation, we have considered three 

thioethers, 2,2’-thiodiacetic acid (TDA), (2R,5S)-tetrahydrothiophene-2,5-dicarboxylic acid 

(THTPA), and 2,5-thiophenedicarboxylic acid (TPA), as possible trivalent actinide selective 

reagents. Formation constants, extended X-ray absorption fine structure (EXAFS) spectroscopy, 

and computational studies were completed for thioether complexes with a variety of trivalent 

lanthanides and actinides. TPA was found to have moderately higher selectivity for the actinides 

due to the ability to bind actinides in a different manner than lanthanides, but the utility of TPA 

is limited by poor water solubility and high rigidity. While significant competition with water for 
1 Department of Chemistry, Colorado School of Mines, 1500 Illinois St, Golden, CO 80401, 
United States 
2Theoretical Division, Los Alamos National Laboratory, Los Alamos, NM 87545, United 
States 
3Idaho National Laboratory, 2525 Fremont Ave, Idaho Falls, ID 83402, United States 
4 Lawrence Berkeley National Laboratory, 1 Cyclotron Rd, Berkeley, CA 94720, United States 
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the metal center limits the efficacy of aqueous-based thioethers for separations, the 

characterization of these solution-phase, sulfur-containing lanthanide and actinide complexes is 

among the most comprehensive available in the literature to date. This is due to the breadth of 

lanthanides and actinides considered as well as the techniques deployed, and serves as a platform 

for further development of sulfur-containing reagents for actinide separations. Additionally, this  

manuscript reports on the first bond lengths for californium and berkelium with a neutral sulfur 

donor. 

5.2 Introduction 

Much of the long-term radiotoxicity and decay heat associated with used nuclear fuel 

originates from transplutonium actinides produced by neutron capture and β-decay135. To reduce 

the potential hazards of storing used nuclear fuel, these elements could be removed from the used 

fuel and fissioned into nuclides that pose less long-term risk135. This process is complicated by 

the presence of other elements that could capture neutrons, thereby reducing the efficiency of the 

fission process. The lanthanides pose a particular challenge as they tend to have large neutron 

capture cross sections135–137 and are difficult to separate from the transplutonium actinides due to 

their similar sizes, charge densities, and oxidation states138. 

To allow the separation between trivalent actinides and lanthanides, slight differences 

between their Lewis acidities have been exploited using soft-donor18 ligands. These ligands 

contain polarizable soft-donor atoms, such as N or S, which are thought to allow for greater 

interaction with the more radially extended 5f orbitals of the actinides. These soft-donor ligands 

have shown to preferentially bind with actinides, enabling a separation to proceed19,38,43,138. Of 

the soft-donor atom candidates in the literature, sulfur-based extractants, particularly 

dithiophosphinic acids, have shown considerable selectivity for trivalent actinides over trivalent 

lanthanides8,12,27,28,105–107,111. Unfortunately, the dithiophosphinic acids tend to degrade through 

radiolysis13,52, oxidation96–98, and hydrolysis105–107 to form stronger phosphinic acid extractants 

with poorer selectivity3,13. Development of separation methods that retain the selectivity of 

dithiophosphinic acids but are more resistant to degradation is therefore desirable.  

Such separations development must address the instability of the dithiophosphinates and 

leverage more complete understanding of f-element interactions with sulfur donating reagents in 

the solution phase. Recent reports have indicated solution phase chemistry for these systems is 
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complex. For example, the coordination chemistry of bis(2,4,4-trimethylpentyl)dithiophosphinic 

acid (HC301, Figure 5.1) with f-elements changes from an inner-sphere complex, either 

M(C301)3 or M(C3013·HC301)3,9,10,12,83,84, at lower aqueous pH, to a reverse micelle 

complex,90,91 at higher pH. Entropic metal-ligand binding contributions for bis[o-

(trifluoromethyl)phenyl]dithiophosphinate, Figure 5.1, drive both the binding efficiency and 

trivalent actinide/lanthanide selectivity77. Therefore, while the functional groups are central to 

the design of a sulfur-containing extractant for trivalent f-element separations, the solution phase 

speciation cannot be ignored. To date, few reports exist that consider systematic impacts of 

changes to sulfur containing ligands on trivalent lanthanide and actinide binding. This work 

consistently considers associated effects with a series of metal ions including the trivalent 

actinides, americium, curium, berkelium and californium, as well as the lanthanides neodymium 

and europium with several sulfur donating ligands. 

 

Figure 5.1 Structures of bis(2,4,4-trimethyl-pentyl) dithiophosphinic acid (HC301) and bis[o-
(trifluoro-methyl)phenyl]dithiophosphinic acid. 
 

Of the possible sulfur containing functional groups, thioethers are suspected to be more 

stable due to the C-S bond being stronger than the P-S bond while still maintaining the ability to 

coordinate metal ions with the sulfur site139. Oxidation of the sulfur in a thioether generally 

requires strong oxidizing agents140. Additionally, computational studies have suggested that 

thioethers have selectivity for trivalent actinides over lanthanides141. Herein, two thioethers 

(Figure 5.2), 2,2’-thiodiacetic acid (TDA), and 2,5-thiophenedicarboxylic acid (TPA) were 

chosen to test their selectivity for americium and curium interactions over the lanthanides, as 

well as to assess their solution phase, metal-ligand coordination environment. An additional 
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thioether, (2R,5S)-tetrahydrothiophene-2,5-dicarboxylic acid (THTPA), which has an 

intermediate molecular structure, between those of TDA and TPA, was examined 

computationally. Because these ligands have modest water solubility, they would be suitable for 

a solvent extraction separation system comparable to TALSPEAK (Trivalent Actinide 

Lanthanide Separation with Phosphorus-reagent from Aqueous Komplexes),62,142 in which the 

actinide is selectively retained in the aqueous phase while the lanthanide is preferentially 

extracted. 

 

Figure 5.2 Structures of 2,2’-thiodiacetic acid (TDA), (2R,5S)-tetrahydrothiophene-2,5-
dicarboxylic acid (THTPA), and 2,5-thiophenedicarboxylic acid (TPA). 
 

5.3 Experimental 

The ligands TDA (98%) and TPA (99%) were supplied by Sigma-Aldrich and used as 

supplied. Sodium perchlorate (ACS grade) was obtained from Sigma-Aldrich and purified by 

recrystallization from water three times. A 50% sodium hydroxide solution was obtained from 

Sigma-Aldrich and used as supplied. Perchloric acid (ACS grade) was used from Macron Fine 

Chemicals. Neodymium oxide (99.995%) and europium oxide (99.99%) was purchased from 

Treibacher Industrie AG.  The lanthanide oxides were converted to perchlorate salts by 

dissolution in perchloric acid. 

5.3.1 Potentiometric Titrations 

Solutions of TDA or TPA, with and without Nd or Eu, were titrated with sodium 

hydroxide to determine the acid dissociation constants (pKa) of the ligands and metal-ligand 

formation constants (βMHL). All solutions were adjusted to an ionic strength of 1 M by addition 

of sodium perchlorate. A Mettler Toledo T-90 Graphix Autotitrator with a Ross Orion semimicro 
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glass electrode filled with 3 M NaCl was used for all titrations. The electrode was calibrated by 

Gran analysis143 on a solution of perchloric acid with sodium hydroxide. The titration occurred in 

a water jacketed titration beaker maintained at 25.0 ± 0.1 °C under a hydrated nitrogen gas 

blanket to avoid CO2 absorption. The resulting titration curves were fit using Hyperquad2013 

from Hyperquad36 to determine the appropriate pKa and βMHL
 values. 

5.3.2 Spectrophotometric Titrations 

Absorbance spectra of 243Am and 248Cm were collected in a quartz cuvette with an Ocean 

Optics Flame-S-Vis-NIR-ES Spectrometer connected to an Ocean Optics DH-2000-BAL light 

source by 2 m UV-vis-NIR fiber optic cables. The titrand contained the Am or Cm at a pCH+ of 

2.49 or 3.23, respectively. For TDA, the titrant contained TDA and the same concentration of 

metal as the titrand. Due to solubility issues, the titrant for the TPA studies contained TPA with 

no metal present. The ionic strengths of both the titrand and titrant were adjusted to 1 M using 

sodium perchlorate. The contents of the cuvette were thoroughly mixed after each addition of the 

titrant and the spectra was recorded. An identical titration was carried out in parallel for the 

measurement of the increasing pCH+
 after each addition. The resulting spectra and pCH+ values 

were fit using HypSpec2014 from Hyperquad36 to determine the βMHL values. 

5.3.3 Extended X-ray Absorption Fine Structure 

Solutions for EXAFS spectroscopic analysis were prepared with either Eu or Tb at 3 mM, 
248Cm was prepared at 0.79 mM. In all of these experiments, the TDA concentration used was 

0.15 M and the pCH+ was adjusted to 3.50. Under these conditions, ≥95% of the metals exist as 

complexes of the form M(TDA)2
– based on calculations made using formation constants for Eu 

and Cm in HySS2009.  249Bk and 249Cf samples both were prepared with 0.79 mM metal and 

0.02 M TDA at pCH+ 3.50. The predominant species was expected to be M(TDA)+ based on 

HySS2009 calculations using the formation constants determined for Cm. For TPA, the same 

concentrations of Eu, Tb, or Cm were used with 0.05 M TPA at pCH+ 4. Due to the limited 

solubility and reduced thermodynamic favorability for metal complexation of TPA, the relative 

abundance of the M(TPA)+ species was estimated to range from 44% to 57%. For all solutions, 

the ionic strength was adjusted to 1 M by the addition of sodium perchlorate. Lanthanide 

solutions were stored in polyvinylidene fluoride (PVDF) sample holders with Kapton windows. 

Cm solutions were stored in triply contained PVDF sample holders with Kapton windows. 
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X-ray absorption data were collected on beamline 11-2 of the Stanford Synchrotron 

Radiation Lightsource at the LIII-edge of the metal. Energy selection was achieved with a Si(220) 

double-crystal monochromator. Harmonic rejection was accomplished by detuning the 

monochromator by 50%. Further rejection for the lanthanide data was accomplished with a Rh-

coated mirror using a cutoff energy of approximately 10 keV. Data were collected in 

fluorescence mode using a 100-element Ge detector. After applying a dead time correction, the 

resulting absorption data were reduced and fit in r-space with the Real Space X-ray Absorption 

Package (RSXAP)144–146. A constant pre-edge background was removed from each data set, and 

the EXAFS function χ(k) was determined using a 5-knot cubic spline function or a 5th-order 

Chebychev polynomial to estimate the atomic background absorption. The photoelectron 

wavevector was estimated by measuring the threshold energy, E0, as the energy at the half-height 

of the edge. Backscattering phases and lineshapes were calculated using FEFF 9.6.4147. Data 

errors were estimated by collecting multiple scans, and parameter errors were obtained using a 

profiling method15. 

5.3.4 Computational Details 

Geometry optimizations and frequency calculations of Ln and An complexes with TDA, 

THTPA, and TPA were done using density functional theory (DFT) with a Perdew-Burke-

Ernzerhof (PBE) functional, scalar relativistic ZORA Hamiltonian121–123 and triple- plus one 

polarization function (TZP) basis set with a small frozen core approximation124 in ADF 

2019.104125. After optimizing the structures, single point energy calculations of the complexes 

were performed using the aforementioned conditions with a PBE0 functional and no frozen core 

for further validation. The inclusion of spin-orbit relativistic effects compared to scalar 

relativistic approximation resulted in negligible changes to the formation energy (∆E) of the 

complex and HOMO/LUMO energy levels. In the COSMO solvation model, atomic radii were 

set to the Allinger radii divided by 1.2126. In all the structures, a sufficient number of water 

molecules were added around the metal center to maintain a coordination number of 9. Cartesian 

coordinates of the optimized structures can be found in the Appendix B.  
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5.4 Results and Discussion 

 The bonding of TDA and TPA with lanthanides and actinides is examined below. The 

acid dissociation and formation constants are reported along with EXAFS and computational 

analysis of the resulting complexes. The potential selectivity of these ligands is also examined. 

5.4.1 Ligand Acid Dissociation Constants 

The acid dissociation constants for TDA and TPA were determined by potentiometric 

titration, Figure 5.3. With TDA, the pKa1 was found to be 3.154 ± 0.002 and the pKa2 was 3.983 

± 0.001. For comparison, at a higher ionic strength of 6.60 mol/kg, Thakur et al. found the pKa1 

to be 3.82 ± 0.01 and the pKa2 to be 4.47 ± 0.02148. The higher pKa values are to be expected due 

to the much greater ionic strength changing the activity of the ions148,149. In the case of TPA, the 

pKa1 was found to be 2.611 ± 0.007 and the pKa2 was 3.456 ± 0.002. The greater error at 1σ of 

the pKa1 value for TPA came from the need to partially neutralize TPA prior to the titration, 

enabling dissolution of the ligand which is sparingly soluble when fully protonated. 

