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 Abstract 
Water exchange of the actinide ions, U(IV), U(VI) and Th(IV), in 4 m NaClO4 media as 

well as coordination chemistry of lanthanide(III) ions with the glycolate ligand are discussed in this 
thesis.  

The activation parameters for the water exchange reaction of UO2
2+(aq), U4+(aq), UF3+(aq) 

and a lower limit for the water exchange rate constant at room temperature for Th4+(aq) have been 
determined by 17O NMR relaxation techniques. For the paramagnetic U4+(aq) and UF3+(aq) ions, 
the water exchange was studied directly, while for the diamagnetic UO2

2+(aq) and Th4+(aq), 
Tb3+(aq) was used as a chemical shift reagent. The results for UO2

2+ are in fairly good agreement 
with other kinetic data. It is interesting to note that in contrast to UO2

2+, the rate of water exchange 
on U4+ is not significantly influenced by ligands as OH- or F-. Based on the known coordination 
geometry of UO2

2+(aq) and also using information obtained in quantum chemical calculations, an 
associative or interchange mechanism was suggested for the water exchange in UO2

2+(aq). The 
calculated activation energy is in agreement with the experimental data. Since the coordination 
number of water in U4+(aq) is uncertain, 9 or 10, it is rather difficult to make propositions about the 
mechanism of the water exchange for this ion. However, the experimental data indicate an 
interchange mechanism. 

The complexation at high pH between glycolate and different lanthanide(III) ions, Sm3+, 
Eu3+, Dy3+, Er3+ and Lu3+ has been studied by potentiometry and spectroscopic techniques. Based 
on this information a series of di- and tetranuclear ternary complexes were identified. By 
combination of the experimental information from solid-state structures, spectroscopy and 
potentiometry, the proposed constitution of these complexes are 
[Ln2(OCH2COO)2(HOCH2COO)4(H2O)x]2- and [Ln4(OCH2COO)4(OCH2COO)x(HOCH2COO)4-x]-x, 
with x = 2-4. The oxyacetate is formed by deprotonation of the α-OH group in the glycolate as a 
result of the very strong inductive effect of the metal ion. The “Ln4(OCH2COO)4” unit has a cubane 
like structure where the oxy group act as a bridge between three Ln atoms. 

A structure study is also part of the work, providing supporting information about the 
formation of oxyacetate complexes. The crystal structure of the sodium salt of the uranyl-
oxyacetate-fluoride dimer, Na4(UO2)2(OCH2COO)2F4·6H2O as well as that of some lanthanide-
glycolates, Lu(HOCH2COO)3·2H2O and Dy2(OCH2COO)2(HOCH2COO)2·4H2O, have been 
determined by single crystal X-ray diffraction. In the Dy2(OCH2COO)2(HOCH2COO)2·4H2O 
structure with a dysprosium-oxyacetate dimer core, the dysprosium ions have a coordination 
number of eight and the geometry is distorted dodecahedral. The structure consists of a three-
dimensional network of cross-linked metal-ligand chains, while the other lanthanide crystal, 
Lu(HOCH2COO)3·2H2O, consists of discrete eight-coordinated cationic Lu(HOCH2COO)2(H2O)4

+ 
and anionic Lu(HOCH2COO)4

- complexes. 
 
Keywords: water exchange, dynamics, uranium(IV), uranyl, thorium(IV), aqua ions, fluoride, 17O 
NMR relaxation techniques, terbium(III), potentiometry, lanthanides, glycolate, α-OH group, 
deprotonation, X-ray crystallography, TRLFS, NMR. 
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I Introduction 

Study of water exchange of some actinide ions in aqueous solution, as well 

as the coordination chemistry of lanthanide-glycolate complexes are discussed in 

this thesis. In coordination chemistry, simple chemical systems are used to develop 

and verify the scientific theories that are necessary to predict the behaviour of more 

complicated systems. The study of the water exchange and the coordination 

chemistry of actinide ions in aqueous solution is necessary for the understanding of 

homogeneous and heterogeneous chemical processes in which these ions are 

involved. Examples of such processes range from laboratory systems to the much 

more complex ones encountered in engineering (such as nuclear fuel reprocessing 

plants or repositories for radioactive waste) or in nature (geochemical processes for 

uranium ore formation, or the transport of radionuclides in ground and surface water 

systems). There are large chemical similarities between the chemistry of the M3+ 

ions in the lanthanide and actinide groups, but differences also occur and they can 

be exploited e.g. to find new methods for their separation, a difficult task, as their 

chemical characteristics are very similar. Lanthanide complexes are becoming more 

and more important in medical diagnostic techniques using NMR spin imaging, in 

catalysis and in organic synthesis, which is another reason to develop a deeper 

understanding of their chemistry. 

The chemical properties of the elements are determined by their electron 

structure. In the lanthanide series the electrons of the 4f sub-shell are practically part 

of the core therefore the +3 oxidation state, studied here, dominates their chemistry. 

The chemical properties in the same oxidation state of the 4f and 5f elements are 

very similar. When studying the chemistry of the lanthanides, one often observes 

smooth changes between the elements, which can be attributed to the ionic radius 

decreasing with the atomic number along the series. In the actinide series the 5f 

electron sub-shell is built up. In contrast to the 4f electrons, the 5f electrons are not 

part of the core and can participate in chemical bonds; therefore these elements have 

several possible oxidation states from +2 to +7. An interesting feature of their 

chemistry is the formation of dioxo, MO2
+ and MO2

2+ ions in oxidation states +5 
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and +6. As for the lanthanides, actinides in the same oxidation state have similar 

properties, which makes it possible to transfer information obtained in the study of 

one element to another. Therefore, uranium and thorium, in this study particularly 

U(IV), U(VI) and Th(IV), can be used as models for other actinides. This is very 

practical, as performing experiments with transuranium elements is difficult due to 

their high radioactivity. 

Most coordination chemistry deals with systems containing not more than four 

components including the solvent. These are often far from the ones appearing in 

practical problems where one can find many more components, often in more than 

one phase. However, using knowledge obtained by studying simple chemical 

systems, models and theories can be created to describe the complicated ones in 

nature and in the industry. Coordination chemistry has several sub areas: the 

constitution of complexes, their coordination geometry and the dynamics of their 

chemical transformations. Each of these areas is represented with an example in this 

thesis. For convenience it is divided into two main parts: the dynamics of water 

exchange reactions on actinide ions and the coordination chemistry of lanthanide-

glycolate systems. 

Solvent exchange, or in aqueous solution water exchange on metal ions, is a 

fundamental chemical process, involved in most ligand exchange reactions. The rate 

and mechanism of the exchange between coordinated and free solvent provide 

information for the deduction of the intimate mechanisms of many ligand 

substitution reactions as well as electron exchange reactions.  

The most direct experimental route to study solvent exchange reactions is 

offered by isotope substitution and NMR methods. NMR methods, equilibrium 

dynamics, can be used for reactions with half times from seconds to microseconds, 

depending on the chemical shift differences between the exchanging sites1,2. The 

rate of solvent exchange may also be inferred indirectly; the classical example is the 

Eigen-Wilkins mechanism, in combination with the Fuoss equation3 for the 

estimation of the outer sphere equilibrium constant between the reactants.  



 3 

The water exchange of the paramagnetic U4+(aq), the diamagnetic UO2
2+(aq) and 

Th4+(aq), and some of their complexes was studied using 17O NMR relaxation. 

The second part of the thesis contains a study of the complexation between some 

lanthanide(III) ions, Sm3+, Eu3+, Dy3+, Er3+ and Lu3+, and glycolate in aqueous 

solutions. The method applied was potentiometry, a classical and very sensitive 

analytical tool. It does not give full information about the species investigated, but 

supported by other methods potentiometry provides accurate information on the 

composition and concentrations of the various species in solution. I have not been 

able to make direct structure determinations of the species in solution. However, 

crystallographic studies of a uranyl-oxyacetate dimer and some lanthanide-glycolate 

and lanthanide-oxyacetate complexes provide useful information. In addition there 

is a discussion of fluorescence spectroscopic results obtained for curium(III), 

studied by colleagues at Forschungszentrum Rossendorf, Institut für Radiochemie, 

Dresden, Germany. One interesting feature in the experimental work is the 

deprotonation of the α-OH group in the glycolate when coordinated. This 

demonstrates a dramatic inductive effect of the metal ion on the properties of the 

ligands. The deprotonation of more acidic aliphatic OH groups in polycarboxylate 

ions and aromatic OH groups is well documented, while the available information 

about similar phenomena in α-hydroxy-monocarboxylates is limited4. 
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II Water Exchange on Actinide Ions 

II.1 Background  

II.1.1 General remarks 

The most common ligand substitution reaction on a hydrated metal ion is the 

exchange of a water molecule in its first coordination sphere with a water molecule 

from the second coordination sphere, in practice the bulk. Therefore, the kinetics of 

these reactions has been extensively studied5. The rate covers a dynamic range of 

20 orders of magnitude, from Ir(H2O)6
3+ with kex= 1.1·10-10 s-1 1, to Eu(H2O)8

2+with 

kex = 3.5·109 s-1 2 cf. Figure 1. These variations have been discussed in terms of 

differences in electronic structure and size of the metal ion, and ion-dipole 

interactions between the central ion and coordinated water5,6. The charge to ionic 

radius ratio seems to exert a large influence on these variations for the main group 

metal ions, while the d-electron configuration seems to be a key factor for the d-

transition elements. In the case of the lanthanide ions, due to the shielding of the 4f 

orbitals by the 5s and 5p orbitals, ligand field effects are small and the 

characteristics of their aqua ions are mainly determined by electrostatic interactions 

as in the main group metals. Actinides are different from lanthanides as the 5f 

electrons are not part of the core; they have accordingly a large influence on the 

chemical properties. There is no previous information on the water exchange in 

actinide systems available in the literature, except two studies of the UO2
2+(aq) in 

mixed water-acetone solvents7,8. 

Although the rate constant of the exchange of an unspecified water molecule, 

denoted as k, is relevant when making comparisons with complex formation, for 

historical reasons the exchange rate constant of a particular water molecule, kex, is 

systematically reported in the literature. It is essential to understand the difference 

between the two processes, see Section II.2.1.  
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Figure 1. Mean lifetime of a water molecule in the first coordination sphere of different 

metal aqua ions at room temperature and the corresponding water exchange 

rate constants. 

