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1 Introduction  

Migration of actinides is a central topic in the safety analysis of long-term storage of highly 

radioactive waste. The modeling for predicting the speciation, chemical interactions, and the 

distribution of actinides in the environment is an important instrument of nuclear waste 

management as well as of remediation of contaminated sites of uranium mining and former 

nuclear weapon production. Various chemical and physical processes involving actinides 

have to be known in some detail as basis of such modeling.   

Distribution and transport of actinide elements in the environment are determined by 

solubility, the versatile aqueous complexation chemistry [1-3], colloid formation and a large 

variety of solid phases [4,5]. In addition to the chemistry proper of the actinides, under 

natural conditions one has to take into account also the interaction of aqueous species with 

other colloids, soils, minerals, and natural organic matter [6,7]. Sorption and colloid 

formation strongly affect the chemical state as well as the transport behavior of actinide 

ions. The aquatic chemistry of the more common oxidation states of the early actinides is 

now fairly well understood [1,3,8]. Much less is known regarding colloid formation, 

sorption at mineral surfaces, especially for clay minerals, and the interaction with natural 

organic matter. The latter two topics have been the focus of research of the consortium 

“Wechselwirkung und Transport von Actiniden im natürlichen Tongestein unter Berück-

sichtigung von Huminstoffen und Tonorganika”. Quantum chemical modeling of actinide 

chemistry as the central topic of this project has been applied for the first time to the 

adsorption of actinide ions on clay minerals. Studies of the complexation of actinide ions 

with organic molecules, which also serve as model functional groups of humic substances, 

have been extended. These main topics were complemented by the characterization of less 

well studied actinide species and oxidation states. As a unifying concept, this project 

complements the experimental studies of the consortium regarding the common goal of 

improving our knowledge of actinide chemistry at the atomic level, to reach a mechanistic 

understanding of the essential processes of actinide environmental chemistry.  

Two forms of natural organic matter are of concern in this project. On the one hand, 

humic substances [9], ubiquitous in the geosphere, originate essentially from the degradation 

of biological materials and are the major organic component of soils, but they also are 

present in surface and ground waters [9]. The soluble fraction of humic substances, fulvic 

and humic acids, are composed of very variable organic molecules of varying size and 

content of functional groups, depending on their origin [9]. They complexate metal ions and 

are redox active and in this way affect the speciation and the distribution of metals ions in 

the environment [6,7,9]. Carboxyl groups are considered to be most important for metal, 

hence also actinide complexation [10-15]. In the previous project it was shown in 

experimental and computational studies that also alcoholic and phenolic groups contribute to 

the complexation [16-18]. The possible role of other functional groups is largely unknown. 



 

 4 

Experimental efforts to identify and characterize actinide humate complexes mainly rely on 

extended X-ray absorption fine structure spectroscopy (EXAFS) [19,20] for the 

determination of average structural parameters.  Fourier transform infrared spectroscopy 

(FT-IR) [21] yields vibrational properties, and time resolved laser fluorescence (TRLFS) 

studies [22,23] are able to characterize the complexation behavior. Computational studies 

are useful as they provide information complementary to spectroscopic results [24-26]. For 

this purpose small organic molecules are used as models of pertinent functional groups of 

humic sustrances. This approach has also been chosen in various experimental studies [27-

29], allowing a direct comparison of results. The study of actinide complexation by small 

organic acids is also relevant to the examination of the role of the second form of natural 

organic matter examined in this project, clay organic matter. To a considerable fraction, the 

organic content of clays is composed of small carboxylic acids, larger acidic organic 

molecules similar to fulvic acids, and kerogen [30,31]. Complexation of actinides with these 

species as well as the interaction of this organic content with clay minerals modifies the 

adsorption chemistry of actinides [32-36]    

Actinide adsorption on minerals has widely been studied experimentally, applying 

batch and column experiments as well as spectroscopic methods [37-39]. Macroscopic 

experiments show that the adsorption depends on the charge of the actinide ion, yielding 

adsorption at lower pH for higher charged species. Adsorption is further affected by the 

presence of organic matter or other metal ions [32-36,40]. Spectroscopic methods like 

EXAFS, TRLFS, and vibrational spectroscopy allow a microscopic view on adsorbed 

actinide species. Inner- and outer-sphere complexes as well as mono- and polynuclear 

adsorbates have been identified; all these complexes may even coexist [41,42]. Preferred 

mineral surface orientations and their structures in contact with aqueous solution are known 

only in a few cases. Therefore, a microscopic picture of actinide adsorption at mineral 

surfaces is currently a topic of intense research as such knowledge is a prerequisite for a 

thorough thermodynamic modeling. In this project we contributed the first systematic 

studies of actinide adsorption on clay minerals by density functional calculations of periodic 

slab models [43]. 

In experimental investigations on the aqueous chemistry and the sorption of actinides 

one typically has to treat complex natural systems with a set of species present. Hence, 

special efforts, e.g., variation of pH, concentrations, ionic strength etc. or chemical 

manipulations, are required to characterize individual species in these complex systems. 