  

Figure 5.3 Potentiometric titrations of (left) TDA and (right) TPA protonation at 25.0 ± 0.1 °C 
and ionic strength of 1.00 ± 0.1 M. For the TDA titration , Vinit = 24.911 mL, CTDA = 19.99 
mM, CH+,total = 49.78 mM. For the TPA titration, Vinit = 24.837 mL, CTDA = 8.56 mM, CH+,total 
= 8.90 mM. The titrant for both ligands contained 0.507 M NaOH and 0.500 M NaClO4. (•) 
Experimental pCH+, (dashed red line) calculated pCH+, (black solid line) H2L, (red solid line) 
HL-, and (blue solid line) L2-. 
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5.4.2 Metal Complex Formation Constants 

Formation constants were measured by several different methods. For TDA and TPA, 

formation constants were found by potentiometric titration (Nd and Eu) and spectrophotometric 

titration (Nd). The experimental data from the potentiometric titrations is shown in Figure 5.4 

and the spectrophotometric data in Figures 5.5 and 5.6. Am and Cm formation constants were 

calculated from the results of spectrophotometric titrations as 243Am and 248Cm are available in 

large enough quantities and have sufficiently intense absorption bands to permit these types of 

experiments. The formation constants are shown in Tables 5.1 and 5.2.  

The formation constants for TDA reveal some preference for the actinides over the 

lanthanides. TDA was observed to form complexes with formulas of M(TDA)+ and M(TDA)2
–. 

In absolute terms, the M(TDA)2- complex is more selective than the M(TDA)+ complex, but 

when comparing the spectrophotometric formation constants of Nd and Am, the addition of each 

TDA adds approximately 0.3 Log10β units to the selectivity between these metals. Therefore, the 

selectivity from each TDA is nearly the same for each TDA with these metals. This is not 

observed in comparisons with Cm, where the addition of the second TDA enhances the 

selectivity more than addition of the first TDA ligand. TPA displays a greater selectivity for the 

actinides among the lanthanides tested than was observed with TDA, as the formation constants 

for the actinides are significantly higher than for the lanthanides. Due to the poor solubility of 

TPA under the acidic conditions required to prevent hydrolysis of the metals, the only complex 

observed was the 1:1 complex of the formula M(TPA)+. Additionally, the lower formation 

constants of TPA compared to TDA indicate that TPA complexes may have a different structure 

as both ligands have similar binding sites available. 

 
Table 5.1 Formation constants of trivalent lanthanides and actinides with TDA at 25.0 ± 0.1 °C 
and 1.00 ± 0.01 M ionic strength. 
 
Lanthanide Log10β101 Log10β102 Actinide Log10β101 Log10β102 
Nda 2.639(1) - Amb 2.85(2) 4.70(3) 
Ndb 2.55(3) 4.13(3) Cmb 2.89(6) 5.00(9) 
Eua 2.796(5) 4.17(3)    
aAssessed using potentiometric titration 
bAssessed using spectrophotometric titration 
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Table 5.2 Formation constants of trivalent lanthanides and actinides with TPA at 25.0 ± 0.1 °C and 
1.00 ± 0.01 M ionic strength. 

 
 

 

 

 

 

 

Figure 5.4 Nd and Eu Potentiometric Titrations with TDA and TPA at 1.00 ± 0.01 M NaClO4 

and 25 °C. (•) Experimental pCH+, (red dashed line) calculated pCH+, (black solid line) Eu, (red 
solid line) ML+ (blue solid line) ML2

-. a) Nd/TDA. For this titration, Vinit = 25.349 mL, CTDA 
= 19.25 mM, CNd = 7.806 mM, and CH+,total = 48.73 mM. The titrant contained 0.507 M 
NaOH and 0.500 M NaClO4. b) Eu/TDA. For this titration, Vinit = 25.261 mL, CTDA = 19.70 
mM, CEu = 6.634 mM, and CH+,total = 49.03 mM. The titrant contained 0.507 M NaOH and 
0.500 M NaClO4. b) Nd/TPA. For this titration, Vinit = 25.447 mL, CTPA = 8.375 mM, CNd = 
10.15 mM, and CH+,total = 8.939 mM. The titrant contained 0.507 M NaOH and 0.500 M 
NaClO4. d) Eu/TPA For this titration, Vinit = 25.494 mL, CTPA = 8.374 mM, CEu = 10.18 mM, 
and CH+,total = 9.021 mM. The titrant contained 0.507 M NaOH and 0.500 M NaClO4.  

Lanthanide Log10β101 Actinide Log10β101 

Nda 1.378(9) Ama 1.56(3) 
Ndb 1.23(2) Cma 1.53(3) 
Eua 1.313(9)   
aAssessed using potentiometric titration 
bAssessed using spectrophotometric titration 
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Figure 5.5 Spectrophotometric titrations of Nd, Am, and Cm with TDA and molar 
absorptivities calculated using HypSpec2014 at room temperature and an ionic strength of 1.00 
± 0.01 M. The spectra changes from blue to red over the course of the titration. a) Nd/TDA 
titration, Vinit = 0.803 mL, CNd = 10.15 mM, and pCH+ ,initial = 3.08. The titrant contained 
CTDA = 150.1 mM, CNd = 10.12 mM and after the addition of 0.792 mL of titrant, the pCH+,final 
= 5.17. b) Molar absorptivity of Nd, NdTDA+, and Nd(TDA)2

-. c) Am/TDA titration, Vinit = 
0.795 mL, CAm = 0.844 mM, and pCH+,initial = 2.581. The titrant contained CTDA = 10.03 mM, 
CAm = 0.832 mM and after the addition of 0.793 mL of titrant, the pCH+,final = 3.676. d) Molar 
absorptivity of Am, AmTDA+, and Am(TDA)2

-. e) Cm/TDA titration, Vinit = 0.795 mL, CCm = 
0.937 mM, and pCH+,initial = 3.182. The titrant contained CTDA = 0.137 M, CCm = 0.939 mM and 
after the addition of 0.731 mL of titrant, the pCH+,final = 3.707. f) Molar absorptivity of Cm, 
CmTDA+, and Cm(TDA)2

-. 
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Figure 5.6 Spectrophotometric titrations of Nd, Am, and Cm with TPA and molar 
absorptivities calculated using HypSpec2014 at room temperature and an ionic strength of 1.00 
± 0.01 M. The spectra changes from blue to red over the course of the titration. a) Nd/TPA 
titration, Vinit = 0.803 mL, CNd = 10.14 mM, and pCH+,initial = 3.12. The titrant contained CTPA = 
50.32 mM and after the addition of 0.792 mL of titrant, the pCH+,final = 4.21. b) Molar 
absorptivity of Nd and NdTPA+. c) Am/TPA titration, Vinit = 0.795 mL, CAm = 1.914 mM, and 
pCH+,initial = 2.404. The titrant contained CTPA = 49.79 mM and after the addition of 0.796 mL 
of titrant, the pCH+,final = 4.007. d) Molar absorptivity of Am and AmTPA+. e) Cm/TPA 
titration, Vinit = 0.795 mL, CCm = 1.746 mM, and pCH+,initial = 3.282. The titrant contained CTPA 
= 49.79 mM and after the addition of 0.796 mL of titrant, the pCH+,final = 4.296. f) Molar 
absorptivity of Cm and CmTPA+. 
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5.4.3 Extended X-ray Absorption Fine Structure 

Figure 5.7 shows the EXAFS data and fit for the Cf(TDA)x sample. Note that the Fourier 

transform (FT) is plotted as a function r, which includes shifts from the real pair distances, R, 

due to the complex backscattering function. Detailed fits are therefore necessary to extract 

metrical parameters. All data and fits for the other samples are reported in the Supplemental 

Materials. Before reporting the fit results, however, we must first discuss the model used to fit 

the data. The EXAFS spectra are fit well with 3 or 4 shells around the Ln/An atom. The nearest-

neighbor M-O shell is well separated from the M-S and M-C shells (M = Eu, Tb, Cm, Bk, Cf); 

therefore, the oxide shell fit parameters are well determined. Unfortunately, the combination of a 

low-amplitude M-S shell at R ≈ 3.05 Å and a broad, or split, even-lower amplitude M-C shell 

centered near R ≈ 3.5 Å generates very strong correlations between the M-S and M-C shells’ fit 

parameters. In addition, the attempts to fit the M-C coordination resulted in large error estimates 

that render such estimates too unreliable to be useful. Given the low amplitude of the M-S 

contribution to the EXAFS and the expected coordination of TDA and TPA, we hypothesize that 

there are only one or, at most, two S neighbors around the metal. In the case of one S neighbor, 

the only contribution to the Debye-Waller (pair-distance distribution variance) factor, σ2, is 

thermal. Since the thermal contribution to σ2(M-O) is generally near 0.005 Å2 at similar bond 

lengths (eg. see Ref. 150–153) and the M-S bond length is over 0.5 Å longer, and is therefore more 

weakly bound, we expect σ2(M-S) to be between 0.005 Å2 and 0.01 Å2. We choose 0.008 Å2 as a 

reasonable value that could also account for small bond length differences in the event of two S 

atoms coordinating the metal. Fits using 0.005 Å2 indicate a potential 30% absolute error, but by 

freezing to 0.008 Å, we can better compare values between samples. In addition, we freeze the 

M-C coordination to both 4 and 8 in the fits to test for any correlation effect on the M-S 

parameters. We observe no significant effect on the S shell; these fit comparisons are presented 

in Appendix B. 
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Figure 5.7 Data and fit results for the Cf(TDA)x sample, assuming N(Cf-C)=4. The left panel 

shows the data and results in k-space. The right panel shows the Fourier transform (FT), where 

the outer envelope is the complex transform amplitude and the modulating line is the real part. 

The data were transformed between 2.5 and 10 Å-1, and narrowed with a Gaussian window with 

width 0.3 Å-1. The fit range is from 1.5 to 3.5 Å. Individual fit components are arbitrarily offset 

vertically for display. 

 

The pertinent fit results for all the samples are given in Table 5.3, which shows the 

coordination numbers, N, and pair distances, R, for the M-O and M-S pairs for all measured 

samples freezing N(M-C)=4. The coordination number for all M-O pairs is consistent with 8. A 

slight contraction is measured from Eu to Tb and from Cm to Cf. M-S coordination is clearly 

observed based on the measured N for the samples, except possibly Eu(TPA) and both Tb 

samples. For the others, N(M-S) is consistent with a single S coordinating the metal, although 

Cm(TDA)x may have 2 S, and therefore is also consistent with Cm(TDA)2. Moreover, the fit to 

the data from this sample is the only one that clearly improves with 8 Cm-C atoms compared to 4 

Cm-C pairs (see Appendix B); however, we emphasize again that allowing this coordination to 
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be free in the fit produces very large error estimates. Although the estimated errors can 

encompass no coordinating S in the Eu(TPA) and Tb samples, the data can also accommodate 1 

S neighbor.  

Table 5.3 Fit results assuming σ2(M-S) = 0.008 Å2 and N(M-C) = 4. Note that with these 
constraints, the absolute error on N(M-S) is estimated to be as large as 30%. For full details and 
for fits with N(M-C) = 8, see Appendix B. 
 

Pair Eu Tb Cm Bk Cf 

R(M-O )(Å) TDA 2.404(4) 2.382(7) 2.440(10) 2.410(8) 2.426(7) 
R(M-O) (Å) TPA 2.419(9) 2.396(6) 2.467(8) - - 
R(M-S) (Å) TDA 3.09(2) 3.04(4) 3.05(2) 3.05(1) 3.04(2) 
R(M-S) (Å) TPA 3.08(9) 2.86(7) 3.07(2) - - 

N(M-O) TDA 7.2(4) 7(1) 7(1) 8(1) 8(1) 
N(M-O) TPA 9(1) 8(1) 8(1) - - 
N(M-S) TDA 0.9(2) 0.5(3) 1.6(4) 1.2(2) 0.7(2) 
N(M-S) TPA 0.5(4) 0.3(2) 0.8(2) - - 

 

EXAFS results from the Cm(TDA)2
– complex are consistent with each of the TDA 

ligands binding Cm in a tridentate manner with an average of 1.6 ± 0.4 coordinating sulfur atoms 

at a distance of 3.05 ± 0.02 Å. Tridentate TDA also accounts for four of the coordinated oxygens 

and the remaining oxygens come from three coordinated water molecules. For the same Eu and 

Tb complexes, an average of only 0.9 ± 0.2 and 0.5 ± 0.3 coordinating sulfur atoms was 

observed at a longer distance of 3.09 ± 0.02 and 3.04 ± 0.04 Å. The greater number of sulfur 

atoms coordinating Cm at a shorter distance as compared to Eu is indicative of a preferential 

interaction between Cm and S as is also seen in the formation constants for these two metals. Bk 

and Cf samples were prepared under conditions that would promote the 1:1 complex and the 

observed number of coordinating sulfur atoms is consistent with the M(TDA)+ species. The TPA 

complexes show an average number of 0.8 ± 0.2 sulfur atoms coordinating Cm in the Cm(TPA)+ 

complex. Less sulfur was observed in the coordination sphere of either Eu or Tb which suggests 

the possibility of different coordination modes for lanthanides and actinides with TPA. Both 

TDA and TPA have greater M-S bond lengths with the actinides than has been reported for the 

dithiocarbamates54. This is presumably due to the reduced electrostatic interaction between the 

metal in and neutral sulfur of TDA or TPA compared to the anionic dithiocarbamate. 
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5.4.4 Computational results 

Computational studies of the Cm, Eu, and Gd complexes with TDA, THTPA, and TPA 

show the geometry of the optimized complex varies with both the identity of the metal and the 

ligand. The pertinent bond lengths of the low energy conformers are shown in Table 5.4. The 

lowest energy complexes with TDA and THTPA have both ligands binding in a tridentate 

manner with one oxygen from each carboxylic acid group and the sulfur coordinating the metal 

ion, Figures 5.8A and 5.8B. Conformers in which the sulfur of TDA is not binding with the 

metal center and other mono- or bidentate conformers were found to be higher in energy than the 

tridentate complexes. As was seen with the EXAFS experiments with TDA, these complexes 

both show similar distances between the metal and oxygens of the carboxylic acid groups for the 

similarly sized Cm (0.97 Å154) and Eu (0.947 Å154) ions while the smaller Gd (0.938 Å154) ion 

gives a somewhat shorter Gd-O length. This trend may not be seen in the metal sulfur bond 

length where the Cm-S distance is shorter than the Eu-S distance despite the ionic radii of the 

two metals being similar, although at 1σ uncertainty, these bond lengths a nearly the same. The 

shorter Cm-S bond, also seen in the EXAFS experiments, may indicate that the sulfur is capable 

of interacting more strongly with Cm than Eu, but could also be explained by the slightly larger 

size of the Cm ion.  