 

II.1.2 Previous studies on the water exchange of uranyl ion 

The rate of exchange of water in UO2
2+(aq) has been studied before. Tomiyasu 

et al.8 measured the 1H NMR signal of coordinated and bulk water in a mixed 

water-acetone solvent. In this way they were able to study the system at sufficiently 

low temperatures, from -100 °C to -70 °C, to make the water exchange slow on the 

NMR time-scale. Extrapolation of these data to 25 oC gives kex = 7.8·105 s-1 (∆H# = 

41± 2 kJ mol-1, ∆S# = 7 ± 8 J mol-1 K-1). They also found that the rate of exchange is 

independent of the water concentration 

 

      (II.1) 

 

which suggests a mechanism of dissociative type. Bardin et al.7 made a similar, but 

less accurate H1 NMR study on actinyl ions, MO2
2+(M=U, Np, Pu), at higher water 

concentration and obtained the following activation parameters for uranyl ion: ∆H# 

])([ += 2
522ex OHUOkr
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= 31.7 kJ mol-1, ∆S# = -30 J mol-1 K-1. The rate constant at room temperature 

calculated from these data is 4.6·105 s-1. The difference between the activation 

parameters in these two studies is fairly large. There are two sources of uncertainty 

when extrapolating these results to a pure water ionic medium at room temperature: 

the large difference in composition between the two media, and the long 

temperature extrapolation. Hence, the experimental basis for discussions of the 

mechanism of water exchange in a pure water solvent is weak. 

The other source of information on water exchange rates is based on estimates using 

the Eigen-Wilkins mechanism for ligand exchange reactions in the binary UO2
2+- 

HF system. Szabó et al.9 proposed the following rate parameters at 25 °C for the 

exchange of a particular water: kex = 2.5·105 s-1, ∆H# = 38 ! 2 kJ mol-1, and ∆S# = -

15 ! 1 J mol-1 K-1, cited wrongly in Paper I. 

By the O17 NMR study of water exchange in the UO2
2+-H2O system we can 

compare direct and indirect information, i.e. experimental exchange data in pure 

water with those from mixed water-solvents and the predictions from the Eigen-

Wilkins model.  

No experimental data of this type are available for U4+ or Th4+, or any other M4+ 

aqua ions. My aim was therefore to get information about the water exchange of 

tetravalent metal ions. 

 

II.2 Experimental methods 

II.2.1 NMR relaxation techniques 

NMR relaxation techniques are based on the fact that the transverse and 

longitudinal relaxation rates of the water signal contain information on the water 

exchange rate10-14. Equations describing the effect of paramagnetic species in 

small population on the longitudinal and transverse relaxation rates and chemical 

shift of bulk water, in case of fast exchange, are as follows according to the 

literature10 
 

     (II.2) 
os1m1A11Mr1 T
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    (II.3) 

 

 

     (II.4) 

where 

- PM=(n × mM)/Tw is the mol fraction of water in the first coordination sphere of the 

metal ion (n is the coordination number of the Mm+ metal ion, mM and Tw are the 

molalities of the metal ion and water, respectively),  

- 1/T1, 1/T2, ω,  and 1/T1A, 1/T2A, ωA  are the relaxation rates and the chemical shift in 

radians in the presence and in the absence of paramagnetic ions, respectively, 

- ∆ω is defined as (ω-ωA), 

- 1/T1r, 1/T2r and ∆ωrM (or ∆ωr) are the reduced relaxation rates and chemical shifts,  

- 1/T1m, 1/T2m and ∆ωm are the relaxation rates of the coordinated water and the 

chemical shift difference between the coordinated and free water in radians, 

respectively, 

- 1/T1os, 1/T2os and ∆ωos are the outer sphere contributions to the relaxation rates, 

and chemical shifts, respectively, 

- kexM (or kex) is a first-order rate constant equal to 1/τexM, where τexM is the lifetime 

of a particular water molecule in the first coordination sphere of the Mm+ metal ion5 

 

  (II.5) 

 

τexM is n (the coordination number) times larger than the lifetime of an unspecified 

water molecule in the first coordination shell signed as τ. This latter corresponds to 

the rate constants of the following exchange process, k = 1/τ  

 

         (II.6) 
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Fast exchange  condition  in  equations  (II.2) - (II.4)  means that  1/T2m and  1/T1m 

<<  kex  and ∆ωm
2<< kex

2. The expression obtained after subtraction of equation (II.2) 

from equation (II.3) may be simplified applying certain conditions that must be 

certified in some way12. In the extreme narrowing limit the term (1/T2A - 1/T1A) for 

the bulk water is close to zero and negligible in comparison with (1/T2 - 1/T1). In the 

same way  (1/T2os - 1/T1os)  and  (1/T2m - 1/T1m)  are negligible in comparison  with  

∆ωm
2/kex, also ∆ωos is negligible compared to ∆ωm. Under these conditions only the 

“kinetic term” remains 

 

          (II.7) 

 

          (II.8) 

 

If the simplifications above are valid, it is possible to determine the water exchange 

rate of the ion by measuring the transverse and longitudinal relaxation rates and the 

chemical shift in a solution containing a paramagnetic ion in known concentration. 

This was the case for U4+(aq) and for UF3+(aq). 

An important magnetic parameter is the hyperfine coupling constant for the 

paramagnetic ion, which is calculated from the following expression, by fitting the 

temperature - ∆ωr data  

 

          (II.9) 

 

B is the static magnetic field, gL the isotropic Landé factor, J the electron spin 

angular momentum quantum number, µB the Bohr magneton, and A/h the hyperfine 

coupling constant10. The term C/T2 gives a slight improvement of the fit but has no 

well-established physical significance.  

Measurement of the signals from coordinated and bulk water is possible in 

the slow exchange regime for diamagnetic metal ions. Here the line broadening 

gives information on the rate constant for the water exchange, and the peak integrals 
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of the coordination number. Often a second non-coordinating solvent is used to 

“dilute” the water in the system7,8,15,16. There are two sources of uncertainty 

when extrapolating these results to a pure water ionic medium at room temperature, 

as discussed in Section II.1.2. 

The methods to study water exchange in the fast exchange regime are summarized 

by Bleuzen et al.17. The time domain can be extended by using a chemical shift 

agent, e.g. a strong paramagnetic ion like Tb3+, which increases the chemical shift 

difference between the “free” solvent (being in fast exchange with Tb3+) and the 

water coordinated to the diamagnetic metal ion. In Tb3+ solutions without a 

diamagnetic metal ion the water signal is the average of “free” and coordinated 

water and the equations described above for paramagnetic ions are valid, eq II.7-

II.810,17. In the presence of a diamagnetic ion, Dd+, the exchange between the 

paramagnetic solvent and the first coordination sphere of this ion may also 

contribute to the relaxation and a second exchange term must therefore be added to 

equation II.7. The conditions for fast exchange, 1/T1D and 1/T2D << kexD are still 

valid, because the relaxation rate of water bound to the diamagnetic metal ions is 

smaller than 103 s-1, while the condition 2
3+∆ rTb

ω << 2
exDk  is probably not held. 

Therefore, in eq II.10 the second term describing the effect of the diamagnetic ion is 

more complex than the first one standing for Tb3+.  

 

          (II.10) 

 

where 1/T1 and 1/T2 are the measured relaxation rates in the presence of both Dd+ 

and Tb3+. The contribution of the diamagnetic site to the chemical shift, ∆ω in 

equation II.11, is negligible i.e. the measured chemical shift relative to pure water is 

determined by the terbium ion alone 

 

   (II.11) 
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Measuring the relaxation rates and the chemical shift in solutions of Tb3+, which has 

a known water exchange rate, in the absence and in the presence of a diamagnetic 

ion, Dd+ in our case UO2
2+(aq) and Th4+(aq), the rate of the water exchange for Dd+ 

can be determined. 

 

II.2.2 Determination of activation parameters 

In kinetic studies the main goal is to obtain mechanistic information about the 

reaction. The knowledge of the activation parameters is here an essential element. 

According to the transition state theory, the reaction proceeds from the reactant(s) to 

the product(s) via the transition state with the lowest possible potential energy 

barrier along the reaction coordinates during the reaction. With the help of this 

theory, Eyring derived the equation, eq II.12, which is used to determine the 

activation parameters from the temperature dependence of the rate constant 

 

          (II.12) 

 

kB is the Boltzmann, h is the Planck, R the gas constant. T is the absolute 

temperature, ∆H# and ∆S# is the activation enthalpy and activation entropy, 

respectively. Alternatively, one may determine ∆H# and the rate constant for the 

exchange at 25 oC, k298, using eq II.13 

 

    (II.13) 

 

The activation parameters, especially the activation entropy, are often used as an 

indicator of the type of mechanism the reaction follows5. 

The classification of reaction mechanisms is based on two factors. One is the 

relative importance of bond breaking and bond formation in the transition state. The 

other is if the existence of a reactive intermediate can be proven or not. If the bond 

formation has a major importance, the reaction is associatively activated (a). If it is 

the bond breaking that contributes most, the activation is of a dissociative character 
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(d). The relative importance of the bond breaking and bond formation is studied 

experimentally by systematic variation of the leaving and entering ligands. As an 

alternative one may study the reaction using quantum chemical methods that 

provide insight both into the energetics of the reaction and the geometry of the 

reactants, transition states, intermediates and products. 

When an intermediate can be identified we have two extreme cases, the associative 

(A) and dissociative (D) mechanisms. The intermediate is a species with a higher or 

a lower coordination number compared to the initial state for the A and D 

mechanisms, respectively. When intermediates cannot be identified the reactions are 

classified as interchange (I) reactions. Depending on the timing of bond 

formation/bond breaking in the transition state we speak about associatively (Ia) or 

dissociatively activated (Id) interchange mechanisms. 

The activation entropy is often used to provide information about the reaction 

mechanism. However, it is a complex parameter affected by interactions beyond the 

first coordination sphere, like solvation effects. Large negative values of the 

activation entropy usually indicate associative mechanisms, while dissociative 

reactions tend to have positive activation entropies. Another criterion used for 

mechanistic deduction is the activation volume (∆V#) that provides similar 

information as the activation entropy. As it is directly coupled to the structural 

features of the reactants/products and the activated states, it is easier to relate to 

‘everyday’ chemical concepts than what is the case for the activation entropy. 