Quantum chemical studies provide a complementary view on well defined isolated model 

species and thus useful references, especially for spectroscopic studies. As exemplified in 

this report, valuable accurate information on structural and vibrational properties can be 

obtained in this way, complementing the interpretation of experiments. The calculation of 
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thermodynamic properties of species in solution and at surfaces presents a more challenging 

task, but also here important qualitative results have been obtained. 

2 Tasks of the Project and Prerequisites  

This project was devoted to various topics of actinide environmental chemistry as relevant 

to safety issues of deep geological storage of radioactive waste. A central theme was the 

interaction of actinide ions with solvated surfaces of clay minerals, a topic pioneered by the 

work of this project. In addition, complexation of actinide ions with organic and inorganic 

ligands in aqueous solution was studied. Here organic ligands represent species of low 

molecular weight, that are present as natural organic matter in clay formations, and they 

serve as models of functional groups of humic substances. This project also contributed to 

the understanding of the hydrolysis of common actinide ions and included some evaluation 

and development of computational methods related to modeling of solvation. 

Surfaces of clay minerals have been modeled as periodic slabs, separated by an 

appropriate amount of space, more than 1 nm wide, to avoid artificial interactions of 

neighboring slab instances. In this way, three-dimensional periodicity of the model is 

achieved, allowing application of established methods for calculating the electronic structure 

of solids. The electronic structure is calculated at the density functional theory (DFT) level. 

In this project the projector-augmented-wave (PAW) method as implemented in the program 

VASP (Vienna ab initio simulation package) [44-49] was used throughout. In this method 

one-electron wave functions are represented by plane waves augmented by local atomic 

contributions (at the relativistic level if required) [50]; this approach allows an accurate 

treatment of heavy elements like actinides. Exchange-correlation potentials of the local 

density approximation (LDA) and the generalized-gradient approximation (GGA) type [51] 

have been applied. While LDA in general yields accurate geometries, it overestimates 

binding energies, especially for weak interactions like hydrogen bonds [51,52]. GGA tends 

to overestimate bond lengths of heavy-element compounds, but provides considerably 

improved binding energies [51,52]. Thus, some geometry optimizations were carried out 

with the LDA functional (as suggested by Perdew and Zunger [53]), while energies and 

optimizations involving relatively weakly bound water molecules were determined at the 

GGA level, using the functional suggested by Perdew and Wang (PW91) [54]. Solvation 

effects on mineral surfaces and adsorption complexes were described by adding the first 

solvation shell to adsorbates and, in the same spirit, about a water monolayer to the surface. 

Although this approach of modeling of adsorption systems is well established in other fields, 

it was applied for the first time by us for the adsorption of actinide species on mineral 

surfaces [55]. 

The second major topic of the project was the characterization of complexes of 

actinides in aqueous solution. Complexation of actinyl ions by various organic ligands was 

examined as continuation and extension of the central topic of the previous project, the 
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modeling of actinyl complexation by humic substances and other natural organic matter. 

New aspects were the complexation by several functional groups, by N- and S-containing 

groups, as well as the study of ternary complexes as models of species at about neutral pH 

conditions. In the later phase of the project, this theme was extended to the mechanism and 

the temperature dependence of complexation by carboxylic groups. Small organic 

compounds were used as models of functional groups of humic substances. This approach to 

the complicated chemistry of humic substances had been applied already in earlier 

experimental [27-29] and computational [56-58] studies. Besides uranyl(VI) as the 

prototypical actinyl ion, also An(IV) and Am(III) species were examined as examples of 

less studied actinide species. As most of the other topics mentioned, the latter task was also 

inspired by the work of partners in the research consortium. 

Electronic structure calculations on actinide complexes in solution were also carried 

out by means of DFT methods. The accurate relativistic density functional Douglas-Kroll-

Hess method [59,60] was employed in its scalar-relativistic form, as implemented in the 

parallel high-performance software PARAGAUSS [61] which is developed by our group. For 

geometry optimizations mainly the VWN LDA functional [62] was used, while energies 

were calculated with the GGA functional according to Becke and Perdew (BP) [63,64], fully 

selfconsistently or in single point fashion employing LDA geometries. Short-range chemical 

interactions with the aqueous solvent were modeled by explicitly treating aqua ligands 

[56,57]. In addition, a polarizable continuum model (PCM) [65] was used to account for 

long-range (electrostatic) solvation effects.  

The work of the present project was divided into three parts: 

A Complexes in aqueous solution 

 Ternary carboxylate complexes  

At environmental pH conditions, hydrolysis and carbonate complexation of actinide ions  

determines the speciation. Thus, the corresponding complexes and not only the aqua 

ions of actinides have to be regarded as the educts of complexation reactions with other 

ligands and also ternary complexes including aqua, hydroxide or carbonate ligands may 

be formed. In this task, hydroxo and carbonato complexes of actinyl ions were modeled 

as reference. Ternary complexes with carboxylates as common functional groups of 

humic substances were also examined.    