Complexation by TPA is more complex as multiple complexation modes exist. Unlike 

TDA and THTPA, tridentate complexation by TPA is hampered by the rigidity of the ligand. The 

resulting tridentate TPA complexes are far from the lowest energy conformers. Instead, TPA can 

bind in two different bidentate modes with a lower energy. The lowest energy mode occurs when 

TPA is binding with both oxygen atoms from a single carboxylic acid (TPA Bi), Figure 5.8C. In 

this binding mode, the sulfur is too distant from the metal to form any metal sulfur bond. At an 

energy 22 to 29 kJ/mol above that of TPA Bi is another conformer in which bidentate TPA binds 

through one oxygen of one carboxylic acid and the sulfur (TPA OS), Figure 5.8D. Although this 

TPA OS conformer appears to be higher in energy than TPA Bi, it is close enough that it may 

form to some extent, as was observed by EXAFS. The formation of this conformer is likely 

dependent on the solvation of the TPA, which unfortunately was not determined or accounted for 

in the implicit COSMO solvation used in these DFT studies. In the TPA OS conformer, the Cm-

S bond length is shorter than the Eu-S length and even the Gd-S length. As with TDA and 
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THTPA, this is indicative of the sulfur contributing to actinide selectivity and is consistent with 

the measured formation constants.  

 

Table 5.4 Bond lengths of the computed Cm, Eu, and Gd complexes with TDA, THTPA, and 
TPA. Coordinating water molecules were added to maintain a coordination number of nine for 
all complexes. TPA Bi binds to the metal center using both oxygens from one carboxylate group. 
TPA OS binds to the metal by one oxygen and the sulfur. 
 

Ligand Bond  
Bond Length (Å) 

Cm Eu Gd 
TDA M-O 2.331 & 2.335 2.326 & 2.371 2.287 & 2.294 

M-S 3.040 3.073 3.039 
THTPA M-O 2.327 & 2.337 2.334 & 2.367 2.282 & 2.295 

M-S 2.993 3.038 2.989 
TPA Bi M-O 2.415 & 2.433 2.443 & 2.457 2.373 & 2.408 

M-S 5.366 5.382 5.318 
TPA OS M-O 2.362 2.404 2.315 

M-S 3.108 3.203 3.124 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Figure 5.8 The structures of a) TDA, b) THTPA, c) TPA Bi (two coordinating oxygens in one 
carboxylate group), and d) TPA OS (one oxygen and one sulfur coordinating) complexes. The 
purple atom represents the metal ion, red represents oxygen, yellow represents sulfur, black 
represents carbon, and white represents hydrogen. 
 

a) b) 

  
c) d) 
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The energy of formation of the optimized complexes from the hydrated metal ion and 

free ligand was compared to see if the changes in the geometry of the structure, particularly the 

metal-sulfur bond length, reveal information regarding the selectivity of the ligands. Table 5.5 

shows the energies of the complexes. These energies are calculated by subtracting the sum of the 

reactant’s energies from the sum of the product’s energies for Equation 5.1, where d represents 

the denticity of the ligand. The energy of for the tridentate TDA (and THTPA) complexes is 

considerably lower than either of the bidentate TPA complexes corresponding with the higher 

formation constants observed for TDA than TPA. The energy of the TDA and TPA OS 

complexes is slightly lower for Cm than for the slightly smaller Eu, which could be indicative of 

selectivity. However, since the differences in energies are within the errors expected for these 

calculations40,134, conclusions about the better selectivity towards Cm based on these numbers 

can be ambiguous. The energy of the Gd complex is somewhat lower than for Cm which could 

be due to greater interactions between the smaller and more charge dense Gd ion or uncertainty. 

For TPA Bi, in which no sulfur is coordinating the metal ion and no selectivity is expected, the 

energy for the formation of the Cm and Eu complex is quite similar as would be expected for a 

non-selective ligand. As was seen with TDA and TPA OS, the formation energy of the Gd 

complex is slightly lower. The size of the metal ions may also play a role in the formation energy 

of these complexes as Dellien et al.155 found that the formation constants of lanthanides with 

TDA are dependent upon the metal ions size with the highest formation constant for Sm (0.958 

Å154) and lower formation constants for both larger and smaller lanthanides. As Cm (0.97 Å154), 

is close in ionic radii to Sm, the lower formation energy of the Cm could be due to its size. 

Therefore, although there are trends in the energy calculations, selectivity cannot be determined 

with certainty and distinguished from metal size effects from these measurements. 

 
M(H2O)9

3+ + L2– ⇌ ML(H2O)9-d
+ + d H2O (5.1) 
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Table 5.5 Energy of formation (∆E, kJ/mol) for geometry optimized 1:1 complexes with 
sufficient coordinated water molecules to maintain a coordination number of nine for Cm, Eu, 
and Gd with TDA, THTPA, and TPA. The denticity (d) of each ligand is also included. 
 

 

 

 

 

 

 

5.4.5 Coordination Chemistry & Selectivity Discussion 

The determination of formation constants for the lanthanides and actinides enables the 

calculation of the selectivity of that particular ligand. The further from unity the value of βAn/βEu is, the more selective the ligand will be, Table 5.6. 

 

Table 5.6 Calculated values of βAn/βEu. The upper and lower bounds at 1σ uncertainty of this 
value are shown in parenthesis. 
 
Ligand Formation 

Constants 

Actinide βAn/βEu Calculated 

from Ref. 

TDA 

 

1:2 Am 3.39 (2.95, 3.89)  

 Cm 6.76 (5.13, 8.91)  

 1:1 Am 1.14 (1.07, 1.20)  

 Cm 1.24 (1.07, 1.44)  

  Am 1.15 (1.00, 1.32) 148 

  Cm 0.98 (0.81, 1.17) 148 

TPA 1:1 Am 1.77 (1.61, 1.93)  

 Cm 1.65 (1.50, 1.80)  

IDA 1:1 Am 1.45 (1.12, 1.86) 148,156 

 Cm 1.20 (0.93, 1.55) 148,156 

DPA 1:2 Am 1.70 (1.48, 1.95) 157 

1:1 Am 1.00 (0.91, 1.10) 157 

Ligand Cm Eu Gd d 

TDA -179 -172 -185 3 

THTPA -187 -193 -189 3 

TPA Bi -120 -119 -129 2 

TPA OS -98 -91 -100 2 
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The ratios of formation constants shown in Table 5.6 for TDA and TPA are all greater 

than one which indicates that a separation of the actinides Am and Cm from Eu is possible. 

These values are higher for the 1:1 complex of TPA than the 1:1 complex of TDA which 

indicates that TPA is more selective, but the 1:2 complex of TDA is the most selective. As this 

suggests that complexes with more sulfur donating ligands are more selective, it may be possible 

that if the 1:2 complex could be observed with TPA, this complex would have even higher 

selectivity. Additionally, these calculated selectivities can be compared to the calculated 

selectivities for other ligands with published acid dissociation and formation constants. Of 

interest here are iminodiacetic acid (IDA) and 2,6-pyridinedicarboxylic acid (DPA), Figure 5.9. 

IDA and DPA are both nitrogen donor ligands and have similar physical and electronic structures 

to TDA and TPA respectively. With IDA, only the formation constants for the 1:1 complex were 

published by Thakur et al.148, so to compare IDA with TDA, only the 1:1 complex with TDA 

was considered. The 1:1 complex of TDA shows less selectivity than IDA with Am, but slightly 

more with Cm. The 1:1 complex of DPA shows no selectivity as the formation constants were 

the same for Am and Eu, but moderate selectivity with the 1:2 complex157. When comparing the 

1:1 complexes of TPA and DPA, it appears that TPA has more selectivity than DPA and it’s 

selectivity for Am and Cm is nearly equal to the selectivity of the DPA 1:2 complex. 

 

Figure 5.9 Structures of iminodiacetic acid (IDA) and 2,6-pyridinedicarboxylic acid (DPA). 
 

Ultimately, both TDA and TPA show some selectivity between lanthanides and actinides 

due to the higher formation constants for actinides than lanthanides. TPA is more promising as 

the formation constants show a greater selectivity for the actinides, when compared to the 

corresponding 1:1 TDA complex, possibly due to the preferred TPA OS binding conformation 

for the actinides whereas the lanthanides may tend to form the TPA Bi complex. It may be 

expected that TDA and TPA would have more similar behavior as they are both thioethers, but 
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the electronic structure of these ligands is different as TDA is aliphatic whereas TPA is aromatic. 

A major consequence of the aromatic structure of TPA is being softer than the aliphatic TDA, 

which could explain the different structures and greater selectivity that was observed with TPA. 

As it appears that the aromatic thioether is especially selective, the addition of more of these 

coordinating sulfur sites in the coordination shell of a metal would likely further increase 

selectivity, as was observed with TDA. This could be achieved by formation of higher 

complexes than M(TPA)+. However, with TPA, this is limited due to the poor aqueous solubility 

of the ligand preventing these complexes from forming. 

 

5.5 Conclusions 

The ligands TDA, THTPA, and TPA were tested for the ability to selectively bind 

trivalent actinides and lanthanides. The EXAFS of the TDA complexes suggest a stronger 

interaction between Cm, Bk and Cf and the sulfur atom than for either the Eu or Tb cations. This 

finding with Cm and Eu was further supported by the computational results which were also 

comparable for THTPA. EXAFS experiments of TPA complexes show the presence of more 

sulfur in the coordination sphere of Cm, than for either Eu or Tb. This suggests that Cm tends to 

form complexes with TPA OS due to the favorable interaction between Cm and sulfur, while Eu 

and Tb tend to complex with TPA Bi. The selectivity that TPA has for Cm is seen in the 

formation constants, where the values for the actinides Am and Cm are higher than either of the 

lanthanides tested. 

The findings here suggest that softer TPA has greater selectivity for the actinides 

compared to either TDA or THTPA as 1:1 complexes and the related nitrogen donor ligand DPA 

as a 1:1 complex. Higher complexes of TDA showed even greater selectivity, but the analogous 

TPA complexes were not observed as the use of TPA is hampered by its poor solubility in acidic 

aqueous solutions and low formation constants that partially arise due to the inability to bind in a 

tridentate manner because of its rigid, aromatic structure.  

5.6 Acknowledgements 

The work at Colorado School of Mines was supported by the U.S. Department of Energy 

Office of Science, Office of Basic Energy Sciences, Heavy Elements Chemistry Program at 

Colorado School of Mines under Award Number DE-SC0020189. This work was also based 



81 
 

upon support provided to N.P.B. by the U.S. Department of Energy, Office of Science Graduate 

Student Research (SCGSR) Program. P.Y. and E.R.B. was sponsored by the US Department of 

Energy, Chemical Sciences, Geosciences, and Biosciences Division, Separation program, under 

Award Number DE-SC0000248350. This work was also supported by the US Department of 

Energy through the Los Alamos National Laboratory. Los Alamos National Laboratory is 

operated by Triad National Security, LLC, for the National Nuclear Security Administration of 

U.S. Department of Energy (Contract No. 89233218CNA000001). N.P.B.’s work at Idaho 

National Laboratory was supported by U.S. Department of Energy Offices of Nuclear Energy 

and Environmental Management under the Radiochemistry Traineeship program at the Colorado 

School of Mines. All experimental work at the Idaho National Laboratory was performed under 

contract DE-AC07-05ID14517. The Bk-249 and Cf-249 used in this and prior research by this PI 

were supplied by the United States Department of Energy Office of Science by the Isotope 

Program in the Office of Nuclear Physics. X-ray absorption studies were supported by the U.S. 

Department of Energy Office of Science, Office of Basic Energy Sciences, Heavy Elements 

Chemistry Program at the Lawrence Berkeley National Laboratory under Contract No. DE-

AC02-05CH11231. Use of the Stanford Synchrotron Radiation Lightsource, SLAC National 

Accelerator Laboratory, is supported by the U.S. Department of Energy, Office of Science, 

Office of Basic Energy Sciences under Contract No. DEAC02-76SF00515. I.A.P. acknowledges 

the support from J. Robert Oppenheimer Distinguished Postdoctoral Fellowship at Los Alamos 

National Laboratory. 