Determinations of ∆V#  are complicated because the required special high-pressure 

equipment which is not standard in most laboratories. 

 

II.3 Study on the water exchange of actinide ions  

II.3.1 An important parameter: the coordination number of aqua ions 

The knowledge of the coordination geometry of the metal complexes 

investigated is of importance since the coordination number is necessary for the 

calculations of the rate of water exchange. The coordination number is rarely 

constant for a given metal ion, at least not for the lanthanide and actinide elements. 
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The variation in the coordination number and their relative frequency provide 

indications for the likelihood of dissociative and associative mechanisms. 

The coordination geometry of UO2(H2O)5
2+ has been determined both in the 

solid state18 using single crystal X-ray diffraction, and in solution using large angle 

X-ray scattering19 and EXAFS20. All methods indicate the same pentagonal 

bipyramid coordination geometry with the five water molecules in, or very close to, 

the plane perpendicular to the linear UO2-group, cf. Figure 2. The orientation of the 

water molecules cannot be determined directly from most of the experimental 

structure data. However, the hydrogen bond scheme deduced from the single crystal 

X-ray and neutron diffraction studies21-23 indicates that in solid phase their planes 

are tilted with respect to the coordination plane. The strong preference for five-

coordination is also seen from quantum chemical calculations24. The bond distance 

between the uranium and the water oxygens obtained using quantum chemical 

methods is 2.53 Å24, approximately 0.1 Å longer than the experimental values, 

2.421±0.005 Å19 and 2.413 Å20. This is a general tendency in calculations of 

uranium-water distances. Vallet et al.24 obtained a small energy difference between 

different orientations of the water molecules indicating that the UO2(H2O)5
2+ 

complex is a mixture of various conformers in solution. Hence, the available 

experimental structure information is in good agreement with that found in the 

theoretical calculations. 

 

Figure 2. The most stable 

configuration of the UO2
2+(aq) 

ion with five water molecules 

in the plane perpendicular to 

the linear O-U-O axis. Result 

of the theoretical calculations.  
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The structure of the tetravalent actinide aqua ions studied is not at all as well 

defined as that of the uranyl ion. Eight and nine coordination have previously been 

suggested for U4+(aq)25,26 and Th4+(aq)25-27, respectively, based on LAXS-data 

and EXAFS data. Moll et al. have proposed that both U4+(aq) and Th4+(aq) have a 

higher coordination number, 10±128, I prefer nine as the most likely value. In 

contrast to X-ray diffraction data from single crystals, EXAFS and large angle X-

ray scattering techniques will rarely give a unique structure model. In EXAFS the 

values of bond distances obtained are precise, but the accuracy of the coordination 

numbers is only 10-20 % as seen also from the fairly high uncertainty above. 

Therefore a comparison between the bond distances in Er3+(aq) with an ionic radius 

similar to U4+ and known eight-coordination, and U4+(aq) and Th4+(aq) was made. 

There were strong indications that the coordination number for U4+(aq) and Th4+(aq) 

is higher than for Er3+(aq), and this was the reason for Moll et al. to suggest n = 

10±1. This choice was also supported by a comparison of the EXAFS amplitudes 

measured for U4+(aq) to those of U(IV) compounds having eight- or nine-

coordination. Based on the results of the same study28 the number of coordinated 

water molecules in the UF3+(aq) complex is 9±1, I prefer 8 coordinated H2O.  

 

II.3.2 Conclusions 

For the diamagnetic Th4+ and UO2
2+ ions it was possible to study the water 

exchange by using Tb3+ as a chemical shift agent. While for the paramagnetic U4+ 

the water exchange could be studied directly. The rate constants measured at 

different temperatures are shown in Figure 3 and Figure 4; the full curves describe 

how well the calculated rate constants describe the experimental data. Table 1 

contains the activation parameters for U4+(aq), UF3+(aq) and UO2
2+(aq), for Th4+(aq) 

it was only possible to determine a lower limit of the rate constant. The actinide(IV) 

ions were considered as ten-coordinated ions in the calculations of the water 

exchange parameters, see Paper II. The change in the coordination number effects 

the value of the rate constant and the activation entropy, while the activation 

enthalpy does not change. kex for U(H2O)9
4+ is 10/9 times larger than the value for 
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U(H2O)10
4+, 6.0·106 and 5.4·106 s-1, respectively. The same type of recalculation 

results in a ∆S# value for the nine coordinated U4+(aq) ion, which R·ln(10/9) larger 

than in the case of ten-coordination, -15 vs. –16 Jmol-1K-1. The difference is not 

significant in comparison with the experimental errors, cf. Table 1. With the help of 

the activation parameters determined from the temperature dependence of the rate 

constant and the available theoretical and experimental information about the 

possible coordination geometry of these metal ions, some mechanistic suggestions 

can be made for the water exchange in U4+(aq) and UO2
2+(aq). 

 

Table 1. Kinetic data for aqua metal ions. 

Ion kex /s-1 at 298 K ∆H#/kJmol-1 ∆S#/Jmol-1K-1 (A/h)/105(rad/s) 
aUO2

2+ (1.30 ± 0.05)·106 26.1 ± 1.4 -40 ± 5  
bU4+ (5.4 ± 0.6)·106 34 ± 3 -16 ± 10 9.9±0.3 
cU4+ (6.0 ± 0.7)·106 34 ± 3 -15 ± 10 11.0±0.3 
dUF3+ (5.5 ± 0.7)·106 35.7 ± 4.4   3 ± 15 9.9±0.3 

 Th4+ > 5·107    

Result for fitting using individual weights with aall data at 18.8 T and low-temperature data at 11.7 

T together, bdata at both magnetic fields in the temperature range from 255 to 305 K with 

coordination number of 10 for water, cdata at both magnetic fields in the temperature range from 

255 to 305 K with coordination number of 9 for water, ddata at 18.8 T in the temperature range 

between 268 and 303 K with coordination number of 9 for water. 

 

No experimental data on the solvent exchange are available for U4+ or Th4+, 

or any other M4+ aqua ions, therefore we could only use structure information on 

U4+(aq), UF(aq)3+, and Th4+(aq), together with the activation parameters obtained in 

this study, to suggest a mechanism of their water exchange. Since we have no 

evidence for the formation of an intermediate, the reactions are classified as 

interchange reactions, Ia or Id. As mentioned earlier, the coordination number for the 

tetravalent actinide aqua ions is not well determined. A ground state coordination 

number of ten means a transition state with eleven coordinated water molecules in A  
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Figure 3. The temperature dependence of the exchange rate constant for U4+(aq) solutions. 

Data measured at 11.7 T, obtained from solutions containing [U4+]=0.05, 

[H+]=0.79 m, [ClO4
-] = 4 m are shown as !. Data measured at 9.4 T, obtained 

from a solution containing [U4+]=0.055 m, [H+]=0.8 m, [ClO4
-] = 4 m are shown 

as ". The data from a solution containing [U4+]=0.054, [H+]=0.77 m, [ClO4
-] = 

3.9 m, measured at 18.8 T, are shown as ×. The inhomogeneity corrected rate 

constants obtained from the above data measured at 11.7 T are shown as ο. 

Some points measured at 11.7 and 18.8 T are shown with error bars. The full-

drawn curve is the fit to the data measured at 18.8 T and 11.7 T in the 

temperature range 255-305 K. The dashed line is the extrapolation to higher 

temperatures using the parameters obtained in the fit. □ stands for the data 

measured at [H+]=0.16 m. – stands for the data measured at 11.7 T in a solution 

containing [U4+] = 0.048 m, [F-] = 0.017m, [H+] = 0.82 m, [ClO4
-] = 3.8 m, and 

•  for a solution with [U4+] = 0.038 m, [F-] = 0.017m, [H+] = 0.8 m, [ClO4
-] = 

3.8 m at 18.8 T. 

kex(s-1) 0.E+00

3.E+06

250 280
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Figure 4. The temperature dependence of exchange rate constant in acidic UO2

2+ solutions 

in the presence of Tb3+. Data measured at 18.8 T in a solution containing 

[UO2
2+] = 0.67 m, [Tb3+] = 0.55 m, [H+] = 0.90 m, [ClO4

-] = 4.3 m are shown as 

ο. The data of same solution measured at 11.7 T are shown as !. Data measured 

at 11.7 T in a solution containing [UO2
2+] = 0.42 m, [Tb3+] = 0.53 m, [H+] = 

0.95 m, [ClO4
-] = 4.0 m are shown as □. The full-drawn curve is the result of 

fitting all the data measured at 18.8 T and the low-temperature data at 11.7 T 

together. The experimental data measured in D2O are shown as ∗ . 

 

 

and Ia mechanisms, a very crowded coordination sphere considering that tetravalent 

actinide ions have no known complexes with unidentate ligands with coordination 

number larger than nine29. This suggests that for a ten-coordinate aqua ion, the 

water exchange most likely takes place via a dissociatively activated mechanism, D 

or Id, because this involves smaller steric repulsions between the ligands in the 

transition state. If the ground state coordination number is nine instead of ten, both 

Ia and Id pathways are possible. The Ia mechanism will result in a ten-coordinate 

transition state, e.g. with a bicapped Archimedean anti-prism geometry. The Id 

kex(s-1) 
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mechanism will have an eight-coordinate transition state. At this stage it is not 

possible to make a choice between the various possibilities. The only possibility to 

obtain more precise information about the intimate mechanism of the water 

exchange seems to be measurements of the activation volumes for the reactions and 

theoretical studies of the possible reaction mechanisms using quantum chemical 

methods, as for UO2
2+(aq). Quantum chemical studies by Schimmelpfennig et al. 

may also provide guidance for the selection of the mechanism30. 

Ligands coordinated to a metal ion generally labilize the solvent molecules in the 

first coordination sphere5,31. No such increase in the lability of coordinated water 

is indicated here, neither for U(OH)3+(aq), nor for UF3+(aq). Matters are different in 

the uranium(VI) systems, see Paper I, where there is a large decrease in the rate of 

water substitution in the fluoride containing complexes. One important difference 

between these systems and the one investigated here is that all water ligands in the 

uranium(VI) systems may be hydrogen bonded to fluoride, which is not the case in 

UF(H2O)8
3+. This may explain why the rate constant, the activation parameters and 

the exchange mechanism are similar in UF3+(aq) and U4+(aq).  