 Dicarboxylates 

Dicarboxylate complexes of actinyl ions are well known from experiment, but had not 

yet been studied computationally. Compared to monocarboxylates these complexes are 

more complicated with regard to possible combinations of coordination numbers and 

ligand binding modes. As models for the actinide complexation by humic substances, 

these complexes can be regarded either as an actinide ion coordinated by (two) small 
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humic substance molecules or as adducts of a large flexible humic substance species 

where two carboxylate groups are involved in the binding. Thus, this task was also 

intended to contribute to resolving open issues of actinide complexation by humates. 

 Alternative functional groups of humic substances  

In the preceding project our computational studies, together with experiments of the 

project partner Helmholtz-Zentrum Dresden-Rossendorf, had shown that phenolic or 

even aliphatic OH groups of humic substances contribute to complexation [57]. This 

work was to be extended by combined experimental and computational studies on 

nitrogen- and sulfur-containing groups for the exemplary case of uranyl(VI). The goal 

was to help understand modifications in the complexation behavior of humic substances 

of varying chemical composition. 

 Temperature dependence and reaction mechanism of carboxylate complexation 

The complexation of actinyl ions by simple organic ligands, e.g., acetate, had already 

been explored in the preceding project. This task was to be extended to more involved 

topics, such as the mechanism of complexation in aqueous solution and the temperature 

dependence of corresponding thermodynamic parameters. 

 An(IV) complexes  

Due to their large formal charge, An(IV) ions represent a challenge for quantum 

chemical modeling of the corresponding complexes in an aqueous solution. In this task a 

combined modeling and method development effort was to be undertaken to make 

An(IV) species accessible to accurate computational treatment. Starting with aqua ions, 

hydrolysis complexes were treated, ultimately aiming at more complex species. Also 

experimentally, the oxidation state (IV) of U and Np is less well characterized compared 

to the more common oxidation states and the results of this task were intended to help 

augmenting such knowledge. 

 Complexation of Am(III)  

Experimental as well as computational studies on americium are rare. In this task, the 

Am(III) aqua ion as well as Am(III) complexes with organic ligands were to be explored 

in collaboration with the project partner TU Dresden, to contribute to the understanding 

of the aqueous chemistry of this most stable oxidation state of Am. 

B Surfaces of clay minerals and adsorbed complexes  

 Clay mineral surfaces  

As a prerequisite of adsorption studies, basal and edge surfaces of clay minerals were 

characterized with respect to their termination, functional groups, and interaction with 

aqueous solution. Kaolinite, pyrophyllite, and substituted pyrophyllite as a model of clay 

minerals with charged layers were examined. 
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 Adsorption of actinyl on kaolinite  

Adsorption of actinyl ions on kaolinite were studied as an exemplary system of actinide 

adsorption on the surfaces of clay minerals, complementing parallel experimental work 

of the project partners. Inner- and outer-sphere adsorption complexes were compared; 

various adsorption sites of different protonation state were studied for inner-sphere 

adsorption. Geometric and energetic results were compared to experimental findings for 

kaolinite and other clay and related minerals. 

 Adsorption of actinyl complexes  

Near neutral pH conditions, not only solvated actinyl ions but also various hydroxide or 

carbonate complexes may interact with clay mineral surfaces, hence were to be 

characterized as adsorbates, for the exemplary case of uranyl. The results of this task are 

useful for differentiating various surface species in experiment. 

 Adsorption of actinyl at 2:1 clay minerals  

As examples of the common 2:1 clay minerals, neutral pyrophyllite and a substituted 

model mineral with charged layers, similar to beidellite, were studied as substrates for 

actinyl adsorption. Here the focus was on the edge surfaces as the basal siloxane 

terminated surfaces are less reactive. Results were compared to those for kaolinite to 

provide first insight into the variability of actinide adsorption on various clay mineral 

surfaces. 

C Method development  

PCM as well as QM/MM and dynamical approaches to model solvation were explored 

in this task to evaluate their potential for the project.  

A technical prerequisite for the large number of demanding calculations carried out in 

this project was the application of efficient high-performance software for computers with 

parallel architecture. Complexes in solution were described with the parallel density 

functional package PARAGAUSS [61], developed in our group and available on a local Linux 

cluster as well as at the high-performance facilities of Leibniz-Rechenzentrum München. 

Periodic slab model calculations as models of mineral surfaces have been treated using the 

PAW approach as implemented in the parallel density functional software VASP which also 

was used on local as well as central high-performance facilities. The Linux cluster of the 

group, used for carrying out the work of the project, currently comprises about 160 cores. 