 

  



82 
 

 

CHAPTER 6 

CONCLUDING STATEMENTS 

 Within this dissertation, research on advancing the separation of trivalent lanthanides and 

actinides with sulfur donating ligands and extractants has been discussed. Sulfur donor-based 

separation processes have shown remarkably high selectivities for the actinides but are often 

complicated by the formation of multiple species and unclear mechanisms for their formation. 

These complex systems need to be more thoroughly characterized in order to both understand 

and optimize a potential separation procedure and to provide more insight into the fundamental 

chemistry of the actinides. To pursue a more complete understanding of these sulfur donor 

systems, three different studies were completed. A novel method for quickly quantifying the 

commercially available and widely studied dithiophosphinic acid HC301 within a possible 

separations process by permanganometry has been discussed as knowing and controlling process 

conditions is necessary for an efficient and effective separation. The extraction behavior of the 

transplutonium actinides Am-Es with HC301 was examined to determine what how readily these 

metals are extracted and what extracted complexes they form. Additionally, a study on thioether 

based ligands with greater stability than HC301 is reported to see in thioethers can provide 

similar selectivity to the dithiophosphinic acids while having greater resistance to degradation. 

Both HC301 and thioethers have selectivity for the actinides and appear to form complexes with 

different structures for the lanthanides and actinides. The lanthanides tended to have less 

coordination by sulfur and longer metal-sulfur bonds when present, whereas the actinides 

generally had more extensive coordination by sulfur and shorter metal-sulfur bonds. Due to these 

differences, existing sulfur donors show great promise for the separation of actinides and 

lanthanides which may be further improved by the development of even more selective sulfur 

donating ligands and extractants. 

6.1 Permanganometric Quantification of Cyanex 301 

A one-step permanganometric titration with subsequent colorimetric analysis has proven 

to be an effective method for quickly determining the amount of HC301 in n-dodecane. Water, 

acetone, and a mixture of benzene and 18-crown-6 were tested as possible solvents for this 
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reaction. Potassium permanganate was found to have the highest stability in water but was 

unsuitable for colorimetric determination as droplets of insoluble n-dodecane and oxidized 

HC301 scattered light preventing the quantification of the remaining KMnO4. Although KMnO4 

had reduced stability in both organic solvents tested, the acetone-based solution was able to 

accurately quantify the amount of HC301 by setting up the double beam spectrophotometer to 

automatically account for the degradation of KMnO4. The accuracy of this quantification was 

assessed by Leave-One-Out Cross-Validation and found to vary by up to 4.03% with an average 

difference of 1.73%. 

6.2 Extraction of Transplutonium Actinides with Cyanex 301 

 The extraction of the trivalent actinides Am-Es and many of the lanthanides by HC301 

was examined to determine if the transcurium actinides are extracted as inner sphere complexes 

like the lighter actinides and lanthanides or as outer sphere complexes like the heavier 

lanthanides. The distribution ratios  and pH dependence of the transcurium actinides were found 

to be relatively similar to Am and Cm, but this alone could not prove a continuation of the inner 

sphere coordination across the actinide series as the change from inner- to outer-sphere 

coordination was found to have a limited impact on the distribution ratios of the lanthanides. The 

dependence of the distribution ratio upon the aqueous nitrate concentration was also examined 

and found to provide support for the formation of inner-sphere complexes with the transcurium 

actinides. On increasing the aqueous nitrate concentration, the extraction of the lanthanides, 

particularly the heavier lanthanides, was found to increase while the extraction of the actinides 

was relatively constant. As the nitrate addition suppresses the extraction of water, it seems that 

the formation of outer sphere complexes is suppressed leaving the lanthanides only able to form 

the more extractable inner-sphere complexes. Since the extraction of the actinides remained 

unchanged, it appears that they were originally extracted as inner sphere complexes and thus 

unaffected by the suppression of outer sphere complexes. 

6.3 Aqueous Sulfur Donor Ligands 

 The thioether based ligands 2,2’-thiodiacetic acid (TDA), (2R,5S)-tetrahydrothiophene-

2,5-dicarboxylic acid (THTPA), and 2,5-thiophenedicarboxylic acid (TPA) were examined for 

their ability to selectively bond with the actinides. Formation constants were found to be higher 

for the actinides than for either of the lanthanides tested indicating that these ligands are selective 
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for the actinides. Extended x-ray absorption fine structure spectroscopy revealed that the 

actinides are coordinated by more sulfur atoms from these ligands at a closer distance than for 

the lanthanides. These trends in bond lengths were reproduced computationally where TDA and 

THTPA were both able to form tridentate complexes while TPA formed two distinct bidentate 

conformers. In comparing 1:1 complexes, the softer, aromatic TPA was found to have a higher 

selectivity than the aliphatic TDA, but higher complexes with TDA that could not be replicated 

with TPA had even greater selectivity for the actinides. 

6.4 Future Directions 

 This work has expanded our knowledge of sulfur donor chemistry for the separation of 

trivalent actinides and lanthanides, but additional research is needed before these processes could 

be implemented in the reprocessing of used nuclear fuel. One of the most pressing challenges, 

that was not addressed here, is the development of wasteforms that are amenable to the 

containment of sulfur, particularly as sulfate. Future studies more closely related to this work 

would include testing the ability of permanganometry to quantify other dithiophosphinic acids 

and oxidizable species. Of particular interest would be the dithiophosphinic acid bis(o-

trifluoromethylphenyl)dithiophosphinic acid, which has displayed greater selectivity than 

HC301, but is more resistant to oxidation. More thoroughly examining the extraction of 

transcurium actinides is also of interest. Although the solvent extraction studies presented here 

suggest these metals are extracted as inner sphere complexes, more concrete studies, such as 

extended x-ray absorption fine structure spectroscopy and dynamic light scattering, are needed to 

conclusively determine what is occurring when transcurium actinides are extracted by HC301. 

Expanding upon the work with aqueous thioether based ligands may also prove valuable. 

Examining more metals with these ligands will reveal not only possible separations methods but 

may uncover more fundamental information about the heavy actinides. Additionally, as 

reasonable selectivity was observed with these thioether ligands which was increased upon 

forming higher complexes with more coordinating sulfur, development of new ligands that are 

more able to displace bound water molecules with sulfur and increase the number of 

coordinating sulfur sites may further increase the selectivity of this class of ligands. 
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APPENDIX A 

CHAPTER FOUR SUPPLEMENTARY INFORMATION 

Table A.1 Emission wavelengths of lanthanides used in ICP-OES. 
 

 

 

 

 

 

 

 

 

 

 

Figure A.1 The pH corrected distribution ratio of the lanthanides Pr, Nd, Sm, Eu, Gd, Dy, Ho, 
Er, Tm, Yb, and Lu with 0.5024 M HC301 at an average pCH+ of 4.46. The value for nH+ (1.13) 
was obtained from radiotracer experiments with Eu. 

 

Metal 
Wavelength 

(nm) 
Metal 

Wavelength 

(nm) 

La 398.852 Dy 353.171 

Pr 422.293 Ho 345.600 

Nd 430.358 Er 337.271 

Sm 443.432 Tm 384.802 

Eu 393.048 Yb 328.937 

Gd 342.247 Lu 547.669 
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Figure A.2 The slope of the nitrate dependency of the pH corrected distribution ratio vs. 
Log10[NO3

-] for the lanthanides and the actinides Am, Cm, Bk, and Es with 0.5024 M HC301 at 
an average pCH+ of 4.46 for lanthanides and 3.07 for actinides. 

 

Optimized geometries of Am extracted complexes. Coordinates are representative of the 
optimized structures of all lanthanide and actinide complexes modeled. 

Am(C301)3 

C      -3.34540759      -2.90041902       0.80716076 

S       2.44053787      -0.81160548      -1.48082444 

Am       0.17554057      -0.00000000      -0.00000000 

S       2.44053787       0.81160548       1.48082444 

S      -0.27618505       2.42071506      -1.38337778 

S      -1.75162280      -1.42866993      -1.48995462 

S      -1.75162280       1.42866993       1.48995462 

S      -0.27618505      -2.42071506       1.38337778 

P      -1.71980314      -2.82918494      -0.00364666 

P      -1.71980314       2.82918494       0.00364666 

P       3.59035078      -0.00000000      -0.00000000 
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C       4.68474461       1.27289595      -0.69646039 

C      -1.44489696      -4.47974795      -0.71433944 

C      -3.34540759       2.90041902      -0.80716076 

C      -1.44489696       4.47974795       0.71433944 

C       4.68474461      -1.27289595       0.69646039 

H      -3.32497382      -3.67550359       1.58562711 

H      -4.10999205      -3.14000985       0.05556288 

H      -3.56102288      -1.92437908       1.25910754 

H       5.31075974       1.68282731       0.10785318 

H       4.07270692       2.07017125      -1.13521300 

H       5.31654123       0.81759495      -1.47115287 

H      -0.47477649      -4.49393937      -1.22550142 

H      -2.24814063      -4.69827238      -1.43117171 

H      -1.45141463      -5.22076609       0.09693026 

H      -3.32497382       3.67550359      -1.58562711 

H      -4.10999205       3.14000985      -0.05556288 

H      -3.56102288       1.92437908      -1.25910754 

H      -0.47477649       4.49393937       1.22550142 

H      -2.24814063       4.69827238       1.43117171 

H      -1.45141463       5.22076609      -0.09693026 

H       5.31075974      -1.68282731      -0.10785318 

H       4.07270692      -2.07017125       1.13521300 

H       5.31654123      -0.81759495       1.47115287 

Am(C301)2(NO3) 

O      -2.08009326      -3.99843583       0.40082905 

S       2.18503174      -1.06214484      -1.43257272 

Am      -0.22581121      -0.33847483      -0.18537492 

S       1.81115292       0.61258194       1.47816941 

S      -0.42862827       2.02988095      -1.69289553 

O      -2.07550158      -1.98287868      -0.49752654 
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S      -2.12141053       1.27884741       1.11901539 

O      -0.40104486      -2.61139321       0.76577400 

N      -1.54344889      -2.90751348       0.22868136 

P      -1.61680622       2.75740601      -0.20119486 

P       3.12959341      -0.00910651       0.04456802 

C       3.97320927       1.43349830      -0.67198059 

H       4.94116695      -0.43405572       1.57194302 

C      -3.11924119       3.49887800      -0.90255620 

C      -0.75991216       4.09689564       0.67904529 

C       4.43131120      -1.02668117       0.80018601 

H      -3.67090351       2.73459940      -1.46272703 

H       0.16662852       3.70022558       1.11260115 

H      -1.41284028       4.47829379       1.47587948 

H       4.49913692       1.97177275       0.12854954 

H       3.22460969       2.08941724      -1.13273979 

H       4.69094063       1.09174139      -1.42983871 

H      -0.52709858       4.90033821      -0.03287213 

H       5.14594848      -1.32513548       0.02091284 

H       3.97664751      -1.91690877       1.25133182 

H      -2.83074773       4.32038971      -1.57261928 

H      -3.73985718       3.88419863      -0.08201920 
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APPENDIX B 

CHAPTER FIVE SUPPLEMENTARY INFORMATION 

A 0.1492 M solution of TDA was titrated into a 3 mM solution of the appropriate Nd or 

Eu solution in a TA instruments SV Affinity ITC. The ionic strength of each solution was 

adjusted to 1 M with sodium perchlorate and the pCH+ was controlled by addition of sodium 

hydroxide or perchloric acid within a range of 4.00 to 4.04. The resulting data was background 

corrected using TA Instruments NanoAnalyze software and corrected for the heat of dilution. 

The enthalpy and entropy of each complex were determined using HypCal from Hyperquad and 

previously determined formation constants. 

 

  
Figure B.1 Nd and Eu Isothermal Titration Calorimetry with TDA. Three TDA isothermal 
titration calorimetry trials at 1.00 ± 0.01 M NaClO4 and 25 °C. Left) Nd. For this titration, Vinit = 
965 μL, CNd = 3.00 mM, pCH+ = 4.00. The titrant contained 0.1492 M TDA at a pCH+ of 4.03. 
Right) Eu. For this titration, Vinit = 965 μL, CEu = 3.00 mM, pCH+ = 4.01. The titrant contained 
0.1492 M TDA at a pCH+ of 4.03. 

Table B.1 Thermodynamic parameters for Nd and Eu complexes with TDA as determined by isothermal 
titration calorimetry. 
 