The rate constant for the water exchange in Th4+(aq) is at least one order of 

magnitude larger than for U4+(aq), possibly related to the difference in the strength 

of the ion-dipole interactions between M4+ and water. In the case of the late 

lanthanides one finds that the rate of water exchange increases with increasing ionic 

radius of the metal ion. A similar increase of the rate of substitution with decreasing 

charge and increasing ionic radius is also found for main group metal ions5; Th4+ 

seems to follow the same pattern. 

In Paper I we suggested that the water exchange in UO2
2+(aq) followed an Id 

mechanism. This was based on geometric considerations and a gas-phase quantum 

chemical model of the reaction, which indicated a D pathway, as well as the lack of 

experimental evidence for the formation of intermediates. However, Vallet et al. has 

made additional quantum chemical calculations on this system24. This study 

contains a detailed comparison of quantum chemical results obtained using a gas-

phase model and various models of the solvent. It shows that associative 
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mechanisms are favoured over the dissociative ones in a solvent, and that the 

exchange mechanism in UO2
2+(aq) is Ia or A. The reason for the differences is that 

in the new calculations, no symmetry constraints were applied when calculating the 

energy of the structures and that solvent effects were included. In Scheme 1 the 

model reactions studied at 0 K are given. For a solution reaction without covalent 

bonds formed or broken, the approximation ∆U#
0K " ∆H#

298K is reasonable. 

 

Reactant Product

[UO2(H2O)5]2+, H2O*

D

I

A

[UO2(H2O)4H2O*]2+, H2O

[UO2(H2O)4]2+,

 

#

OH2

*OH2

Trans. state Trans. state  

#

[UO2(H2O)4]2+,
OH2

*OH2

Trans. state

UO2(H2O)4
2+

OH2

*OH2  

#

[UO2(H2O)4]2+,
OH2

*OH2
Intermediate

[UO2(H2O)4OH2]2+

 

#

*OH2

Trans. state

[UO2(H2O)5*OH2]2+

Intermediate

[UO2(H2O)4*OH2]2+

 

#

OH2Trans. state

 

Scheme 1. Model pathways for water exchange of UO2
2+(aq) studied theoretically. 

 

The associative and dissociative pathways must have transition states followed by 

intermediates with coordination numbers six and four. Since we have symmetric 

exchange reactions with ∆G=0, it follows from the principle of microscopic 

reversibility that the asymmetric transition states in D and A must be followed by 

symmetric intermediates where the distance between the metal ion and the 

leaving/entering water molecules is the same. The interchange mechanism is a 

concerted pathway without an intermediate; hence it has a symmetric transition 

state. In order to perform the quantum chemical calculations it was necessary to use 

a simplified model where the second coordination sphere is described by one 

localised hydrogen-bonded water, while the rest is described by a continuum model. 

The structures and energies of reactant species, intermediates and transition states, 

as well as the activation energy and the activation volume for the different pathways 
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were studied and calculated. The calculated activation energy for the water 

exchange of UO2(H2O)5
2+ is 74, 19 and 16 kJ/mol, respectively, for the D, A and I 

mechanisms in the water like solvent model. Compared to the experimental value, 

26!1 kJ/mol, the experimental and the theory based activation energy for the A/I 

mechanism are in good agreement. This result shows that the dissociative 

mechanism can be ruled out. However, the energy barrier between the intermediate 

and the transition states in A and I is small, indicating a very short lifetime for the 

intermediate, which makes it difficult to distinguish between A and I in the 

theoretical calculations and even more so experimentally. Therefore based on the 

new calculation results, an A/I mechanism was suggested for water exchange of 

UO2(H2O)5
2+, in agreement with the negative activation entropy, -40 J/mol K, 

measured by us.  

It is also possible to make a comparison of the rate constant and activation 

parameters of the water exchange of UO2
2+(aq) directly determined in our study 

with those based on estimates using the Eigen-Wilkins mechanism for ligand 

exchange reactions in the binary UO2
2+- HF system9. However, in Paper I we made 

a mistake and compared our specific water exchange data to non-specific water 

exchange parameters from Szabó et al. The recalculation from non-specific to 

specific water exchange, see Section II.2.1, effects the value of the rate constant and 

the activation entropy, while the activation enthalpy is unchanged. As the number of 

coordinated water is five, kex, in their paper denoted as kint, for the uranyl aqua ion is 

five times smaller than k, and ∆S# becomes more negative. Thus the correct rate 

parameters at 25 °C for the exchange of a specific water based on the study of 

Szabó et al. are the followings: kex = 2.5·105 s-1, ∆H# = 38 ! 2 kJ mol-1, and ∆S# = -

15 ! 1 J mol-1 K-1. This results indicates a slower water exchange than our data 

where kex=1.3·106 s-1. The difference may be due to errors in the estimate of Kos. 
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III Coordination Chemistry of Lanthanide(III)-, Uranyl- and Actinide(III)-

Glycolate Systems 

III.1 General remarks 

In the second part of my Ph.D. work I have been studying the coordination 

chemistry of lanthanide-glycolate systems at high pH and made comparisons 

between the lanthanide(III) ion and the actinide(III) ions as well as the uranyl ion. 

Five lanthanide(III) ions, Sm3+, Eu3+, Dy3+, Er3+ and Lu3+, were studied by 

potentiometry in order to determine the stoichiometry and equilibrium constants of 

the complexes formed and to investigate how their properties changed within the 

series. It is more difficult to work with the transuranium elements due to their 

radioactivity. Cm(III) has been used as a model for 5f metals in a fluorescence 

spectroscopic study carried out in cooperation with colleagues in Germany.  

The very similar chemical properties of lanthanide ions are due to the 

shielded 4f electrons. The most common stable oxidation state for all elements in 

the series is +3. Electrostatic interactions play an important role in the complex 

formation reactions and the most stable complexes are formed with ligands 

containing hard donors such as O and N. Lacking the geometry constraints imposed 

by covalency, they form complexes with high coordination number, mostly eight or 

nine with trigonal prismatic or square anti-prismatic geometry32. Due to steric 

reasons, the coordination number for a certain ligand type often decreases with 

decreasing ionic radius along the series e.g. from nine- to eight-coordinate ion in the 

aqua ions for the early and late lanthanides, respectively33. In the same way an 

increase in the size of the ligand results in a decrease in the coordination number for 

a certain lanthanide ion. This is exemplified by the solid lanthanide-trihalides34. 

When there are no steric constraints, the late lanthanides form more stabile 

complexes than the early ones. 

As the actinide ions have 5f electrons participating in chemical bonds, their 

chemistry and coordination chemistry are much more diverse than that of the 

lanthanides. In Chapter II, the coordination chemistry of some actinide aqua ions 

was discussed. Here we shall give more details of the coordination chemistry of 
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UO2
2+. The ‘yl’ oxygens in the UO2

2+ ion are kinetically inert except when excited 

by UV light. All exchangeable ligands are placed in, or close to, the plane through 

uranium and perpendicular to the linear UO2-axis. The uranyl ion is known to form 

strong complexes with hard donor atoms. UO2
2+ complexes with small unidentate 

ligands are predominantly five-coordinated, the only exceptions are the six-

coordination found in UO2F2(s)35 and α-UO2(OH)2 34, and four-coordination in 

UO2(OH)4
2- 20,36. However, six-coordination in solid state is common for chelating 

ligands with a short ligand bite, such as carbonate and acetate34. For carbonate six-

coordination is also established in solution37,38. 

 

III.2 Previous studies on the complexation of the uranyl and lanthanide(III) 

ions with glycolate ligand 

The glycolate ion is the simplest α-hydroxy-carboxylate. It can form metal-

ligand coordination bonds with the carboxylate group using one or both of the 

oxygens and with the α-OH group. The mode of coordination varies depending on 

the metal ion. In uranyl-glycolate complexes, the glycolate ligand is coordinated via 

the two carboxylate oxygens, while lanthanide ions form chelate complexes with 

one of the carboxylate oxygens and the α-OH group. Under normal conditions, the 

pK of the alcoholic hydroxy group is very high and in aqueous solution the proton 

does not dissociate even when the α-OH group is coordinated. However, in the 

presence of some metal ions, it can become deprotonated at sufficiently high pH. 

This is a result of a very strong inductive effect from the coordinated metal ion, 

which decreases the pK by many orders of magnitude. This provides a possibility 

for the formation of polynuclear complexes with the deprotonated aliphatic oxy 

group acting as a bridge between the metal ions. Deprotonation of aliphatic OH 

groups in polyhydroxy-polycarboxylates such as tartarate39-42, malate39,40,42, 

citrate40,42-46 and lactate41,42 is well documented, but literature data for glycolate 

is scarce4,42,47-49.  
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III.2.1 Complexation of glycolate with uranyl ion 

Aqueous uranyl-glycolate solutions at low pH contain mononuclear complexes 

with 1-3 glycolate ions coordinated only via the two carboxylate oxygens50. The 

deprotonation of the α-OH oxygen i. e. the formation of oxyacetate complexes takes 

place already at pH around 3 49. Mononuclear binary uranyl-oxyacetate complexes 

are formed in which one carboxyl oxygen and the deprotonated α-OH oxygen are 

coordinated to the uranyl ion42,49. There are examples of the formation of 

dinuclear ternary uranyl-oxyacetate chelates, the ternary [(UO2)2(OCH2COO)2F4]4- 

complex49 and the binary [(UO2)2(OCH2COO)4]-4 51. The inductive effect of U(VI) 

increases the pK value of the α-OH by at least 13 orders of magnitude.  

 

III.2.2 Complexation of glycolate with lanthanide(III) ions 

The uranyl-glycolate study encouraged us to study lanthanide(III) ions for which 

there are some indications of the deprotonation of the α-OH group, however, the 

effect is not expected to be so dramatic as for U(VI). 