This local resource was essential for the timely delivery and the overall success of the 

project. Six dedicated two-processor two-core nodes as well as a stronger four-processor 

two-core node had been granted which had been put into operation shortly after the start of 

the project. 
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3 Development of the State of the Art 

Quantum chemical modeling of the chemistry of actinides under environmental conditions is 

a rather difficult task as several challenges have to be met [25,26,43,66]. The electronic 

structure of the actinides requires a relativistic treatment including accurate consideration of 

electron correlation as these elements are very heavy and the three valence shells 5f, 6d, and 

7s are involved in bonding. For environmental actinide chemistry modeling the interaction 

with water as ubiquitous solvent and the surfaces of minerals in contact with an aqueous 

phase represent yet another challenge. 

The electronic structure of solvated complexes is commonly described with a density 

functional approach, using either gradient-corrected or hydbrid exchange-correlation 

functionals [66]. Wave function based correlated methods of similar quality like Møller-

Plesset perturbation theory [25,67] are also used whereas accurate approaches, e.g., 

complete active space or coupled cluster methods, are rarely applied and only to smaller 

complexes in view of their computational demand [68]. Relativistic effects are most easily 

accounted for by replacing core electrons with an effective core potential [69-71] which 

allows a nonrelativistic treatment of the valence electronic structure. Direct relativistic all-

electron methods, like the Douglas-Kroll-Hess approach [59,60] used in this work or the 

ZORA (zeroth-order regular approximation) approach [72-74], are computationally more 

demanding, hence less frequently applied to actinide species in solution. Scalar relativistic 

as well as spin-orbit interaction including variants of these methods are available [60]. Spin-

orbit interaction is especially important for the calculation of electronic spectra [74,75] and 

accurate thermodynamic properties [76] as well as for oxidation and reduction reactions 

[66]. On the other hand, it had been demonstrated that spin-orbit effects on geometries and 

reaction energies of species with only a few f electrons are small [77-79]. 

Two approaches are available to treat solvation effects on actinide complexes in 

solution, embedding of the complex in a polarizable continuum model (PCM) [80,81] of 

bulk water or an explicit molecular treatment of the aqueous solvation environment. The 

latter method requires a dynamical approach in combination with periodic boundary 

conditions [82]. When applying the PCM method explicit inclusion of the first solvation 

shell into the quantum mechanically treated part of the system is mandatory and has been 

established as standard procedure [25,73,83]. Especially for charged complexes also the 

chemical interaction with the second solvation shell may be important [84-86], e.g. due to 

charge transfer, not covered in the PCM approach. Parameters of PCM models have to be 

chosen carefully to achieve reliable results [84,86,87]. An explicit dynamical treatment of 

solvation of actinide complexes with a Car-Parinello molecular dynamics approach [88] was 

presented for some uranyl(VI) complexes and their reactions [82,89] as well as for the 

solvated Cm(III) ion [90]. As these calculations are quite demanding, they are typically 

restricted to periodic boxes that include 50–100 water molecules, representing 0.5–1 M 
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solutions. Thus, in dynamical simulations of more complex and larger systems, empirical 

force fields are typically applied instead of quantum mechanics [82,91]. An appealing but 

methodologically intricate intermediate approach is represented by a coupled quantum 

mechanical and molecular mechanical (QM/MM) model [90,92] where a complex and its 

immediate solvation environment are treated quantum mechanically, embedded in a larger 

amount of water molecules that are treated at the force field level. The challenge of this 

approach, which has already been applied to various types of chemical systems [93-95], is a 

consistent coupling between the QM and MM parts, especially for water as a solvent. 

Moreover, due to the dynamics of the aqueous solution a clear separation of the QM and 

MM parts is not given [96] and has to be introduced as an approximation. Also, the choice 

of the size of both regions matters. For [UO2F4(H2O)n]
2─

 it was shown that the 

experimentally determined five-fold coordination of uranyl could be reproduced only with 

an explicit QM model of the first solvation shell of 11 aqua molecules [97].   

Thus far most computational studies on actinide complexes in solution still address 

uranium [25,26,66] which is the most commonly studied actinide. In the last years also other 

actinides have been treated (see Section 4.1.4-6). The computational approaches mentioned 

above are also applicable to various oxidation states of the early actinides up to Cm. Some 

noteworthy examples are mentioned in the following. The hydrolysis of Pa(V) has been 

studied with a dynamical density functional approach showing a variety of oxo and hydroxo 

complexes to be stable in aqueous solution [98]. In a study of Th(IV) hydrolysis, dimeric 

complexes have been shown to be stable, in agreement with experimental evidence [99]. 

Structure calculations on Np(VII) hydroxo and carbonato complexes supported the 

experimental identification of the Np(VII) tetraoxo dihydroxo species in basic solutions in 

the presence of carbonate [100]. Pu(IV) and Pu(VI) nitrate and chloro complexes were 

characterized with GGA density functional calculations [101], achieving good agreement 

with experiment. The expected similarity of oxidation state (VI) complexes to Np and U 

congeners was confirmed computationally [101]. The Cm(III) aqua ion was modeled 

dynamically with quantum mechanical and QM/MM approaches [90]. The coordination 

number of Cm was determined as 8 with the expected square anti-prismatic structure of the 

first solvation shell. The calculated structure agreed with results of EXAFS experiments 

[90].   