Lanthanide ∆H101 
(kJ/mol) 

∆H102 
(kJ/mol) 

∆S101 
(kJ/mol∙K) 

∆S102 
(kJ/mol∙K) 

Nd -15(1) -19(1) -39(2) -45(2) 
Eu -8.90(4) -35.6(8) 24(5) -40(9) 
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Figure B.2 Nd and Eu Potentiometric Titrations with TDA. TDA potentiometric titrations with 
Nd or Eu at 1.00 ± 0.01 M NaClO4 and 25 °C. Top) Nd. For this titration, Vinit = 25.349 mL, 
CTDA = 19.25 mM, CNd = 7.806 mM, and CH+,total = 48.73 mM. The titrant contained 0.507 M 
NaOH and 0.500 M NaClO4. (•) Experimental pCH+, (red dashed line) calculated pCH+, (black 
solid line) Nd, (red solid line) NdTDA+. Bottom) Eu. For this titration, Vinit = 25.261 mL, CTDA 
= 19.70 mM, CEu = 6.634 mM, and CH+,total = 49.03 mM. The titrant contained 0.507 M NaOH 
and 0.500 M NaClO4. (•) Experimental pCH+, (red dashed line) calculated pCH+, (black solid line) 
Eu, (red solid line) EuTDA+, (blue solid line) EuTDA2

-. 
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Figure B.3 Nd and Eu Potentiometric Titrations with TPA. TPA potentiometric titrations with 
Nd or Eu at 1.00 ± 0.01 M NaClO4 and 25 °C. Top) Nd. For this titration, Vinit = 25.447 mL, 
CTPA = 8.375 mM, CNd = 10.15 mM, and CH+,total = 8.939 mM. The titrant contained 0.507 M 
NaOH and 0.500 M NaClO4. (•) Experimental pCH+, (red dashed line) calculated pCH+, (black 
solid line) Nd, (red solid line) NdTPA

+. Bottom) Eu. For this titration, Vinit = 25.494 mL, CTPA = 
8.374 mM, CEu = 10.18 mM, and CH+,total = 9.021 mM. The titrant contained 0.507 M NaOH and 
0.500 M NaClO4. (•) Experimental pCH+, (red dashed line) calculated pCH+, (black solid line) Eu, 
(red solid line) EuTPA+. 
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Figure B.4 Spectrophotometric Titrations of Nd, Am, and Cm with TDA. Spectrophotometric 
titration of a metal and TDA at room temperature and an ionic strength of 1.00 ± 0.01 M. The 
spectra changes from blue to red over the course of the titration. Top) For the Nd titration, Vinit = 
0.803 mL, CNd = 10.15 mM, and pCH+ ,initial = 3.08. The titrant contained CTDA = 150.1 mM, 
CNd = 10.12 mM and after the addition of 0.792 mL of titrant, the pCH+,final = 5.17. Middle) For 

Am 

Cm 

Nd 
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the Am titration, Vinit = 0.795 mL, CAm = 0.844 mM, and pCH+,initial = 2.581. The titrant contained 
CTDA = 10.03 mM, CAm = 0.832 mM and after the addition of 0.793 mL of titrant, the pCH+,final = 
3.676. Bottom) For the Cm titration, Vinit = 0.795 mL, CCm = 0.937 mM, and pCH+,initial = 3.182. 
The titrant contained CTDA = 0.137 M, CCm = 0.939 mM and after the addition of 0.731 mL of 
titrant, the pCH+,final = 3.707. 

 

 

 
Figure B.5 Molar absorptivity of Nd, Am, and Cm complexes with TDA. Molar absorptivity of 
Nd (top), Am (middle), and Cm (bottom) complexes with TDA calculated from the spectra 
shown in Figure B.4 using HypSpec2014. These spectra were collected at room temperature and 
an ionic strength of 1.00 ± 0.01 M.  
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Figure B.6 Spectrophotometric Titrations of Nd, Am, and Cm with TPA. Spectrophotometric 
titration of a metal and TPA at room temperature and an ionic strength of 1.00 ± 0.01 M. The 
spectra changes from blue to red over the course of the titration. Top) For the Nd titration, Vinit = 
0.803 mL, CNd = 10.14 mM, and pCH+,initial = 3.12. The titrant contained CTPA = 50.32 mM and 
after the addition of 0.792 mL of titrant, the pCH+,final = 4.21. Middle) For the Am titration, Vinit = 
0.795 mL, CAm = 1.914 mM, and pCH+,initial = 2.404. The titrant contained CTPA = 49.79 mM and 

Am 

Cm 

Nd 
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after the addition of 0.796 mL of titrant, the pCH+,final = 4.007. Bottom) For the Cm titration, Vinit 
= 0.795 mL, CCm = 1.746 mM, and pCH+,initial = 3.282. The titrant contained CTPA = 49.79 mM 
and after the addition of 0.796 mL of titrant, the pCH+,final = 4.296. 

 

 

 
Figure B.7 Molar absorptivity of Nd, Am, and Cm complexes with TPA. Molar absorptivity of 
Nd (top), Am (middle), and Cm (bottom) complexes with TPA calculated from the spectra 
shown in Figure B.6 using HypSpec2014. These spectra were collected at room temperature and 
an ionic strength of 1.00 ± 0.01 M. 
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Table B.2 Details of EXAFS fitting. Fourier transform and fit ranges, together with the 
associated number of independent data points, Nind

14,15, and fit degrees of freedom, ν, after 
fitting. These are followed with the figures and tables for all the fit parameters for each fit, using 
both N(M-C)=4 and N(M-C)=8. Important! σ2(M-S) is fixed at 0.008 Å2 for all fits; therefore, 
the reported errors on N(M-S) are for comparisons between these samples only. Absolute errors 
are estimated to be as large as 30% on N(M-S). Note that the M-C shell is included to account 
for overlap with the M-S shell. Likewise, the M-C shell likely overlaps with further shells, and 
so the results from the M-C shell should be viewed with skepticism. 
 

Sample k-range 
 (Å-1) 

R-range 
(Å) 

Nind ν 

Eu(TDA)x 3-12 1.55-3.6 13.7 5.7 

Eu(TPA)x 2.5-12 1.5-3.7 15.3 7.3 

Tb(TDA)x 3-11 1.55-3.5 11.9 3.9 

Tb(TPA)x 2.5-11 1.5-3.8 14.4 6.4 

Cm(TDA)x 2.5-11 1.7-3.8 13.4 3.4 

Cm(TPA)x 2.5-12 1.5-3.4 13.5 5.5 

Bk(TDA)x 2.5-10 1.5-3.5 11.5 3.5 

Cf(TDA)x 2.5-10 1.5-3.5 11.5 3.5 

 

 

Figure B.8 EXAFS results of Cm(TDA)2
- complex with N(Cm-C) = 4. EXAFS data for the 

Cm(TDA)2
- complex. For this sample, CCm = 0.79 mM, CTDA = 0.15 M, pH = 3.50, and the ionic 

strength was adjusted to 1.00 M by addition of sodium perchlorate. 
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Table B.3 EXAFS results of Cm(TDA)2
- complex with N(Cm-C) = 4. EXAFS fit for the 

Cm(TDA)2
- complex. For this sample, CCm = 0.79 mM, CTDA = 0.15 M, pH = 3.50, and the ionic 

strength was adjusted to 1.00 M by addition of sodium perchlorate. Note that the Cm-C shell is 
split. 
 

 

 

 

 

 

 

 

 

 

Figure B.9 EXAFS results of Cm(TDA)2
- complex with N(Cm-C) = 8. EXAFS data for the 

Cm(TDA)2
- complex. For this sample, CCm = 0.79 mM, CTDA = 0.15 M, pH = 3.50, and the ionic 

strength was adjusted to 1.00 M by addition of sodium perchlorate. 

 

 

Pair N R(Å) σ2(Å2) 

Cm-O 7(1) 2.440(10) 0.009(1) 

Cm-S 1.6(4) 3.05(2) 0.008 

Cm-C 2 3.49(4) 0.002(5) 

Cm-C 2 3.72(3) 0.000(1) 

ΔE0 -18.7(11) 

R(%) 6.5 
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Table B.4 EXAFS results of Cm(TDA)2
- complex with N(Cm-C) = 8. EXAFS fit for the 

Cm(TDA)2
- complex. For this sample, CCm = 0.79 mM, CTDA = 0.15 M, pH = 3.50, and the ionic 

strength was adjusted to 1.00 M by addition of sodium perchlorate. Note that the Cm-C shell is 
split. 
 

 

 

 

 

 

 

 

 

 

Figure B.10 EXAFS results of Bk(TDA)2
- complex with N(Bk-C) = 4. EXAFS data for the 

Bk(TDA)2
- complex. For this sample, CBk = 0.79 mM, CTDA = 0.02 M, pH = 3.50, and the ionic 

strength was adjusted to 1.00 M by addition of sodium perchlorate.  

Pair N R(Å) σ2(Å2) 

Cm-O 7(1) 2.396(8) 0.008(1) 

Cm-S 1.6(2) 2.85(11) 0.008 

Cm-C 4 3.51(2) 0.005(3) 

Cm-C 4 3.74(1) 0.002(2) 

ΔE0 -19.2(7) 

R(%) 13.6 
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Table B.5 EXAFS results of Bk(TDA)2
- complex with N(Bk-C) = 4. EXAFS fit for the 

Bk(TDA)2
- complex. For this sample, CBk = 0.79 mM, CTDA = 0.02 M, pH = 3.50, and the ionic 

strength was adjusted to 1.00 M by addition of sodium perchlorate.  
 

 

 

 

 

 

 

 

 

Figure B.11 EXAFS results of Bk(TDA)2
- complex with N(Bk-C) = 8. EXAFS data for the 

Bk(TDA)2
- complex. For this sample, CBk = 0.79 mM, CTDA = 0.02 M, pH = 3.50, and the ionic 

strength was adjusted to 1.00 M by addition of sodium perchlorate. 

Pair N R(Å) σ2(Å2) 

Bk-O 8(1) 2.410(8) 0.011(2) 

Bk-S 1.2(2) 3.05(1) 0.008 

Bk-C 4 3.5(2) 0.05(3) 

ΔE0 -15.5(12) 

R(%) 5.2 
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Table B.6 EXAFS results of Bk(TDA)2
- complex with N(Bk-C) = 8. EXAFS fit for the 

Bk(TDA)2
- complex. For this sample, CBk = 0.79 mM, CTDA = 0.02 M, pH = 3.50, and the ionic 

strength was adjusted to 1.00 M by addition of sodium perchlorate. 
 

 

 

 

 

 

 

 

Figure B.12 EXAFS results of Cf(TDA)2
- complex with N(Cf-C) = 4. EXAFS data for the 

Cf(TDA)2
- complex. For this sample, CCf = 0.79 mM, CTDA = 0.02 M, pH = 3.50, and the ionic 

strength was adjusted to 1.00 M by addition of sodium perchlorate.  

 

 

Pair N R(Å) σ2(Å2) 

Bk-O 8(1) 2.411(7) 0.011(1) 

Bk-S 1.1(2) 3.05(1) 0.008 

Bk-C 8 3.55(8) 0.05(2) 

ΔE0 -15.5(9) 

R(%) 4.7 
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Table B.7 EXAFS results of Cf(TDA)2
- complex with N(Cf-C) = 4. EXAFS fit for the Cf(TDA)2

- 
complex. For this sample, CCf = 0.79 mM, CTDA = 0.02 M, pH = 3.50, and the ionic strength was 
adjusted to 1.00 M by addition of sodium perchlorate.  
 

 

 

 

 

 

 

 

Figure B.13 EXAFS results of Cf(TDA)2
- complex with N(Cf-C) = 8. EXAFS data for the 

Cf(TDA)2
- complex. For this sample, CCf = 0.79 mM, CTDA = 0.02 M, pH = 3.50, and the ionic 

strength was adjusted to 1.00 M by addition of sodium perchlorate. 

 

Pair N R(Å) σ2(Å2) 

Cf-O 8(1) 2.426(7) 0.012(1) 

Cf-S 0.7(2) 3.04(2) 0.008 

Cf-C 4 3.64(8) 0.03(2) 

ΔE0 -17.0(7) 

R(%) 5.4 
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Table B.8 EXAFS results of Cf(TDA)2
- complex with N(Cf-C) = 8. EXAFS fit for the Cf(TDA)2

- 
complex. For this sample, CCf = 0.79 mM, CTDA = 0.02 M, pH = 3.50, and the ionic strength was 
adjusted to 1.00 M by addition of sodium perchlorate. 
 

 

 

 

 

 

 

 

Figure B.14 EXAFS results of Eu(TDA)2
- complex with N(Eu-C) = 4. EXAFS data for the 

Eu(TDA)2
- complex. For this sample, CEu = 3.00 mM, CTDA = 0.15 M, pH = 3.50, and the ionic 

strength was adjusted to 1.00 M by addition of sodium perchlorate. 

 

 

Pair N R(Å) σ2(Å2) 

Cf-O 8(1) 2.428(6) 0.012(1) 

Cf-S 0.7(2) 3.04(2) 0.008 

Cf-C 8 3.65(6) 0.04(1) 

ΔE0 -17.0(8) 

R(%) 4.8 
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Table B.9 EXAFS results of Eu(TDA)2
- complex with N(Eu-C) = 4. EXAFS fit for the 

Eu(TDA)2
- complex. For this sample, CEu = 3.00 mM, CTDA = 0.15 M, pH = 3.50, and the ionic 

strength was adjusted to 1.00 M by addition of sodium perchlorate. 
 

 

 

 

 

 

 

 

Figure B.15 EXAFS results of Eu(TDA)2
- complex with N(Eu-C) = 8. EXAFS data for the 

Eu(TDA)2
- complex. For this sample, CEu = 3.00 mM, CTDA = 0.15 M, pH = 3.50, and the ionic 

strength was adjusted to 1.00 M by addition of sodium perchlorate. 