In the case of the lanthanide(III) ions, the glycolate ion is coordinated in a 

different way at low pH. Only one carboxylate oxygen is attached to the metal and a 

chelate is formed by the coordination of the α-OH group, as shown for solutions by 

Peters et al.52. In an NMR study covering the whole lanthanide series, they could 

determine the coordination geometry of the neutral 1:3 complex, which was the 

dominating species under the conditions studied. With three waters and three 

chelating glycolate ion in the coordination sphere, the coordination number for the 

lanthanide(III) ions was found to be nine. Sonesson has studies lanthanide-glycolate 

complexes using potentiometry and found that a maximum of five glycolates can be 

coordinated53. However, the fifth complex is only formed at very high total 

concentration of glycolate and it is in our view an artefact caused by the large 

variations in the ionic medium in the concentration range where this complex is 

formed. It is more likely that the limiting complex has the composition 

Ln(HOCH2COO)4
-, as found in solid-state54. 
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In aqueous solution at higher pH, the α-OH group is deprotonated also in lanthanide 

complexes48. The solid-state structure of an Er-oxyacetate dimer in which the metal 

ions are linked by two bridging oxy groups47 provides clear evidence for the 

deprotonation of the α-OH group. Our aim was to make an extensive study of this 

type of complexation in lanthanide-glycolate aqueous solutions and to compare 

them to actinide(III) ions. 

 

III.3 Potentiometric study on lanthanide(III)-glycolate systems 

The complexation of Sm3+, Eu3+, Dy3+, Er3+ and Lu3+ with glycolate has been 

studied in the alkaline pH region by potentiometry. 

 

III.3.1 Experimental background 

III.3.1.1 Solution chemical equilibrium 

A solvated metal ion (Mn+) may react with one or more ligands (L) present in 

the system forming complexes MpLq in which L substitutes one or more of the 

solvent molecules in the first coordination sphere of the metal ion. The stability of 

the species formed is given by the stability constant, βpq. In order to make the 

discussion simpler, the charges are omitted here and in the following.  

 

$% (III.1) 

 

According to the IUPAC convention, βpq stands for the overall stability constant, 

while Kpq refers to the stepwise constant.  

 

III.3.1.2 Equilibrium analysis by potentiometry 

It is necessary to know the concentration of all the species in eq III.1 to 

determine βpq. When using spectroscopic methods, the identification of the 

individual species might be possible. In potentiometry it is often only possible to 

measure one of the equilibrium concentrations directly, in our case [H+]. However, 

even without direct information about all the separate concentrations, one can 
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derive the stoichiometry and the stability constant of the complexes using the total 

concentrations of all the components and the equilibrium concentration of at least 

one species as described by Rosotti and Rosotti55. A prerequisite in such an 

analysis is that equilibrium has been attained in the measurements. Since the ligand 

in this study is a strong Brønsted base, protonation competes with the complex 

formation. Therefore, it is possible to follow the complex formation in the system 

by measuring the free proton concentration while varying the total concentration of 

all the components. To facilitate the interpretation and to avoid the precipitation of 

hydrous oxides, the total concentration of glycolate was kept high and constant 

during each measurement, while varying the total concentration of proton. The total 

concentration of the metal ion in the test solutions changed due to dilution of the 

initial solution during the titration. 

 

III.3.1.2.1 Measurement of [H+] with glass electrode 

The free concentration of the proton is very easily determined 

potentiometrically with a glass electrode56. The potential difference measured 

between two electrodes in separate solutions connected through a liquid-liquid 

junction contains an additional potential, the liquid junction potential, caused by the 

diffusion of ions across the boundary between the two solutions. In our case, the 

ionic medium is very near the same in the test solution and in the half-cell 

containing the reference electrode. However, a large change in the concentration of 

H+ and OH- can result in a significant variation of the diffusion potential during an 

experiment, which must be corrected for. The potential difference, E, measured in a 

cell containing a glass electrode and a reference electrode is a function of the 

hydrogen ion concentration, [H+], as given in the Nernst equation 

 

          (III.2) 

 

where E0 is the sum of the potential of the reference electrode, the zero potential of 

the glass electrode, the constant part of the liquid junction potential and a 

[ ]( ) [ ] [ ]−++ Φ+Φ+++= OHHHgEE jOHjH
0 αlog
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contribution from the activity coefficient of the proton. g is the slope of the 

electrode determined by the temperature and the efficiency of the electrode. α is the 

alkaline error at a certain cation concentration, negligible at pH< 12. ΦjH and ΦjOH 

are the coefficients that describe the dependence of the liquid junction potential on 

the concentration of H+ and OH-. During the calibration of the electrode, E is 

measured for a series of solutions with known [H+] in a broad -log[H+] range; the 

parameters in eq III.2 are then determined using a Gran plot57. 

 

III.3.1.2.2 Equilibrium calculations in a three-component metal-ligand-proton 

system 

A practical way to calculate the stability constants in eq III.1 is to use an 

auxiliary quantity,   , the average number of coordinated ligands per metal ion. The 

function   (-log[H+]) can be determined directly from the experiments. In the 

lanthanide-glycolate-proton system, we obtained the values of   from the 

relationship 

          (III.3) 

 

where CM is the total concentration of the metal. [OH-]c is the concentration of OH- 

consumed during the experiment either by deprotonating the α-OH group of the 

glycolate or by coordination to the metal ion. The experimental method cannot 

distinguish between these two possibilities; additional information obtained with 

other methods is needed in order to establish if ternary metal-glycolate-hydroxide, 

or metal-glycolate-oxyacetate complexes are formed. However, the calculations are 

the same for both cases. The value of [OH-]c can be obtained from the total and 

equilibrium concentration of the proton and the glycolate, cf. Paper 5. Since    >0, 

complex formation involving OH- takes place; see the titration curves in Figure 5-6. 

The variation of    (-log[H+]) with the concentration of the metal ion and the 

glycolate gives information about the stoichiometry of the complexes formed. In a 

series of measurements at the same equilibrium concentration of glycolate, the 

dependence of the function   (-log[H+]) on the total metal concentration indicates 
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the formation of polynuclear species, see Figure 5. Since the value of     (-log[H+]) 

at a certain total concentration of the metal ion varies with the total concentration of 

the glycolate, Figure 6, complexes containing glycolate ligands are formed. With 

the help of these and similar indications, one can establish both the chemical model 

and determine the stability constants; details are given in “The Determination of 

Stability Constants” by Rosotti and Rosotti55. In complicated cases, the total set of 

experimental data is treated with a least-square program. It is often difficult to find 

the model giving the best description of the system and the model selected must 

therefore always be tested against other chemical information, coordination 

geometry and structural data etc. 
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Figure 5. Titration curves for the Dy-glycolate system. CA = 1 M, CDy,0 varies between 3.8 

and 14.7 mM. The experimental data measured at the lowest metal 

concentration are shown with the estimated errors. The solid lines are 

calculated from the conditional equilibrium constants, κp,-q.    is the average 

number of coordinated oxyacetate/OH species. 
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Most of the programs available are based on LETAGROP58, which was the first 

one to use the so-called “pit mapping” method. The best model is defined as the one 

that gives a minimum value to an error square sum, U, for an experimental quantity, 

y 

          (III.4) 

 

where w refers to a weight factor, in our case chosen to be unity. If w = 1, the 

standard deviation, σ2(y), is written as above, nobs is the number of observations, npar 

is the number of parameters. y is the error-carrying variable which can be set as 

either a total or a free concentration in the     function. In our study it is the total 

concentration of protons. Umin gives the “best” values of the stability constants and 

their standard deviation is calculated from the surface defined by 

 

     where     (III.5) 
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Figure 6. Titration curves for the Dy-glycolate system. CA = 1 M, 0.75 M and 0.5 M, CDy,0 

=7.3 mM. The solid lines are calculated from the conditional equilibrium 

constants in Table 4. 
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III.3.1.2.3 A special case: a three-component system reduced to two components 

In special cases the experiments have to be carried out under conditions 

where one of the components is present in high and practically constant equilibrium 

concentration. This means that there is no possibility to obtain information about the 

stoichiometric coefficient of this component in the complexes formed, unless this 

concentration is changed in another experiment. If the equilibrium concentration of 

a reactant is constant, it can be included in the equilibrium constants i.e. a system 

which in reality is a three-component system may be treated as composed of two 

components and the corresponding equilibrium constants are conditional 

equilibrium constants; they vary with the total concentration of the component in 

large excess. In order to obtain a full description of the system it is necessary to 

study the effect of the third component, i.e. to determine how the conditional 

equilibrium constant varies between the systems at different total concentrations. 

The methodology will be demonstrated by the proton-lanthanide-glycolate system at 

high and constant glycolate concentrations. 

The “conditional” equilibrium reactions can be written as 

 

$% (III.6) 

 

where [“M3+”] = ![MAn], n = 1-4, and where A denotes glycolate, HOCH2COO-. 

[“MpH-q”] denotes the sum of complexes with the general formula “MpH-qAr” in 

which p and q are the same, but where r can vary. These species may contain either 

glycolate with deprotonated α-hydroxy group or coordinated OH- as mentioned in 

III.3.1.2.2. The conditional equilibrium constant, κp,-q, for reaction III.6  

 

          (III.7) 

 

is determined by a least squares refinement of the experimental    (-log[H+])A data. 

Using the known equilibrium constants for the formation of the binary M-glycolate 
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          (III.8) 

 

where  βn are the equilibrium  constants for the formation of the complexes  

[MAn](3-n). Combining equations III.7 and III.8 we obtain 

 

          (III.9) 

 

where Kp,-q is a new conditional equilibrium constant with M3+ as reactant.  

The number of coordinated glycolate ligands can be estimated using the following 

relationships 

          (III.10) 

 

At the high concentrations of the glycolate ion used we may safely assume that the 

stoichiometry coefficient r has its maximum value R. 

From eq III.8 we then have 

 

          (III.11) 

 

or 

(III.12) 

 

By determining Kp,-q for each MpH-qAR complex at different glycolate 

concentrations, the value of the stoichiometric coefficient R and the equilibrium 

constants βp,-q,R can be obtained from eq III.12. 

 

III.3.1.3 Activity coefficients 

All the equations of Chapter III contain the concentrations of the different 

species. This is a simplification and the underlying assumption is that the activity 

coefficients of all species are constant so that concentration and activity equilibrium 

constants only differ by a constant factor. This assumption is in general valid when 
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the experiments are made in an ionic medium, where the concentration of the 

reactants is much lower than that of an added ‘inert’ electrolyte, in our case NaClO4 

with [Na+] = 3 M in all measurements. 