Quantum chemical modeling of actinide adsorption at mineral surfaces is an emerging 

field that developed essentially during the time of this project [43,102]. The first studies of 

this type were published in 2006 [103,104], one by our group. In most studies, periodic slab 

models combined with a plane-wave approach were used to represent the mineral surfaces 

[105-108], but also (finite) cluster models were applied [110-113]. These latter models have 

the advantage to admit a straightforward treatment of charged systems, facilitating the 

calculation of adsorption energies, at the price of unphysical boundary conditions. In almost 
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all studies density functional theory was chosen for calculating electronic structures, with 

the exception of a cluster study on Cm adsorption on corundum where also the MP2 

approach was applied to account for correlation [112]. As for complexes in solution, the 

most frequently studied actinide adsorbate is uranyl(VI). Adsorption of uranyl on corundum 

[103,113], gibbsite [108,111], kaolinite [43,105-107], titanium dioxide [104], goethite [110], 

and hematite [114] has been examined so far. In agreement with experimental hints at 

neutral and higher pH, preferentially bidentate inner-sphere uranyl complexes were 

modeled. On the other hand, adsorption of hydrolysis species and surface precipitation as 

well as adsorption of uranyl complexes with various ligands can occur. Here only three 

studies are available which treated uranyl hydroxide [107,113] and uranyl dimer complexes 

[111] as adsorbates. The only other actinides for which adsorption on mineral surfaces has 

been studied quantum mechanically are Np(V) [115] and Cm(III) [112]. 

An important aspect when modeling actinide adsorption on mineral surfaces is the 

treatment of solvation. In early studies only the first solvation shell of the actinide ion was 

taken into account. As the structure and properties of mineral surfaces are modified due to 

solvation [107,116,117], an explicit (molecular) description of the solvent is necessary. 

Thus, as a simple solvation model, some studies added a few water molecules to the model 

[108,109], up to about a monolayer [106,107,110,112] above the mineral surfaces. This 

approach excludes long-range solvation effects. As a large number of explicit water 

molecules leads to a potential energy surface of the model system with many close lying 

minima, a dynamic treatment is necessary when this more realistic solvation treatment is 

carried out in periodic slab surface models. This computationally rather costly approach has 

already been chosen for the examination of solvated mineral surfaces [116,118], but has not 

yet been applied to actinide adsorption on them. The authors plan such studies in the 

subsequent project.  

4 Results 

In this section we review the main results of the project; we will follow the project plan. 

First we present computational results for various actinide complexes in aqueous solution. 

Then we describe studies on the surfaces of clay minerals and actinyl adsorption thereon. A 

section on pertinent method development completes this report. Where publications are 

already available, the presentation will be more concise. Publications resulting from this 

project are included among the references and also listed in Section 6. 

4.1 Actinide complexation in aqueous solution 

4.1.1 Hydrolysis and ternary complexes 

Uranyl monohydroxide 

Uranyl monohydroxide has been studied as this hydrolysis species of U(VI) is one of the 

less characterized hydrolysis species of uranyl [119]; it is of importance as a reference 
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species for ternary uranyl hydroxo complexes in solution and at mineral surfaces (see 

below). Uranyl monohydroxide is the simplest hydrolysis product of uranyl(VI) in aqueous 

solution. Few data are available for [UO2OH]
+
 although uranyl hydrolysis has been 

extensively studied [120]. Experimentally this species is not easily accessible as it appears 

as a major species only at low uranium concentrations and in a narrow pH interval above pH 

3 [121]. At larger uranium concentrations and higher pH values, mononuclear complexes 

with more than a single hydoxide ligand or polynuclear hydrolysis species dominate [122-

124]. Earlier computational studies characterized [UO2OH]
+
 as a five coordinate species in 

aqueous solution [125-130]. Most computational studies produced a bent geometry for the 

OH ligand (relative to the U-O direction). Computational results in the literature for the 

Gibbs free energy of hydrolysis ranged from -1.3 kJ mol
-1 

[130] to 55 kJ mol
-1 

[125]. 

In our model calculations, [UO2OH]
+ 

species were generated by deprotonation of  

[UO2(H2O)5]
2+

 at various positions, assuming the typical five-coordination of uranyl. 

Subsequent geometry optimization for complexes in solution then lead to 7 structural 

isomers of the model complex [UO2OH(H2O)4]
+
. These isomers differ in the structure of the 

hydrogen bonds between aqua and hydroxide ligands. For the isomer labeled as 1, an aqua 

ligand moved to a position in the second solvation shell. Thus, this isomer corresponds to a 

four-coordinate species. The relative stability of all these isomers was characterized by 

abstraction of an aqua ligand, thus referring to [UO2OH(H2O)3]
+ 

as a common reference 

species. Reaction energies as well as Gibbs free energies (Table 1) show that the four-

coordinate isomer 1 is by 7–15 kJ mol
-1

 more stable than the five-coordinate structures. 