 

 

Pair N R(Å) σ2(Å2) 

Eu-O 7.2(4) 2.404(4) 0.0080(6) 

Eu-S 0.9(2) 3.09(2) 0.008 

Eu-C 4 3.66(2) 0.010(3) 

ΔE0 -16.8(8) 

R(%) 5.4 
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Table B.10 EXAFS results of Eu(TDA)2
- complex with N(Eu-C) = 8. EXAFS fit for the 

Eu(TDA)2
- complex. For this sample, CEu = 3.00 mM, CTDA = 0.15 M, pH = 3.50, and the ionic 

strength was adjusted to 1.00 M by addition of sodium perchlorate. 
 

 

 

 

 

 

 

 

Figure B.16 EXAFS results of Tb(TDA)2
- complex with N(Tb-C) = 4. EXAFS data for the 

Tb(TDA)2
- complex. For this sample, CTb = 3.00 mM, CTDA = 0.15 M, pH = 3.50, and the ionic 

strength was adjusted to 1.00 M by addition of sodium perchlorate. 

 

 

Pair N R(Å) σ2(Å2) 

Eu-O 7.3(5) 2.405(5) 0.0080(7) 

Eu-S 0.8(2) 3.09(2) 0.008 

Eu-C 8 3.67(3) 0.021(5) 

ΔE0 -16.8(9) 

R(%) 7.1 
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Table B.11 EXAFS results of Tb(TDA)2
- complex with N(Tb-C) = 4. EXAFS fit for the 

Tb(TDA)2
- complex. For this sample, CTb = 3.00 mM, CTDA = 0.15 M, pH = 3.50, and the ionic 

strength was adjusted to 1.00 M by addition of sodium perchlorate. 
 

 

 

 

 

 

 

 

Figure B.17 EXAFS results of Tb(TDA)2
- complex with N(Tb-C) = 8. EXAFS data for the 

Tb(TDA)2
- complex. For this sample, CTb = 3.00 mM, CTDA = 0.15 M, pH = 3.50, and the ionic 

strength was adjusted to 1.00 M by addition of sodium perchlorate. 

 

 

Pair N R(Å) σ2(Å2) 

Tb-O 7(1) 2.382(7) 0.079(9) 

Tb-S 0.5(3) 3.04(4) 0.008 

Tb-C 4 3.61(3) 0.011(3) 

ΔE0 -17.3(12) 

R(%) 5.6 
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Table B.12 EXAFS results of Tb(TDA)2
- complex with N(Tb-C) = 8. EXAFS fit for the 

Tb(TDA)2
- complex. For this sample, CTb = 3.00 mM, CTDA = 0.15 M, pH = 3.50, and the ionic 

strength was adjusted to 1.00 M by addition of sodium perchlorate. 
 

 

 

 

 

 

 

 

Figure B.18 EXAFS results of Cm(TPA)+ complex with N(Cm-C) = 4. EXAFS data for the 
Cm(TPA)+ complex. For this sample, CCm = 0.79 mM, CTPA = 0.05 M, pH = 3.90, and the ionic 
strength was adjusted to 1.00 M by addition of sodium perchlorate. 

 

 

Pair N R(Å) σ2(Å2) 

Tb-O 7(1) 2.384(6) 0.0081(9) 

Tb-S 0.5(2) 3.03(4) 0.008 

Tb-C 8 3.63(2) 0.020(4) 

ΔE0 -17.3(9) 

R(%) 5.4 
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Table B.13 EXAFS results of Cm(TPA)+ complex with N(Cm-C) = 4. EXAFS fit for the 
Cm(TPA)+ complex. For this sample, CCm = 0.79 mM, CTPA = 0.05 M, pH = 3.90, and the ionic 
strength was adjusted to 1.00 M by addition of sodium perchlorate. 
 

 
 
 
 

 

 

 

 

Figure B.19 EXAFS results of Cm(TPA)+ complex with N(Cm-C) = 8. EXAFS data for the 
Cm(TPA)+ complex. For this sample, CCm = 0.79 mM, CTPA = 0.05 M, pH = 3.90, and the ionic 
strength was adjusted to 1.00 M by addition of sodium perchlorate. 

 

 

Pair N R(Å) σ2(Å2) 

Cm-O 8(1) 2.467(8) 0.009(1) 

Cm-S 0.8(2) 3.07(2) 0.008 

Cm-C 4 3.67(6) 0.03(1) 

ΔE0 -18.8(9) 

R(%) 7.5 



122 
 

Table B.14 EXAFS results of Cm(TPA)+ complex with N(Cm-C) = 8. EXAFS fit for the 
Cm(TPA)+ complex. For this sample, CCm = 0.79 mM, CTPA = 0.05 M, pH = 3.90, and the ionic 
strength was adjusted to 1.00 M by addition of sodium perchlorate. 
 

 

 

 

 

 

 

 

Figure B.20 EXAFS results of Eu(TPA)+ complex with N(Eu-C) = 4. EXAFS data for the 
Eu(TPA)+ complex. For this sample, CEu = 3.00 mM, CTPA = 0.05 M, pH = 3.90, and the ionic 
strength was adjusted to 1.00 M by addition of sodium perchlorate. 

 

 

Pair N R(Å) σ2(Å2) 

Cm-O 8(1) 2.47(1) 0.008(1) 

Cm-S 0.8(3) 3.06(2) 0.008 

Cm-C 8 3.7(1) 0.06(4) 

ΔE0 -18.8(12) 

R(%) 7.8 
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Table B.15 EXAFS results of Eu(TPA)+ complex with N(Eu-C) = 4. EXAFS fit for the 
Eu(TPA)+ complex. For this sample, CEu = 3.00 mM, CTPA = 0.05 M, pH = 3.90, and the ionic 
strength was adjusted to 1.00 M by addition of sodium perchlorate. 
 

 

 

 

 

 

 

 

Figure B.21 EXAFS results of Eu(TPA)+ complex with N(Eu-C) = 8. EXAFS data for the 
Eu(TPA)+ complex. For this sample, CEu = 3.00 mM, CTPA = 0.05 M, pH = 3.90, and the ionic 
strength was adjusted to 1.00 M by addition of sodium perchlorate. 

 

 

Pair N R(Å) σ2(Å2) 

Eu-O 8(1) 2.422(8) 0.009(1) 

Eu-S 0.5(4) 3.08(8) 0.008 

Eu-C 4 3.61(6) 0.014(9) 

ΔE0 -13.3(12) 

R(%) 11.4 
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Table B.16 EXAFS results of Eu(TPA)+ complex with N(Eu-C) = 8. EXAFS fit for the 
Eu(TPA)+ complex. For this sample, CEu = 3.00 mM, CTPA = 0.05 M, pH = 3.90, and the ionic 
strength was adjusted to 1.00 M by addition of sodium perchlorate. 
 

 

 

 

 

 

 

 

Figure B.22 EXAFS results of Tb(TPA)+ complex with N(Tb-C) = 4. EXAFS data for the 
Tb(TPA)+ complex. For this sample, CTb = 3.00 mM, CTPA = 0.05 M, pH = 3.90, and the ionic 
strength was adjusted to 1.00 M by addition of sodium perchlorate. 

 

 

Pair N R(Å) σ2(Å2) 

Eu-O 9(1) 2.423(9) 0.009(1) 

Eu-S 0.4(4) 3.096(11) 0.008 

Eu-C 8 3.61(7) 0.03(2) 

ΔE0 -13.3(16) 

R(%) 12.1 
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Table B.17 EXAFS results of Tb(TPA)+ complex with N(Tb-C) = 4. EXAFS fit for the 
Tb(TPA)+ complex. For this sample, CTb = 3.00 mM, CTPA = 0.05 M, pH = 3.90, and the ionic 
strength was adjusted to 1.00 M by addition of sodium perchlorate. 
 

 

 

 

 

 

 

 

Figure B.23 EXAFS results of Tb(TPA)+ complex with N(Tb-C) = 8. EXAFS data for the 
Tb(TPA)+ complex. For this sample, CTb = 3.00 mM, CTPA = 0.05 M, pH = 3.90, and the ionic 
strength was adjusted to 1.00 M by addition of sodium perchlorate. 

 

 

Pair N R(Å) σ2(Å2) 

Tb-O 8(1) 2.396(6) 0.008(1) 

Tb-S 0.3(2) 2.86(7) 0.008 

Tb-C 4 3.64(2) 0.007(3) 

ΔE0 -17.1(7) 

R(%) 7.6 
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Table B.18 EXAFS results of Tb(TPA)+ complex with N(Tb-C) = 8. EXAFS fit for the 
Tb(TPA)+ complex. For this sample, CTb = 3.00 mM, CTPA = 0.05 M, pH = 3.90, and the ionic 
strength was adjusted to 1.00 M by addition of sodium perchlorate. 
 

 

 

 

 

 

 

Cartesian coordinates of selected structures 

TDA2- 

C      -4.12257528       1.52686661      -0.33149043 

C      -2.75136267       0.83955621      -0.47442204 

H      -2.63085234       0.49015902      -1.51091636 

H      -2.71981683      -0.04251060       0.18209079 

C       0.02777623       0.81109486      -0.31747388 

C       1.35200574       1.55103903      -0.03261077 

H       0.00129683       0.46552512      -1.35959236 

H      -0.08553677      -0.04043830       0.36733988 

S      -1.37717138       1.96757934      -0.04812863 

O       1.93265864       2.09986430      -1.02281757 

O       1.75745647       1.56334336       1.17352777 

O      -4.14969905       2.74856966       0.01354314 

O      -5.12843515       0.79076308      -0.58226323 

THTPA2- 

O      -5.22837414      -1.70947454      -1.93849552 

C      -4.60291273      -1.53116478      -0.84131576 

C      -3.43298550      -0.51677702      -0.89523260 

S      -1.92851083      -1.38954897      -1.56999385 

Pair N R(Å) σ2(Å2) 

Tb-O 8(1) 2.396(8) 0.008(1) 

Tb-S 0.3(3) 2.85(11) 0.008 

Tb-C 8 3.7(1) 0.04(3) 

ΔE0 -17.2(9) 

R(%) 10.4 
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C      -0.73691550      -0.52788128      -0.42130279 

C      -0.10460299      -1.57257376       0.53165282 

O      -0.38538333      -1.51938024       1.76818584 

O      -4.85187953      -2.11276458       0.25892238 

C      -1.54913036       0.59412475       0.23049242 

O       0.67460606      -2.41846333      -0.02028133 

H      -1.55338046       1.47239566      -0.43425884 

H      -2.99177835      -0.70410350       1.19622305 

H      -1.08162804       0.88565846       1.18138491 

C      -2.97641432       0.08327747       0.42977089 

H      -3.66182733       0.88617793       0.74432391 

H       0.06943534      -0.12847922      -1.05305715 

H      -3.69535229       0.27035627      -1.61722087 

TPA2- 

O      -4.92439456      -2.17931339      -1.80154758 

C      -4.84981246      -1.16115654      -1.03640146 

C      -3.51099737      -0.87643073      -0.41394929 

S      -2.14907121      -1.90032712      -0.75184002 

C      -1.10280160      -0.95083189       0.26111000 

C       0.34572279      -1.32304816       0.42482624 

O       1.05079735      -0.57714608       1.17782742 

O      -5.79968179      -0.36366520      -0.75078049 

C      -1.79388798       0.10698216       0.82866413 

O       0.75012682      -2.35659699      -0.20420785 

C      -3.15679303       0.14956084       0.44648485 

H      -3.87303674       0.90124933       0.77993126 

H      -1.31435559       0.82110843       1.49857318 

Cm(H2O)9
3+ 
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Cm      -0.03457035      -0.11145316       0.01617222 

O      -0.39903775       1.95511209      -1.36369695 

H       0.02131159       2.82386929      -1.21267718 

H      -1.18299751       2.12021657      -1.92292236 

O      -2.03162068      -1.34025479       0.90950919 

H      -2.09862120      -2.30548182       1.04534010 

H      -2.76930349      -0.93988107       1.40917143 

O       2.28330025      -1.03867949       0.37833370 

H       3.03510976      -0.89192932      -0.22823477 

H       2.67319295      -1.24904430       1.24927365 

O      -1.51252731       1.45867193       1.25774694 

H      -1.91679634       2.26787323       0.88941272 

H      -1.67474854       1.48689333       2.22047118 

O       0.35468221      -0.61623738       2.42235506 

H      -0.23723481      -1.16299081       2.97523210 

H       0.87802191      -0.07590986       3.04622419 

O       1.43156963       1.72474318       0.82972923 

H       2.40264651       1.68089849       0.92580916 

H       1.13963572       2.48535330       1.36869387 

O      -1.77026829      -0.46957897      -1.74073551 

H      -2.57073918      -0.98326280      -1.51499405 

H      -1.63231739      -0.58951748      -2.70053859 

O       0.11336613      -2.55080816      -0.49240837 

H      -0.35960525      -3.03450612      -1.19729816 

H       0.99219331      -2.97257394      -0.41512451 

O       1.27595461      -0.18114519      -2.10139176 

H       1.48570824      -0.96327206      -2.64834374 

H       1.18980849       0.56809913      -2.72354932 
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Eu(H2O)9
3+ 