To describe equilibria and obtain equilibrium constants independent of the 

ionic medium, one has to use the activities of the reactants/products defined as aj = 

γj [ j] where γj is the activity coefficient of the species j. The value of γj depends on 

the ionic strength and the concentrations of the other species present in the 

solution59. The activity coefficients of the reactant and products are approximately 

constant at constant and high electrolyte concentration even if their total 

concentrations vary. They can be defined as one, which means that the various 

concentrations are equal to the corresponding activities. As the activity coefficients 

are defined as unity in a given ionic medium one will have equilibrium constants 

the numerical values of which vary with the ionic medium. However, the speciation, 

i.e. the stoichiometry of the complexes formed is usually not effected. In 

experiments which are carried out under conditions described in Section III.3.1.2.3, 

the concentration of the glycolate ligand is varied in a broad range in order to see 

how its concentration effects the conditional equilibrium constants, Kp,-q. Since the 

ligand concentration is high, the ionic medium will change between the different 

experimental series and thus the Kp,-q values obtained at different ligand 

concentrations are affected by a systematic error due to the variation of the activity 

coefficients resulting from the changes in the ionic medium. I have tried to estimate 

this uncertainty and found that it does not strongly affect the estimate of the number 

of coordinated glycolate ligands in the complexes, R. The determination of the 

stoichiometric coefficients p and -q is carried out in a constant ionic medium and 

their values are much more precise than that of R. 

The use and comparison of data measured in different ionic media is possible 

only after recalculating the stability constants to a common reference medium. Most 

of the models available to estimate the dependence of thermodynamic quantities on 

the ionic strength/ionic media are based on the Debye-Hückel theory. For the 

description of concentration equilibrium constants, the Brønsted-Guggenheim-
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Scatchard (SIT, Specific ion Interaction Theory) method is the most appropriate. 

Another, more extended model developed by Pitzer is used to describe the 

thermodynamic properties of mixed electrolyte systems at very high concentrations. 

The Pitzer method is more complicated with several parameters, and it provides 

only a marginal gain when modelling complex equilibria up to 3-4 mol/kg ionic 

strength. Therefore, only the SIT method is discussed and applied in this study. In 

this approach, non-electrostatic, short-range interactions are taken into account by 

adding extra terms to the Debye-Hückel term for electrostatic long-range 

interactions dominant in dilute solutions. The activity coefficient γj of the species j 

with charge zj is defined as 

 

          (III.13) 

 

where εjk are the SIT coefficients describing the specific short-range interactions 

between species j and k with opposite charge. Since mk is the molality of the species 

k, it follows that the activity coefficient variations are dominated by those species, 

which are present in high concentration, i.e. the ions of the ionic medium, and not 

the ions in small concentration, such as complexes and ligands. D is the Debye-

Hückel term 

 

          (III.14) 

 

where A and B are the Debye-Hückel parameters defined by temperature and 

pressure, aj is the electrolyte dependent ‘effective’ diameter of the hydrated ion j. 

Their values according to the literature59 are 0.51 for A and 1.5 for Baj at 25 °C and 

1 atm. Im is the ionic strength. The SIT coefficients have been measured and 

estimated for many ion pairs assuming that they are independent of the 

concentration. This assumption is valid at high ionic strength but at low electrolyte 

concentrations the deviations are fairly large. However, as the contribution of the 

second term in eq III.13 is small at low mk, it is not so important to take the 
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concentration dependence of εjk into account. The interaction coefficients for ions 

with the same charge and ternary interactions are in general small and have 

therefore been neglected. 

Using the activity coefficients, γj, obtained for all the species, the activity 

stability constant can be calculated from the concentration constants determined in a 

certain ionic medium. These stability constants refer to a common standard state 

and are independent of the ionic medium used. It is also possible to recalculate data 

measured at one ionic medium to another one. The problem with these types of 

recalculations is that all εjk values are often not available and approximate values 

must be used. 

 

III.3.2 Potentiometric titration results in lanthanide-glycolate systems 

The dysprosium-glycolate system was used as a model system and therefore 

studied most extensively. The experimental data in 1 M glycolate and four different 

initial total concentrations of Dy(III), 3.8, 7.3, 11.0 and 14.7 mM are shown in 

Figure 5 in Section III.3.1.2.2. The full-drawn curves have been calculated from the 

conditional equilibrium constants, κp,-q in Table 2, determined using data at -log[H+] 

< 9.8. The best model consists of the complexes “Dy2H-2”, “Dy4H-6”, “Dy4H-7”, 

“Dy4H-8”. The distribution diagram calculated with this model is shown in Figure 7. 

Experimental data for the Sm3+, Eu3+, Er3+ and Lu3+ systems in 1 M glycolate 

together with the calculated      curves are shown in Figure 8. The chemical model 

is the same for all elements. The values of R for the Dy3+ complexes were calculated 

from the conditional equilibrium constants Kp,-q determined in 0.5, 0.75 and 1M 

glycolate test solutions, see Figure 6 in Section III.3.1.2.2. We obtained 6±1 for 

“Dy2H-2” and 8±1 for “Dy4H-q”. Their values are compatible with known 

coordination numbers for the lanthanides. We assumed that these values are the 

same for all lanthanides. The values of log βp,-q,R, are given in Table 3. They 

increase from Sm to Lu. There was no evidence for the presence of significant 

amounts of mononuclear complexes of the type found in the TRFLS study for Cm3+, 

see next section. 

n
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Table 2. Conditional equilibrium constants for lanthanide(III)-glycolate systems based on 

least-square refinement of potentiometric experimental data at pH< 9.8 and at 

[Na+] = 3 M. The uncertainties of log κp,-q are equal to 3 σ. 

-log κp,-q 
M3+ 

CA/M “M2H-2” “M4H-6” “M4H-7” “M4H-8” 

Sm 1 16.63!0.10 49.04!0.16 58.14!0.08  

Eu 1 16.34!0.14 48.06!0.23 57.40!0.31 67.14!0.22 

Dy 1 14.89!0.04 44.87!0.08 53.99!0.12 63.74!0.13 

Dy 0.75 14.61!0.01 44.04!0.03 53.03!0.03 62.75!0.04 

Dy 0.5 14.23!0.01 42.93!0.03 51.71!0.04 61.15!0.04 

Er 1 14.42!0.05 43.72!0.11 52.53!0.12 62.17!0.13 

Lu 1 14.40!0.06 43.11!0.09 52.18!0.19 61.40!0.12 

 

 

Table 3. Equilibrium constants for lanthanide(III)-glycolate systems at [Na+] = 3 M. The 

accuracy of the log βp,-q,R values is ± 0.15, ± 0.2, ± 0.2 and ± 0.4, for logβ2,-2,6, 

logβ4,-6,8, logβ4,-7,8, and logβ4,-8,8, respectively. 

-log βp,-q,R 
M3+ 

M2H-2A6 M4H-6A8 M4H-7A8 M4H-8A8 

Sm 1.83 19.45 28.53  

Eu 0.34 16.06 25.41 35.14 

Dy -0.10 15.17 24.14 33.77 

Er -0.53 13.81 22.62 32.28 

Lu -1.20 11.99 20.99 30.21 
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Figure 7. Distribution diagram for the Dy-glycolate system at 1 M glycolate concentration 

calculated using the conditional equilibrium constants, κp,-q. 
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Figure 8. Formation curves in the lanthanide-glycolate systems for Sm3+, Eu3+, Dy3+, Er3+ 

and Lu3+. CA = 1 M, CM,0 % 7.5 mM. The solid lines are calculated from the 

conditional equilibrium constants, κp,-q.    is the average number of coordinated 

oxyacetate/OH species. 
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III.4 Spectroscopic studies on lanthanide(III)- and actinide(III)-glycolate 

solutions 

 The potentiometric data clearly indicate the formation of ternary polynuclear 

complexes. The issue is to decide their constitution and structure, but for this the 

potentiometric data alone are not sufficient. To decide if ternary metal-glycolate-

hydroxide, or metal-glycolate-oxyacetate complexes are formed, additional 

equilibrium and structure information is required; we have used an array of 

spectroscopic methods to obtain it. 

 

III.4.1 Time resolved laser fluorescence spectroscopic study of actinide(III)-

glycolate solutions 

Time resolved laser fluorescence spectroscopy allows a direct identification 

of species present. The Cm3+ ion was used as a model for the actinide(III) ions 

because it has a fluorescence spectrum that is very sensitive to chemical changes. 

As the actinide(III) and lanthanide(III) ions have very similar coordination 

chemistry, one can therefore transfer information gained in the study of a 5f element 

to the 4f series. It was possible to work at trace metal concentrations, which reduced 

the radiation level and had the additional advantage of avoiding precipitation of 

solid phases and the formation of polynuclear complexes. By deconvolution of the 

fluorescence spectra in separate contributions from the different complexes, the 

equilibrium constants could be determined. The lifetime of the excited states 

provides information on the ligand exchange dynamics and the number of 

coordinated water and glycolate ligands in the first coordination sphere. 

The fluorescence spectra of 9·10-8 M Cm(III) in 1.0 M glycolate and 2 M 

NaClO4 as a function of pH are shown in Figure 9. The large red shift from 602.3 

nm to 611.2 nm in the Cm-glycolate system at high pH is not a result of the 

formation of hydroxide complexes; the fluorescence maxima for CmOH2+ and 

Cm(OH)2
+ are located at 598.7 and 603.5 nm60. The changes observed in these 

experiments are interpreted as due to the formation of strong complexes with 

oxyacetate, obtained by deprotonation of the coordinated α-OH group in glycolate. 



 36 

The three peaks correspond to different complexes and from their intensity variation 

as a function of pH, the conditional equilibrium constants log*K1= -8.5 ± 0.2 and 

log*K2 = -10.0 ± 0.1 were determined for the reactions 
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Figure 9. Fluorescence emission spectra of Cm(III) in 1.0 M glycolic acid solution at 

various pH; spectra are scaled to the same peak area. 