Interestingly, this result is independent of the density functional approach applied, as it was 

qualitatively confirmed by calculations at the LDA level of theory and by two GGA 

variants. The geometries of all calculated isomers of uranyl monohydroxide are rather 

similar (Table 1). Five-coordinated species feature an uranyl bond of 180 pm, a bond to the 

hydroxide ligand U-OH = 210–212 pm, and an average equatorial bond length U-Oeq of 

237–239 pm which was also obtained for various other five-coordinated uranyl(VI) 

complexes [56-58]. Four-coordinated species show a slightly shorter uranyl bond, 179–180 

pm, and, in line with the lower coordination, a lower value of U-Oeq, 230 pm. While the 

 

 

Figure 1. Structure of solvated uranyl monohydroxide [UO2OH(H2O)4]
+
. (a)  Isomer 1, 

coordination number four. (b) Isomer 2, coordination number five 
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bond to the hydroxide ligand of the  four-coordinate complex [UO2OH(H2O)4]
+
 is longer, 

217 pm, than in the other isomers, the species [UO2OH(H2O)3]
+
 with U-OH = 209 pm 

exhibits a value close to those calculated for five-coordinate uranyl monohydroxide, 210–

212 pm (Table 1). The relatively long U-OH bond of four-coordinate [UO2OH(H2O)4]
+
 can 

be traced back to a rather short hydrogen bond between the aqua ligand in the second shell 

and the OH group (Fig. 1). This result has to be regarded as a special feature of this model; a 

similar U-OH bond as shown by all other isomers is expected when the full coordination of 

the OH ligand by a second shell of water molecules is taken into account in all species.  

For uranyl monohydroxide an estimate of the symmetric vibrational frequency of the 

uranyl unit of 849 cm
-1 

is available [131]. Our calculated results of 841 cm
-1

 for four-

coordinated and about 830 cm
-1 

for various five-coordinated uranyl monohydroxide isomers 

(Table 1) are in favour of the four-coordinated species, in line with the energy 

considerations (see above).  The calculated symmetric vibrational frequency of uranyl of 

869 cm
-1

, in good agreement with the experimental value, 870 cm
-1 

[132], lends further 

support to our model calculations. 

The Gibbs free energy of hydrolysis of the four-coordinated uranyl monohydroxide 

species is calculated at 23 kJ mol
-1 

(GGA), including standard state corrections. When the 

Table 1. Calculated structural parameters of various isomers (VWN, distances in pm), 

symmetric uranyl stretching frequency s (in cm
–1

), and Gibbs free energy of aqua ligand 

abstraction (BP including standard state corrections, in kJ mol
-1

) of uranyl aqua and uranyl 

monohydroxide complexes [UO2(H2O)n(OH)]
+
 with n = 34 in aqueous solution.

a 

Complex isomer CN U-Ot
b
 U-OH <U-OW> U-Oeq s ΔGabs 

[UO2(H2O)5]
2+

  5 177.7 – 237 237 869  

[UO2(H2O)3(OH)]
+
  4 179.8 209 236 230   

[UO2(H2O)4(OH)]
+
 1 4 179.3 217 234 230 841 11 

 2 5 180.2 212 244 237 830 2 

 3 5 180.3 211 244 238 827 1 

 4 5 180.3 212 244 237 –
c 

-4 

 5 5 180.2 210 245 238 831 2 

 6 5 180.3 210 245 237 829 4 

 7 5 180.0 210 246 239 834 -1 

Exp. 
 

       

[UO2]
2+ d

   177(12)  241 241 870
d  

[UO2OH]
+
       849

e
  

(a) Coordination number CN of uranyl, U-Ot  uranyl bond, U-OH  uranyl-hydroxide bond, 

<U-OW>  average uranyl-water bond, U-Oeq  average equatorial uranyl-ligand bond.
  
(b) 

Average values. (c) A numerically reliable result could not be achieved. (d) Ref.[132] (e) 

Ref. [131].  
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five-coordinated isomers are taken into account via a weighted average according to the 

Boltzmann distribution, this value is increased by 1 kJ mol
-1 

only. Our computational result 

agrees reasonably well with the experimental value, 301 kJ mol
-1 

[121,133,134], as well as 

with results of a density functional Car-Parinello molecular dynamic simulation which 

yielded 34 kJ mol
-1 

for the BLYP GGA, and 21 kJ mol
-1

 for the BP GGA functional [127]. 

Uranyl monohydroxide served also as an exemplary species to probe effects of self-

interaction artefacts in LDA and GGA variants of the Kohn-Sham DF method [135]. The 

DFT+U approach offers an empirical (partial) correction of such artefacts (see Section 4.3). 