Eu      -0.17816115       0.05057396      -0.05172489 

O       1.59369966      -0.07649955      -1.76161520 

O      -1.01354759       1.67219225       1.60462108 

O      -1.11165304       1.28571413      -1.96880550 

O       1.61891094       0.32052029       1.63186433 

O      -0.93632318      -1.32690623       1.82999726 

O      -1.08030065      -1.66660642      -1.57507146 

O       1.20412259      -2.07060912       0.11037335 

O       0.86896323       2.30026856      -0.36371142 

O      -2.67537568       0.02031667      -0.08340900 

H       2.09057897      -0.91971132      -1.77458037 

H      -1.96278238       1.78710091       1.80972858 

H      -1.32768520       0.86005027      -2.82294589 

H       2.26114151       1.05572682       1.67550935 

H      -1.37280745      -1.05234274       2.66003296 

H      -2.04303538      -1.83407742      -1.59327171 

H       2.00287034      -2.18977036       0.66081434 

H       1.75863518       2.46560310      -0.73286727 

H      -3.17711710       0.69299789      -0.58571007 

H       1.71287778      -0.16192998       2.47669037 

H       0.68658397       3.04057680       0.24758229 

H       1.56337576       0.22841499      -2.69005657 

H       0.94805086      -2.96820404      -0.18000528 

H      -0.54432039       1.79309164       2.45434699 

H      -0.53091811      -2.19678459       2.01698007 

H      -3.28687911      -0.32033374       0.59787085 

H      -0.66168719       2.12687505      -2.18944781 
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H      -0.68544770      -2.27499316      -2.22885175 

Gd(H2O)9
3+ 

Gd       0.00000000       0.00000000       0.00000000 

O       1.26871627       0.05952533      -2.19733014 

O      -0.96922350       1.57814447       1.52173415 

O      -0.94548464       1.68378250      -1.42005080 

O       1.26871627       0.05952533       2.19733014 

O      -0.81901892      -1.67921746       1.50168097 

O      -0.75000808      -1.67981447      -1.53665879 

O       1.80787300      -1.57390894      -0.00385349 

O       1.60773966       1.77784684      -0.00654270 

O      -2.52799929      -0.22508572       0.00000000 

H       2.13363791      -0.35992286      -2.37388017 

H      -1.37605870       2.42721831       1.25839214 

H      -1.81643188       1.67974624      -1.86253862 

H       2.10371371       0.53067097       2.38372172 

H      -1.78782666      -1.82160777       1.47884294 

H      -1.14640694      -2.55354209      -1.35098929 

H       2.36093056      -1.67742446       0.79589028 

H       2.27651832       1.88673322      -0.71083420 

H      -3.03238135      -0.57499469      -0.76048058 

H       1.08025705      -0.48043808       2.98990646 

H       1.66343068       2.57728732       0.55240868 

H       1.07866342       0.62409295      -2.97136416 

H       1.84134916      -2.43358908      -0.46841507 

H      -0.55329159       1.73263493       2.39326235 

H      -0.41685974      -2.54679809       1.70540676 

H      -3.12041071       0.41874826       0.43568737 
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H      -0.50822756       2.51502288      -1.68927690 

H      -0.28703837      -1.76085550      -2.39422591 

Cm(TDA)+•6H2O 

Cm       0.00086361      -0.09915117       0.05510147 

O       0.48590253      -0.01805344      -2.42910493 

O      -0.57746707       1.73199934       1.81390674 

O      -1.31419981       1.82041362      -1.02276722 

O       1.24148924      -0.23542097       2.02418372 

O      -2.02160168      -0.62726615       1.47932049 

O      -0.13246274      -2.42297702       0.24266529 

S       2.69029138      -1.45274731      -0.36425280 

O       1.71579362       1.73750997      -0.39802527 

O      -1.82928480      -1.17692878      -1.49436612 

H      -0.09036878      -0.61511140      -2.94708379 

H      -0.48909302       2.68732503       1.62871825 

H      -1.42759103       1.82127125      -1.99313671 

H      -2.13025487       2.22879913      -0.67432536 

H      -2.11395694      -0.07739222       2.28289475 

H      -1.83332173      -2.10466150      -1.17793547 

H      -2.01908694      -1.55352124       1.79564923 

H       1.38781649       2.53743044      -0.85383179 

H      -2.76024654      -0.88644613      -1.43341661 

H       0.11695006       1.53391125       2.47913093 

H       2.25301634       2.08220639       0.34164579 

H       1.37237002      -0.08338135      -2.83391323 

C       2.33938134      -0.81476196       2.40950861 

C       3.34228804      -1.22670022       1.32455533 

C       0.69488015      -3.42406624       0.23447568 



132 
 

C       2.10473488      -3.17898080      -0.31737246 

O       0.40700724      -4.58049036       0.59296066 

O       2.65657915      -1.00567209       3.59682626 

H       4.08562008      -0.41907133       1.24140372 

H       2.10791889      -3.51194460      -1.36676704 

H       2.83958231      -3.79242029       0.21865655 

H       3.88243057      -2.13330880       1.62389144 

Cm(THTPA)+ •6H2O 

Cm       0.00079015       0.02622997      -0.13744729 

O      -1.86637402       1.85394949      -0.29631299 

H      -1.72867007       2.48857440      -1.02737048 

H      -2.78540411       1.53695307      -0.39924766 

O      -2.32679104      -0.71548311       0.71998772 

H      -2.43369548      -1.68001968       0.59124966 

H      -2.56512003      -0.56682622       1.65657044 

S       2.84616246       0.41924740       0.70424719 

H      -0.11773905      -2.96487274       0.16141154 

O       1.52091503      -0.59056493      -1.80135423 

O      -0.09508763       1.64937904       1.80728664 

H      -0.89963507       2.20583272       1.76528558 

H      -0.02663803       1.35502844       2.73631814 

O       0.60763208      -1.29998948       1.67566237 

H      -0.21412631      -2.88741997      -1.38765941 

C       2.81333178      -0.71167996      -1.89386944 

O       0.77233434       2.25146208      -1.16838542 

H       1.31875270       2.15742340      -1.97376830 

H       1.25155599       2.90656034      -0.62314951 

O      -1.07347479      -0.11538903      -2.45533059 
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H      -1.94019684      -0.48656597      -2.71028892 

H      -0.41626725      -0.54811534      -3.03887558 

O      -0.53603987      -2.46293394      -0.56815482 

C       1.66067411      -1.54777644       2.39612145 

C       2.98775917      -0.83938977       2.04442978 

O       1.67738867      -2.33094565       3.36323290 

O       3.42403454      -0.92689219      -2.95710933 

C       3.62872460      -0.64599928      -0.59518775 

C       4.05765874      -1.82259059       1.53535437 

C       3.78455728      -2.03870205       0.04711998 

H       4.61095426      -0.21272773      -0.81995956 

H       2.85474145      -2.61379159      -0.08606046 

H       4.59442042      -2.59171124      -0.44740607 

H       4.01105646      -2.75918736       2.10720504 

H       5.05435520      -1.38153888       1.67916534 

H       3.32939255      -0.31740278       2.94800650 

Cm(TPA Bi)+ •7H2O 

Cm       0.03783811      -0.11482673       0.17142334 

O       0.22324133       1.84027994      -1.37420441 

H      -0.16884786       2.72836386      -1.26913132 

H       0.24481476       1.67363186      -2.33725872 

O      -1.66266505      -1.72282584       1.17836842 

H      -1.47112929      -2.67907241       1.11286584 

H      -2.19643727      -1.61150964       1.98896056 

O       2.57610760       0.07098571       0.01204971 

H       2.93367049       0.01348769      -0.89655998 

H       3.08412340      -0.59179522       0.52138270 

O      -1.78623944       1.31425847       1.21439623 
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H      -2.67382465       1.29154202       0.80631444 

H      -1.94291303       1.50493578       2.15953693 

O       1.06244689      -0.96290371       2.30935000 

H       0.70101529      -1.74377331       2.77246782 

H       1.22994612      -0.30238084       3.01112832 

O       1.02009796       1.78826412       1.58233718 

H       1.93063352       2.02594206       1.31316182 

H       0.56101900       2.64098027       1.71203431 

O      -2.10870507      -0.22805467      -1.17590105 

H      -2.65264237      -1.00046683      -0.92118014 

H      -2.03649917      -0.27814602      -2.14977563 

H       1.25581478      -1.99522052      -4.51068919 

H       1.77072984      -4.29594245      -5.73262382 

C       1.57267029      -4.18782762      -4.66719527 

O       1.73113189      -7.53611487      -3.12763353 

C       1.80068621      -6.73098942      -4.11198803 

C       1.56322662      -5.27299076      -3.80302860 

S       1.21708308      -4.79235292      -2.17928064 

C       1.08144552      -3.12683960      -2.65630201 

C       0.75741424      -2.08737932      -1.68529500 

O       0.67371883      -0.85507816      -2.05684230 

O       2.04436504      -7.02326927      -5.32277081 

C       1.29959705      -2.96660898      -4.01887294 

O       0.54624668      -2.39330910      -0.44744605 

Cm(TPA OS)+ •7H2O 

Cm       0.08615457      -0.05686397      -0.11924971 

O      -1.60765262      -0.25867997      -1.75259558 

H       2.07129089      -1.79453083       1.47623410 
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H       1.83463849      -2.19000050      -1.56152117 

H      -2.64068324      -0.87768785       1.22790811 

H       0.89032929       0.26116729       2.98178814 

H       1.28969545       1.73766017      -2.54806207 

H       2.73633497       1.16681486       0.86412044 

S      -1.15087500      -2.87225680      -0.56868606 

H      -0.75232132       2.79029742      -0.58601060 

C      -2.72823114      -0.94245686      -1.76026029 

C      -2.69779265      -2.15264971      -0.88423020 

C      -3.66918015      -2.69532605      -0.06719540 

C      -3.14401184      -3.65186170       0.85017440 

C      -1.78030776      -3.82454185       0.73938032 

C      -0.82650191      -4.61735874       1.58381704 

O       0.41014271      -4.23976577       1.54414120 

O      -1.27859382      -5.56366004       2.27087349 

O      -3.75215759      -0.62550473      -2.38733563 

H      -3.73904413      -4.16915703       1.60192759 

H      -4.71117836      -2.37750321      -0.09305388 

O      -0.78741566       2.27554061       0.24609990 

H      -1.70586300       2.37074992       0.56879247 

O       2.38757330       0.92450318      -0.01639065 

H       3.13836823       0.53175096      -0.50343059 

O       0.45197345       1.46959991      -2.12362184 

H      -0.17390573       1.27098827      -2.84928393 

O       0.62975755       0.82152528       2.22597039 

H       0.39632622       1.69256691       2.60049210 

O      -1.92067060      -0.22831770       1.38023251 

H      -1.78020475      -0.20595577       2.34715499 
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O       1.54212595      -1.27976209      -1.76589554 

H       1.32794965      -1.29313444      -2.71973645 

O       1.13924308      -1.82571619       1.18887699 

H       0.82038293      -2.82236660       1.31317947 

Eu(TDA)+ •6H2O 

Eu      -0.08078337      -0.10910618      -0.02192113 

O       0.42059088      -0.41650880      -2.50062496 

O      -0.94068724       1.71019503       1.54326597 

O      -0.92135570       1.97929916      -1.57812897 

O       1.08986570      -0.06819124       2.00939503 

O      -1.69095629      -1.24900048       1.68064465 

O      -0.05965153      -2.45606002      -0.13194105 

S       2.73762274      -1.39123402      -0.11840219 

O       1.62560461       1.68665689      -0.59484683 

O      -2.43739097      -0.46101417      -0.91292884 

H       0.21936257      -1.27728286      -2.91838868 

H      -0.99009084       2.66910009       1.36439354 

H      -0.91955997       1.82442890      -2.54331769 

H      -1.53511683       2.72751739      -1.44713542 

H      -1.48107313      -1.10517141       2.62465149 

H      -3.06217492      -0.73850227      -0.21332026 

H      -1.40404865      -2.17087155       1.49942888 

H       1.08484048       2.41035893      -0.97850011 

H      -2.85259730       0.32086612      -1.32703559 

H      -0.29657438       1.62318705       2.27938166 

H       2.18962072       2.11096084       0.08002970 

H       1.29441836      -0.16541917      -2.86115195 

C       2.11928379      -0.62411101       2.55554513 
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C       3.19182345      -1.23972366       1.63597797 

C       0.77525610      -3.44147051      -0.05856799 

C       2.26861482      -3.13841811      -0.26581762 

O       0.45098088      -4.62908358       0.12381383 

O       2.34038551      -0.66226064       3.78067958 

H       4.06805912      -0.57637059       1.66814555 

H       2.52420314      -3.42997932      -1.29574297 

H       2.88303726      -3.74384501       0.41161381 

H       3.50570364      -2.21912809       2.01600987 

Eu(THTPA)+ •6H2O 

Eu      -0.07364589       0.09137145      -0.12889309 

O      -1.93176216       1.92942693      -0.33857892 

H      -1.79007582       2.53564800      -1.09213336 

H      -2.84504998       1.60000093      -0.44803976 

O      -2.39024833      -0.65493180       0.71818532 

H      -2.44225382      -1.62619482       0.60806626 

H      -2.65052024      -0.49978478       1.64737595 

S       2.83718003       0.39789292       0.68894854 

H      -0.14456072      -2.87873064       0.23609613 

O       1.49652386      -0.55583443      -1.77704804 

O      -0.18509162       1.69160939       1.81935327 

H      -0.97538621       2.26640172       1.77115913 

H      -0.12951554       1.39974347       2.74976936 

O       0.60823002      -1.21318151       1.69862795 

H      -0.30998004      -2.88589166      -1.30687481 

C       2.77574507      -0.72646514      -1.89373194 

O       0.75020606       2.31046634      -1.14548603 

H       1.36517261       2.19813996      -1.89720530 
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H       1.17242652       2.99438721      -0.58905068 