 

 

The experimental lifetime measurements give strong support to this view by 

indicating a decrease in the number of coordinated OH groups from four in 

Cm(HOCH2COO)4
- to 1.6 ± 0.6 in the complexes formed at high pH. There is also 

clear evidence that the Cm complexes are nine-coordinated. The time dependence 

of the Cm(III) fluorescence also contains information about the kinetics of the 

complex formation reactions61,62. The emission decay of the test solutions studied 
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at pH = 3.0 is mono-exponential, indicating fast exchange of the different Cm(III)-

glycolate complexes, which is consistent with the NMR data of Peters et al.52. In 

the pH range where there are several co-existing protonated and deprotonated 

complexes a bi-exponential decay was observed. This indicates slow exchange 

between the species on the TRLFS timescale determined by the fluorescence decay 

rate, cf. Section III.4.3. 

 

III.4.2 Vibrational spectroscopic measurements in Dy(III)-glycolate solutions 

In order to see if it is possible to obtain information about the coordination of 

the glycolate ligand, Raman and IR measurements have been carried out in Dy-

glycolate solutions at different pH and the solution spectra have been compared to 

the earlier solid-phase data for the dysprosium-triglycolate dihydrate and a 

dysprosium-glycolate-oxyacetate dimer. Only the region around 1000-1100 cm-1 

corresponding to the C-O stretching vibration of the OH group is affected by the 

complex formation, cf. Figure S3 in Paper V. In addition to the peak from free 

glycolate at 1078 cm-1, there is a second peak appearing at 1100 cm-1. The intensity 

is rather small, but seems to be independent of pH, however, it increases with the 

metal concentration. A 1100 cm-1 peak is also observed in the spectra of the solid 

oxyacetate complex, where it was assigned to the C-O stretching vibration of the 

oxy group, see Paper IV. However, the potentiometric data indicates that 

deprotonated complexes are not formed at low pH and consequently the 1100 cm-1 

peak does not have a diagnostic value for the ligand coordination. The only peak 

clearly visible in the Raman spectrum, see Figure S4 in Paper V, is due to the C-C 

stretching vibration, but we do not consider it justified to use it to decide on the 

mode of coordination of the ligand. 

 

III.4.3 Lu(III)-glycolate solutions studied by NMR spectroscopy 
1H and 13C NMR spectra have been recorded in glycolate solutions of the 

diamagnetic Lu3+ ion at pH 9, at 1.0 M glycolate and 0.077 M Lu3+ total 

concentrations, see Figure 10 for 13C spectrum. In both spectra separate signals 
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could be detected for the coordinated and the free ligand that indicates slow 

exchange between them on the NMR timescale determined by their chemical shift 

difference. According to the study by Peters et al.52, in all the 1H, 13C and 17O 

NMR spectra measured in Ln-glycolate systems at pH around 4.7 only the averaged 

signals for the free and bound glycolate were observed which indicates fast 

exchange between the dominant complex, LnA3(aq) and free glycolate. Although 

they measured at elevated temperatures, this difference in the ligand exchange 

dynamics indicates the different coordination mode of the glycolate ion at higher 

pH, most probably the formation of oxyacetate. Similar effect of the deprotonation 

of the α-OH group in the glycolate ion was observed in the uranyl-glycolate system 

where the exchange between the free and coordinated glycolate is fast while the 

exchange between the free glycolate and the coordinated oxyacetate is much 

slower49. 
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Figure 10. 13C NMR spectra in lutetium-glycolate solutions at pH 9 and 273 K. The total 

concentration of lutetium is 0.077 M, the total concentration of the glycolate 

ligand is 1.0 M and [Na+] = 3.0 M. 
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In the 13C spectrum separate carbonyl and methylene signals can be observed 

for the coordinated oxyacetate as a result of the slow exchange mentioned above. 

The coordinated methylene signal can be deconvoluted to two peaks with a ratio of 

approximately 55:45, see Figure 10. The total intensity of this signal cannot be 

compared to the corresponding signal of the free ligand because the proton 

decoupling probably resulted in different NOE on these signals. However, we 

assumed that this effect is the same for the methylene carbons within the complex, 

hence the relative intensity of the deconvoluted peaks indicates the ratio of the 

oxyacetates coordinated in different way. As the signal for the carbonyl carbon is 

broad and cannot be resolved to more peaks, it cannot give information on the 

structure of the complex. Nevertheless, from its integral value the coordinated 

ligand/metal ratio can be estimated. This value 1.7 ± 0.1 is in fair agreement with 

the potentiometric results, two for the tetranuclear complexes. However, when one 

compares these values one should consider the following: At this pH and 

concentration, tetranuclear species exist in the solution and the average number of 

coordinated oxyacetate is seven and the average number of coordinated glycolate is 

one calculated form the equilibrium constants determined potentiometrically. The 

latter probably gives a common peak with the free glycolate because of the fast 

exchange, hence it is not counted with the coordinated signals.  

 

III.5 Crystallographic study on lanthanide(III)- and uranyl-glycolate complexes  

The primary goal of this study was to gain more information about the 

behaviour of the lanthanide(III)-glycolate systems in solution. However, 

conclusions obtained even in solid phase are useful in this context. The structures of 

some glycolate and oxyacetate complexes formed with lanthanide(III) and uranyl 

ions have been determined using single crystal X-ray diffraction. In the case of the 

uranyl dimer, we wanted to confirm the studies made in solution49 indicating the 

deprotonation of the α-OH group in the glycolate ligand. Lanthanide(III)-glycolate 

structures have been studied earlier. However, these determinations were made 
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using film methods47,54 and were therefore repeated using the better equipment 

available today. 

 

III.5.1 Crystal structure of a uranyl-oxyacetate-fluoride dimer 

Sodium salt of the uranyl-oxyacetate-fluoride dimer, 

Na4(UO2)2(OCH2COO)2F4·6H2O is an example of five coordination with a chelating 

ligand. An interesting feature in the dimer complex, also detected in solution by 

potentiometry49, is that the glycolate ligands lose their OH hydrogens, and the 

remaining oxy group serves as a bridging ligand between the two uranyl ions. The 

structure of the dimer anion is shown in Figure 11, while Figure 12 gives a view of 

the packing of the crystal.  
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Figure 11. Structure of the [(UO2)2(OCH2COO)2F4]4- dimer. Non-hydrogen atoms are 

represented with their displacement ellipsoids of 75 % probability. 

 

 

Each uranyl ion is surrounded by five ligands, two fluorides and three 

oxygens coordinated in the plane perpendicular to the axis of the ion. Two of these 

oxygens, the deprotonated hydroxyl oxygens in the oxyacetate ligands, are bridging 
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two uranium fragments forming a discrete dimer as a double pentagonal bipyramid 

connected along one edge. Each oxyacetate has three potential ligand oxygens of 

which two, one carboxylic and the deprotonated α-hydroxy oxygen, are coordinated 

to the uranium. The length of the covalent bond between the uranium and the yl 

oxygens is 1.805(5) Å, slightly longer than the average value, 1.77 Å, for this type 

of bond in uranyl complexes63. The U-O coordination distances in our complex are 

2.319(4), 2.396(4) and 2.390(4) Å for U-O3, U-O4 and U-O3#1, respectively. The 

distance of the uranyl to the O3 atom of the oxyacetate chelating to the 

neighbouring UO2
2+ in the dimer is short, but the others are near the mean value of 

2.39 Å characteristic for U-O coordination bonds63. U-F distances for uranyl 

complexes have an average value of 2.28 Å63. Our values, 2.244(4) and 2.262(4) Å, 

are somewhat shorter. The C-C and C-O covalent bond lengths and bond angles in 

the oxyacetate ligand are reasonable. 

 

 
Figure 12. Packing diagram for Na4(UO2)2(OCH2COO)2F4·6H2O with the octahedra 

around the sodium ions showing the channels of uranium dimers in the sodium 

ion net. The uranium ions are dark grey. 
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The crystal structure consists of layers of sodium ions [Na(1) and Na(2)] 

located between layers containing dimers and Na(3) ions arranged in columns cf. 

Figure 12. The dimers are linked by Na(3) via bonds to the yl oxygens and to the 

carboxylic oxygen not coordinated to the uranyl ion (O5). The coordination 

polyhedra around all the sodiums exhibit distorted octahedral geometry. An 

interesting feature in this structure is that the yl oxygens are coordinated to the 

counter ions, Na+ giving a clear indication that the yl oxygens can participate in 

weak electrostatic bonds. This is also supported by the fact that the yl oxygens are 

simultaneously involved in weak hydrogen bonds, which can be a reason for the 

uranium-yl oxygen distance slightly longer than the average value. 

 

III.5.2 Crystal structure of some lanthanide(III)-glycolate and oxyacetate complexes 

Solid-state structure of a lanthanide-triglycolate dihydrate and a lanthanide-

glycolate-oxyacetate complex were determined by X-ray diffraction in order to 

obtain information about the coordination of oxyacetate to lanthanide(III) ions. Our 

results were in good agreement, but much more precise than the earlier data from 

single crystal structure determination for the erbium compounds, 

Er(HOCH2COO)3⋅2H2O 54 and Er2(OCH2COO)2(HOCH2COO)2⋅4H2O 47. 

 

III.5.2.1 Crystal structure of Lu(HOCH2COO)3·2H2O 

The lutetium-triglycolate dihydrate has the same type of monoclinic crystal 

structure found previously for Er54 and consists of discrete cationic 

[Lu(HOCH2COO)2(H2O)4]+ and anionic [Lu(HOCH2COO)4]- complexes. Both of 

the two non-equivalent lutetium ions are eight-coordinated having distorted 

dodecahedral geometry. The lutetium cation, Lu2, is coordinated to two chelating 

glycolate ions and four water molecules while the anion, Lu1, is coordinated to four 

chelating glycolates, see Figure 13. In contrast to these solid-phase ions, the 

Ln(HOCH2COO)3(H2O)3 complex in solution is nine-coordinated as determined by 

Peters et al.52. The average distance between the lutetium ion and the coordinated 

oxygens is 2.288(2) and 2.301(3) Å for the anion and the cation, respectively, which 
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is slightly shorter than the values for the erbium compound, 2.30(1) and 2.32(1) 

Å54. The discrete cations and anions are packed as separate layers and hold 

together by a hydrogen bond network, see Figure 14. 