Strong effects of self-interaction have been identified for the species [UO2OH]
+
 in the gas 

phase. Compared to self-interaction free coupled cluster calculations at the CCSD(T) level, 

U-Ot is overestimated by 1 pm with the LDA approach, U-OH is underestimated by 2 pm, 

and the U-OH-H angle is calculated to be linear (180°) instead of 148 [135]. As we showed 

earlier for uranyl [136], self-interaction weakens the uranyl bond. Due to bond competition, 

the U-OH bond is underestimated. Our analysis demonstrated the rather strong 

overestimation of the U-OH-H angle to be an indirect effect of artificial uranyl bending and a 

spurious -interaction between the OH ligand and the uranyl moiety [135]. These artifacts 

are essentially corrected with the LDA+U approach, applying a parameter U = 2 eV. Similar 

effects as for the LDA approach were obtained in GGA calculations [135]. For the modeling 

of actinide complexes in solution, inspection of the self-interaction effects on fully 

coordinated complexes is more relevant. As an exemplary case we carried out an analogous 

calculation on an isomer of [UO2OH(H2O)4]
+ 

in the gas phase [135]. While the direct effects 

of the weakening of the uranyl bond by 1 pm and the underestimation of the U-OH bond by 

2 pm are also present in this case, the indirect effect on the U-OH-H angle is strongly 

damped. For the aqua complex of uranyl monohydroxide this angle is overestimated in a 

GGA calculations by only 8. Thus, we conclude that one has to take into account a slight 

weakening of actinyl bonds and a corresponding underestimation of ligand bond lengths by 

about 2 pm when comparing conventional LDA and GGA calculations to experiment. 

Uranyl hydroxo acetate 

The complexation of actinides at environmental pH conditions competes with hydrolysis. 

Especially for actinides in higher oxidations states like uranyl(VI), which features a rich 

variety of hydrolysis products, also ternary complexes have been described [137], e.g., with 

aqua, hydroxide, and carbonate ligands. Therefore, ternary complexes with hydroxide 

ligands have also been suggested for the complexation with humic substances [21,138-140]. 

Interestingly, complexation constants for uranyl monohydroxide by humate have been 

reported to be similar or slightly higher than for uranyl ions by humate [21,138-140]. 

Similar results have been obtained for Am(III) and Cm(III) [141,142]. As the complexation 

chemistry of uranyl(VI) in the range of approximately neutral pH is of particular relevance 

for safety issues of deep geological repositories for radioactive waste, we undertook a study 
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of ternary uranyl acetate complexes in aqueous solution [143]. These results may also serve 

as models of carboxylic functional groups of humic substances. Until now structural and 

vibrational properties of such complexes are only poorly known; therefore, this work 

provides hints for a direct spectroscopic identification of the corresponding complexes.   

Mono- and bidentate acetate coordination of acetate to uranyl monohydroxide at 

various relative positions of the ligands in the first coordination shell of uranyl have been 

modeled (Fig. 2). For the monodentate acetate coordination four isomers result, while the 

local symmetry of the bidentate acetate species reduces the variety of relative ligand 

positions to two, with the OH ligand in cis or trans position relative the acetate (Fig. 2). 

In Table 2, geometric as well as vibrational and energetic characteristics of ternary 

uranyl hydroxo acetate complexes are compared to their binary uranyl acetate congeners for 

the more stable trans isomers. Cis isomers of uranyl hydroxo acetate exhibit similar 

characteristics, but are slightly less stable, as expected due to repulsion of the anionic 

ligands [143]. As a result of bonding competition, the hydroxide ligand in these ternary 

complexes induces marked structural changes compared to the binary acetate complexes. 

The uranyl bond elongates by 2 pm. In line with this weakening of the uranyl bond, the 

symmetric uranyl stretching frequency is red shifted by about 30 cm
-1

 (Table 2), a value 

which is rather similar to our result for uranyl monohydroxide (see above). A somewhat 

smaller red shift was observed in a recent attenuated total reflection (ATR) FT-IR 

experiment for the asymmetric uranyl vibration in ternary uranyl hydroxo humat complexes 

compared to uranyl humate [138], by 12 cm
-1

 for uranyl humate solution and about 20 cm
-1

 

for uranyl humate solid. U-O bonds to the acetate ligand increase by 7 pm and 13 pm for 

mono- and bidentate ligand coordination, respectively. In consequence, also the U-C 

distance to the carbon atom of the acetate ligand increases in case of bidentate coordination, 

but not for monodentate species where the carboxyl C-O bond decreases. Also the bonds of 

the aqua ligands to uranyl are elongated, by 7–8 pm (Table 2). In line with earlier findings 

for other uranyl complexes [56,58], all these changes have no effect on the average 

equatorial distance U-Oeq, which for binary and ternary complexes is calculated in the 

typical range of 236–238 pm for five-coordinate uranyl(VI) complexes. Once again these 

 

Figure 2. Structure of ternary complexes of uranyl with mono- and bidentate coordinated 

acetate, a trans-hydroxo moiety, and aqua ligands. Numbers label the various possible 

positions of the hydroxide ligand.  