O      -1.04276603      -0.07503606      -2.48381443 

H      -1.85992643      -0.50517365      -2.80138061 

H      -0.30437880      -0.51930730      -2.95422378 

O      -0.60148471      -2.42014264      -0.49867852 

C       1.67259994      -1.56259723       2.34748467 

C       3.00836374      -0.85370984       2.02116893 

O       1.69042943      -2.43624208       3.23444425 

O       3.35625497      -0.99557309      -2.96270643 

C       3.62387504      -0.64974478      -0.61274829 

C       4.09422759      -1.81740545       1.51635359 

C       3.82387011      -2.03870676       0.02811046 

H       4.59056369      -0.18908901      -0.85186011 

H       2.91031393      -2.63965790      -0.10425861 

H       4.64725455      -2.56697132      -0.47042175 

H       4.05870608      -2.75403123       2.08902524 

H       5.08382893      -1.36225669       1.66250349 

H       3.32809435      -0.32385992       2.92864678 

Eu(TPA Bi)+ •7H2O 

Eu       0.19765783      -0.05587680       0.20704031 

O      -0.09087465       1.86054188      -1.41731037 

H      -0.63630374       2.65535076      -1.25804315 

H      -0.30356380       1.58910425      -2.33218996 

O      -1.16570912      -1.78450361       1.53585754 

H      -0.86224982      -2.70037424       1.37687526 

H      -1.45665671      -1.76257265       2.46806114 

O       2.67267138       0.17428250      -0.46792754 

H       2.86207240       0.04571463      -1.41814709 
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H       3.29510207      -0.42622627      -0.01226162 

O      -1.36264480       1.32565580       1.65232628 

H      -2.32600446       1.21611691       1.52981239 

H      -1.25242505       1.54347330       2.59803875 

O       1.60981985      -0.65106286       2.21492941 

H       1.36952780      -1.35103902       2.85225911 

H       1.90477351       0.10350499       2.76225991 

O       1.42828674       1.99144622       1.23117010 

H       2.23518154       2.15056502       0.70019165 

H       1.00328482       2.86731043       1.30990688 

O      -2.20968651      -0.30098314      -0.58854214 

H      -2.57358822      -1.10456850      -0.16262440 

H      -2.34937249      -0.43958363      -1.54606993 

H       0.46378278      -2.04793442      -4.60889207 

H       1.01089395      -4.31475757      -5.87034773 

C       1.02983126      -4.18494100      -4.78915878 

O       1.63958483      -7.49860417      -3.31915142 

C       1.70311254      -6.63218376      -4.24971277 

C       1.34897770      -5.21876805      -3.91842840 

O       0.69225129      -2.34667341      -0.48200820 

C       0.84219589      -3.10196125      -2.73952987 

C       0.61729481      -2.05733833      -1.73417566 

O       0.35424042      -0.85799128      -2.10982953 

O       2.05167476      -6.88721116      -5.44500902 

C       0.73917356      -2.98152692      -4.12020102 

S       1.28966770      -4.71014330      -2.26423211 

Eu(TPA OS)+ •7H2O 

Eu       0.00000000       0.00000000       0.00000000 
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O      -1.89743013       0.00000000      -1.46884525 

H       1.77886414      -1.74531659       2.34625028 

H       2.01490634      -2.15415368      -1.73641942 

H      -3.10904718       0.00000000       1.43150398 

H       1.77886414       1.74531659       2.34625028 

H       2.01490634       2.15415368      -1.73641942 

H       3.33475946       0.00000000       0.77120514 

S      -1.39000000      -2.40755062       0.00000000 

H      -1.08897587       3.22192803      -0.38560257 

C      -2.96531910      -0.86470587      -1.26239613 

C      -2.77814789      -2.12612331      -0.56887910 

C      -3.64558824      -3.10640386      -0.33016718 

C      -2.95578481      -4.17558386       0.41375723 

C      -1.67669769      -3.83806185       0.62366707 

C      -0.67208562      -4.77277863       1.17225611 

O       0.59985953      -4.80392983       0.66177793 

O      -0.99189782      -5.57890311       2.03143305 

O      -4.05378717      -0.59183345      -1.74275876 

H      -3.40172289      -5.12648455       0.68832863 

H      -4.68415260      -3.11814300      -0.64422046 

O      -1.37200000       2.37637371       0.00000000 

H      -2.24578358       2.55404479       0.38560257 

O       2.74400000       0.00000000       0.00000000 

H       3.33475946       0.00000000      -0.77120514 

O       1.08490971       1.87911875      -1.67970820 

H       0.62205643       2.41319983      -2.34625028 

O       1.08490971       1.87911875       1.67970820 

H       0.85809863       2.82203692       1.73641942 
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O      -2.16981943       0.00000000       1.67970820 

H      -2.16487838       0.00000000       2.65116571 

O       1.08490971      -1.87911875      -1.67970820 

H       0.62205643      -2.41319983      -2.34625028 

O       1.08490971      -1.87911875       1.67970820 

H       0.85809863      -2.82203692       1.73641942 

Gd(TDA)+ •6H2O 

Gd       0.00977911      -0.07970717       0.04492916 

O       0.51139902       0.00781304      -2.38440688 

O      -0.52773588       1.74617685       1.77775342 

O      -1.23482469       1.83623500      -0.99086303 

O       1.21084965      -0.25006590       1.98420137 

O      -2.01167718      -0.52931324       1.41191128 

O      -0.17609075      -2.36098213       0.19773402 

S       2.67135365      -1.48486891      -0.37419780 

O       1.73006072       1.68501823      -0.37835193 

O      -1.81734050      -1.07248356      -1.49705492 

H      -0.06328482      -0.57824313      -2.91740575 

H      -0.40389304       2.69994822       1.60602641 

H      -1.38506066       1.82686749      -1.95628002 

H      -2.04107716       2.24044246      -0.61513462 

H      -2.08607815       0.02231149       2.21627896 

H      -1.82437306      -1.99920795      -1.17505937 

H      -2.05371040      -1.45575593       1.72422796 

H       1.40494314       2.50008789      -0.81101875 

H      -2.74300333      -0.76965019      -1.41251184 

H       0.15675219       1.51256244       2.44279506 

H       2.25972478       2.00459799       0.37813045 
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H       1.40749946      -0.07415412      -2.76453848 

C       2.28277688      -0.86337947       2.39188701 

C       3.30008196      -1.28703170       1.32567136 

C       0.61512362      -3.39172631       0.19717778 

C       2.03660486      -3.19287471      -0.34171404 

O       0.28235458      -4.53625060       0.55260810 

O       2.56206345      -1.07670500       3.58410621 

H       4.06049560      -0.49350459       1.26402800 

H       2.03745857      -3.52167143      -1.39228356 

H       2.74607373      -3.83182287       0.19855720 

H       3.81514239      -2.20684764       1.62881206 

Gd(THTPA)+ •6H2O 

Gd       0.02772700      -0.15248900       0.02208800 

O       0.34436200      -0.33692800      -2.44312500 

O      -0.92313900       1.56487200       1.59229200 

O      -1.02268600       1.85444600      -1.38207800 

O       1.26235800       0.09515900       1.94059500 

O      -1.39353300      -1.29789600       1.80597900 

O       0.02213000      -2.41856700      -0.24765500 

S       2.77803800      -1.29364200      -0.23928200 

O       1.57352000       1.68762900      -0.63699900 

O      -2.31837400      -0.62822800      -0.70872200 

H       0.10067700      -1.18051700      -2.87309700 

H      -1.12133600       2.50206700       1.40261500 

H      -1.07668900       1.68094100      -2.34288800 

H      -1.69676300       2.53902200      -1.20751000 

H      -1.30581000      -1.02031200       2.73906700 

H      -2.81988200      -0.98841300       0.05146300 
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H      -1.16360300      -2.24909400       1.79807000 

H       1.01244700       2.42943500      -0.94890600 

H      -2.84061200       0.13848500      -1.01603300 

H      -0.18632900       1.58210700       2.24381400 

H       2.19121000       2.08022000       0.01039500 

H       1.20209700      -0.09035700      -2.84257000 

C       2.42106500      -0.29836300       2.38589200 

C       3.16499700      -1.36574500       1.57214700 

C       0.86421300      -3.38545500      -0.46160300 

C       2.37509100      -3.08326100      -0.38710500 

O       0.53259400      -4.55765100      -0.71450200 

O       2.93563500       0.09864200       3.44592900 

C       2.78545400      -2.79122200       2.02393400 

C       3.04048600      -3.72748100       0.84299200 

H       2.82977000      -3.44762000      -1.31764000 

H       2.62988500      -4.73206600       1.01295000 

H       4.11984200      -3.82484200       0.65928900 

H       1.72102400      -2.81901600       2.30317800 

H       3.37210000      -3.07287400       2.90828800 

H       4.24356600      -1.19912300       1.67984900 

Gd(TPA Bi)+ •7H2O 

Gd      -0.16062253       0.57747959      -0.19928879 

S       3.53138191      -1.38060367      -3.48887880 

O      -0.84081631       2.55669794       1.18211662 

O       0.28841742       2.74711311      -1.34173909 

O      -0.25392832      -0.25428485       2.11358368 

C       4.91898162      -3.00250704      -2.03010946 

O      -1.13423672      -1.69546427      -0.52633035 
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O       1.25285097      -0.06841556      -1.99328152 

O       1.89998178       1.58578965       0.75348680 

O      -2.54434567       0.53851217       0.43467372 

H      -3.01729531       1.33254289       0.74900924 

H      -0.66537454       3.45819048       0.84796387 

H       5.68654467      -3.71576443      -1.73159818 

H       0.40089368      -0.92665314       2.38918804 

H       3.78348469      -2.77672166      -0.13451970 

H      -0.47638837      -2.39548881      -0.33934882 

H      -0.88502757       2.63145802       2.15477875 

H       2.56115952       0.91671252       1.02306154 

H      -3.21974277      -0.14928261       0.28184211 

H      -1.11509030      -0.59217621       2.43150686 

H       1.83598797       2.20462153       1.50728591 

H      -1.49000186      -1.92237284      -1.40837034 

C       5.74688931      -2.76559082      -4.49676771 

C       4.84943648      -2.48624113      -3.31597881 

C       1.93491635      -0.88542386      -1.26336309 

C       3.06934654      -1.60665063      -1.82932365 

O       6.70492430      -3.57570322      -4.30349523 

O       1.60709199      -1.04865952      -0.02508572 

C       3.90858834      -2.50497113      -1.18240030 

H       1.23421920       2.97593511      -1.44296234 

H      -0.07602437       2.76848043      -2.24975508 

O       5.46041751      -2.16240631      -5.58095339 

O      -1.46135647       0.71641247      -2.29843773 

H      -2.43313619       0.75787278      -2.38585697 

H      -1.12873765       0.31703895      -3.12649833 
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Gd(TPA OS)+ •7H2O 

Gd       0.12918122      -0.04647594      -0.06752271 

O      -1.49841889      -0.24150333      -1.70198676 

H       2.05324902      -1.76352211       1.50799631 

H       1.88169865      -2.14402102      -1.41857549 

H      -2.57904370      -0.89168964       1.23407844 

H       1.07173280       0.37344262       2.92662104 

H       1.36308116       1.63988067      -2.50492106 

H       2.74960629       1.44923728       0.71779964 

S      -1.10964053      -2.87159707      -0.55854738 

H      -0.68210381       2.75927712      -0.56462515 

C      -2.63380213      -0.90400416      -1.74791240 

C      -2.64105304      -2.13080200      -0.89723848 

C      -3.63433695      -2.66491029      -0.10006448 

C      -3.13770109      -3.63238943       0.82192519 

C      -1.77399752      -3.82122165       0.73253159 

C      -0.83818501      -4.61395588       1.59757273 

O       0.39725355      -4.22989191       1.58692824 

O      -1.30184738      -5.56256435       2.27359272 

O      -3.63551786      -0.55259726      -2.39039362 

H      -3.75238916      -4.14141755       1.56341402 

H      -4.67036162      -2.32910422      -0.13812292 

O      -0.73283576       2.24432826       0.26649489 

H      -1.65709658       2.33471421       0.57366946 

O       2.44524386       0.71202042       0.15436871 

H       3.09989487       0.63684370      -0.56697221 

O       0.52627704       1.46823803      -2.03130593 

H      -0.13115150       1.22466914      -2.71672044 



146 
 

O       0.49957650       0.81259483       2.26845090 

H       0.49308270       1.76042340       2.50458286 

O      -1.86096761      -0.23551187       1.36255822 

H      -1.68491573      -0.20105364       2.32413042 

O       1.55810681      -1.25905016      -1.68067379 

H       1.29173909      -1.35610154      -2.61645549 

O       1.12031558      -1.80641953       1.22403139 

H       0.80664165      -2.80361086       1.35407232 
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