 

 

Figure 13. Structure of [Lu(HOCH2COO)4]- and [Lu(HOCH2COO)2(H2O)2]+, the anion 

and the cation in Lu(HOCH2COO)3·2H2O. The covalent bonds are signed with 

thick lines, while the coordinative bonds are thin. Non-hydrogen atoms are 

represented with their displacement ellipsoids of 50 % probability. 
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III.5.2.2 Crystal structure of Dy2(OCH2COO)2(HOCH2COO)2·4H2O 

This compound has the same type of monoclinic crystal structure as found 

previously for Er47 and contains a deprotonated glycolate ligand. The structure 

consists of a three-dimensional network of cross-linked metal-ligand chains, see 

Figure 15. Although bond distances in bridges are in general larger than in single 

bonds, the distances between the two bridging α-oxy atoms and the dysprosium ion 

(2.234(2) for O1i and 2.297(2) Å for O1) are significantly shorter than the one 

between Dy and O4, i. e. the α-OH group in the chelating glycolate, 2.484(2) Å. 

This indicates a strong coordination bond with a negatively charged oxy group for 

the bridging oxygens. As seen in Figure 16, the Dy3+ ion is coordinated to one 

chelating glycolate, one chelating oxyacetate, one oxy group from another 

oxyacetate, two carboxylate oxygens from neighbouring chelating glycolates and 

one water oxygen. The coordination number is eight and the geometry distorted 

dodecahedral. The core of the structure is a dimer complex with two metal ions 

connected by two bridging deprotonated oxy groups, an arrangement also found in a 

uranyl-oxyacetate complex, Paper III. Wang et al. have shown that tetranuclear 

complexes with a cubic “Ln4(OH)4” core with metals and oxygens on alternating 

vertexes are present in solid lanthanide(III)-amino acid complexes64. The Dy-Dy 

distance in the dimer, 3.734(0) Å, falls into the range of M-M distances found in 

this distorted cubic M4(OH)4 cluster for Er(III) ions, 3.6961-3.7693 Å64, which 

indicates that there is no steric hindrance for the formation of a cubane like “Ln4O4” 

core by using triple-bridging oxy groups from oxyacetates. The structure contains 

one crystalline water, H8-O8-H9 see Figure 15, which is not coordinated to the 

metal, but participating in hydrogen bonds. 
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Figure 15. Packing diagram of Dy2(OCH2COO)2(HOCH2COO)2·4H2O. The dysprosium 

ions are black. One crystalline water molecule is labelled.  

 

 

Dy1

Dy1

Dy1

O2

O4
H7

O1

Dy1

C1

C4

C2 O3

O5

Dy1

C2

O6

C1

C3
C3

O6

O2

O3

O5

O1

C4

Dy1

H5

H7

H6

O7

O4

O4

O7

H6

H7

H5

Dy1

C4

O1

O5

O3

O2

O6

C3
C3

C1

O6

C2

Dy1

O5

O3
C2

C4

C1

Dy1

O1

H7
O4

O2

Dy1

Dy1

Dy1

Dy
C
O
H  

Figure 16. Structure of the dimer core in Dy2(OCH2COO)2(HOCH2COO)2·4H2O. The 

connections to the neighbouring dysprosium ions are also shown. The 

covalent bonds are signed with thick lines, while the coordinative bonds are 

thin. Non-hydrogen atoms are represented with their displacement ellipsoids 

of 50 % probability. 

 



 46 

III.6 Constitution and structure of the lanthanide-glycolate/oxyacetate 

complexes 

 The potentiometric data clearly indicate the formation of ternary polynuclear 

complexes in the lanthanide-glycolate systems. Additional spectroscopic and 

crystallographic measurements have provided strong evidence that the polynuclear 

complexes are formed through the formation of oxyacetate bridges. It is clear from 

the TRFLS data that the mononuclear Cm-glycolate system at pH >7.5 contain 

coordinated oxyacetate and not hydroxide. In solution studies made on 

lanthanides−polyhydroxy-polycarboxylate systems, such as citrate and tartarate, 

complexes with coordinated α-oxy groups have been identified41,45,46. There is 

also example of the deprotonation of the α-OH in glycolate via coordination to 

lanthanide(III) ions as dimers containing a bridging oxyacetate group are present in 

a solid Er- and Dy-glycolate complexes. Van Westrenen et al.65 have shown that 

the formation of carboxymethoxysuccinate(3-) by addition of glycolate to maleic 

acid in the presence of a lanthanide template is catalysed by hydroxide and they 

suggest that oxyacetate is an intermediate in this reaction. The formation of 

lanthanide-oxyacetate complexes in solution is also supported by the 1H and 13C 

NMR measurements in the lutetium-glycolate system indicating a slow exchange 

between the free and coordinated ligands. Based on this information, we conclude 

that lanthanide-oxyacetate complexes are formed at high pH in the lanthanide-

glycolate solutions studied. 

 

 

 

 

 

 

 
Figure 17. Propositions for the structure of the lanthanide-glycolate-oxyacetate dimer and 

the tetranuclear lanthanide-glycolate-oxyacetate complex. 
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When giving propositions about the structure of the complexes, 

crystallographic data on the lanthanide-oxyacetate dimers and other lanthanide-

oxygen clusters provide useful information. The structure of the complex with the 

stoichiometry M2H-2A6 most probably contains the Dy2(OCH2COO)2 core in the 

solid-state Dy2(OCH2COO)2(HOCH2COO)2·4H2O dimer and additional non-

bridging glycolate ligands. I suggest that its constitution is 

Ln2(OCH2COO)2(HOCH2COO)4
2-, resulting in a coordination number of seven, or 

higher for Ln, see Figure 17; I have no information about the number of 

coordinated water molecules. Based on the similarity of the M-M distances in the 

lanthanide-oxyacetate dimer complexes and in the M4(OH)4 cubic lanthanide 

clusters, we propose a cubane like core “M4H-4” equivalent to “Ln4(OCH2COO)4” 

for the tetranuclear species M4H-qA8, q = 6–8, where each oxygen donor acts as a 

bridge to three metal ions. This assumption is supported by the fact that a cubic 

Yb4(OR)4 structure has been identified in a Yb(II)-alkoxide-phosphide crystal66 

and that alkoxides serve as triple bridges between lanthanides in other types of 

arrangements67. The remaining 2–4 OH groups are either present as terminal 

hydroxide groups, or as 2 to 4 additional chelating non-bridging oxyacetate ligands. 

The NMR data indicates that the latter alternative is the most likely one. I propose 

that the two different coordinated methylene carbon signals, cf. Figure 10, belong to 

the triple bridging and the simply chelating oxyacetate ligands. Their ratio 

calculated from the equilibrium composition of the test solution at pH 9 is 4:3, 

which is in good agreement with the ratio of the signal integrals, 55:45. This 

alternative, see Figure 17, results in a coordination number of M of six, or higher, 

for all values of q and the constitution of the complexes is 

Ln4(OCH2COO)6(HOCH2COO)2(H2O)x
2-

, Ln4(OCH2COO)7(HOCH2COO)(H2O)x
3- 

and Ln4(OCH2COO)8(H2O)x
4-. Coordination of water will give both complexes a 

composition compatible with the known coordination number for lanthanides, 

however in such a crowded coordination sphere the expected coordination number 

of the metal ion may very well be lower than the common value, 8 or 9. 
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IV Conclusions and Future Work 

The dynamics of water exchange of some actinide ions as well as 

complexation in lanthanide(III)-glycolate systems are studied in this thesis. The 

water exchange of UO2
2+(aq), Th4+(aq), U4+(aq) and UF3+(aq) in a pure water ionic 

medium is investigated using 17O NMR relaxation techniques, which method has 

not been used for these ions before. The second part is a potentiometric study on 

lanthanide(III)-glycolate solutions combined with spectroscopic and 

crystallographic investigations on actinide(III)- and lanthanide(III)-glycolate 

complexes.  

 

The information obtained is the following: 

• The activation parameters of the water exchange on UO2
2+(aq) ion have 

been determined in a direct way and compared to earlier results obtained with 

indirect methods or with temperature extrapolation. The agreement is fairly good. 

• The water exchange of U4+(aq), Th4+(aq) and UF3+(aq) has also been 

investigated. This is the first study of this type on tetravalent metal ions. For 

Th4+(aq) only a lower limit of the rate constant at room temperature is obtained. 

• Mechanistic suggestions have been made for the water exchange of the ions 

studied based on the available information about their coordination geometry and in 

the case of UO2
2+(aq) on quantum chemical calculations. 

• Unlike in the case of UO2
2+, ligands as OH- and F- do not significantly affect 

the rate of water exchange for U4+. 

 

• The stoichiometry and the equilibrium constants of di- and tetranuclear 

lanthanide(III) complexes, containing glycolates deprotonated on the α-OH group 

and/or coordinated OH- ions, were determined in the alkaline pH range by 

potentiometry. 

• Studies using different spectroscopic and crystallographic methods indicate 

the deprotonation of the α-OH group of the glycolate ion in actinide(III)- and 

lanthanide(III) complexes both in solid-phase and in solution.  
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• Based on these results, propositions of the structure of the di- and 

tetranuclear lanthanide(III)-glycolate-oxyacetate complexes has also been made. 

 

The first part of the thesis, the water exchange can be considered as a 

finished piece of work. For the uranium(VI) system there are a large number of 

ligand exchange studies made by other scientists both in my group at KTH and 

elsewhere. It is highly desirable to have additional kinetic measurements on U(IV) 

and Th(IV) using other complexing ligands. The main problem for U(IV) will be 

the ease of oxidation to U(VI) and the strong hydrolysis. However, it should be 

feasible to study this system at higher concentrations of fluoride; oxalate complexes 

might also be studied. The situation will be more complicated for Th(IV) because 

most ligands from strong complexes with lanthanide shift reagents. To obtain 

information on the water exchange of the Th4+(aq) ion and other Th(IV) complexes 

would require kinetic data from another chemical shift reagent or from the Eigens-

Wilkins mechanism; for the thorium-fluoride complexes the use of 19F NMR 

spectroscopy seems feasible. 

The second part, dealing with the lanthanide(III)-glycolate systems should be 

supported by additional evidence for the formation of polynuclear oxyacetate 

complexes. This information could be achieved by additional NMR and EXAFS 

measurements. A TRLFS study on lanthanide(III) ions, already on the way, is also a 

possibility, however, all the 4f ions does not have the spectroscopic characteristics 

necessary for this type of investigations. An ongoing potentiometric project with 

Th(IV) expected to give information about the complexation of actinides in 

oxidation state +4 with glycolate ion. 
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