 

mono bi 
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examples show that the geometric parameter U-Oeq, which is commonly determined in 

EXAFS studies, is not sensitive to the coordination modes or types of ligands. The only key 

characteristic geometric feature of uranyl hydroxo acetate complexes is the rather short bond 

of the hydroxide ligand U-OH, 212–214 pm, which may be used as fingerprint in 

experimental structure analysis. 

The Gibbs free energies of complexation of uranyl monohydroxide with acetate (Table 

2) are clearly lower than for uranyl itself; this translates into a lower complexation constant 

of uranyl monohydroxide. This result can be rationalized by the lower charge of [UO2OH]
+
 

compared to [UO2]
2+

. This finding is qualitatively at variance with experimental results for 

uranyl hydroxo humate species (see above) although the experimentally determined red shift 

of the uranyl asymmetric vibrational frequency also points to a change in ligand bonding to 

uranyl comparable with our results. All these results demonstrate that at least at neutral to 

basic pH conditions the complexation of uranyl by humic substances at the microscopic 

level deserves further exploration. 

Diacetate complexes 

Uranyl diacetate species are present in solutions of uranyl and acetate at weakly acidic pH 

[144] and may serve also as models of uranium complexated by more than one carboxyl 

group of humic subtances. Two acetate ligands were coordinated to uranyl ion in 

bidentate/bidentate, bidentate/monodentate, and monodentate/monodentate fashion (Fig. 3) 

and the first coordination shell was filled up with aqua ligands to reach the common 

coordination numbers CN = 5 and 6. The 1:1 complexes of acetate with uranyl show very 

similar Gibbs free energies of complexation for bidentate and monodentate coordinations 

with the bidentate coordination slightly preferred (Table 3). The various 1:2 uranyl acetate 

complexes are very close in energies too. Monodentate/monodentate and bidentate/ 

monodentate coordinations are essentially degenerate, while bidentate/bidentate 

coordination is about 10 kJ mol
-1

 less favorable (Table 3). The calculated structural 

Table 2. Calculated structure parameters
a
 (LDA, distances in pm), symmetric uranyl 

stretching frequency sym (in cm
–1

) as well as Gibbs free energies ΔGsub of ligand 

substitution (single-point GGA, in kJ mol
-1

) of uranyl acetate [UO2(OOCCH3)(H2On)]
+
 and 

uranyl trans-hydroxo acetate complexes [UO2(OH)(OOCCH3)(H2On–1)] with bidentate (bi) 

and monodentate (mono) coordination (n = 3, 4) in aqueous solution. 

Ligand  U-Ot U-OC U-C U-OW U-OH U-Oeq sym
 ΔGsub 

bi [UO2]
2+

 178.6 237 277 236 – 237 854 -109 

 [UO2(OH)]
+
 180.6 244 284 244 212 238 820   -69 

mono [UO2]
2+

 178.9 229 340 238 – 236 822 -110 

 [UO2(OH)]
+
 180.8 242 341 243 214 237 796   -63 

(a) U-Ot  uranyl bond U-Ot, U-OC  uranium bond to carboxylate, U-C  uranium distance 

to carboxyl C, U-OW  yranyl bond to aqua ligand, U-OH  uranyl-hydroxide bond, U-Oeq  

average equatorial uranyl-ligand bond.
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parameters are rather similar for all three diacetate complexes. The U-Ot bond is 179–180 

pm and marginally shorter values are calculated for twofold bidentate ligand coordination as 

for the monoacetate complex (Table 3). The average U-OC bond to the acetate ligands 

amounts to 237-241 pm for all three types of coordination, which is slightly longer than for 

bidentate monoacetate. An average equatorial distances U-Oeq of 236–238 pm is obtained 

for all five-coordinate species. This geometric parameter depends essentially only on the 

coordination number (see above) [56,58], as is demonstrated for the six-coordinate 

bidentate/bidentate diacetate complex with U-Oeq = 242 pm.  The only structural parameter 

characteristic for the coordination mode is the U-C distance to the carboxyl group. Its 

average elongates from about 280 pm for bidentate coordinated complexes to about 330 pm 

for monodentate species for 1:1 as well as 1:2 complexes (Table 3). 

An EXAFS study on uranyl acetate complexation suggests the prevalence of 1:2 

complexes at pH 2 to 3.2 [144] and interprets a slight increase in U-Oeq with time as a 

change of the coordination mode from mono- to bidentate. The resolved U-Ot bond of about 

179 pm is in good agreement  with our calculational results. U-Oeq of 242–245 pm is longer 

 

Figure 3. Coordination modes of biacetate complexes [UO2(OOCCH3)2]
0
: (a) bidentate-

bidentate, (b) bidentate-monodentate, (c) monodentate-monodentate. 

 

 

 

 

Table 3. Calculated structure parameters
a
 (LDA, distances in pm) and Gibbs free energies 

ΔGsub of ligand substitution (GGA, in kJ mol
-1

) of uranyl mono- and diacetate 

[UO2(OOCCH3)m(H2On)]
0
, m = 1 and 2, with monodentate (mono) and bidentate 

coordination of ligands in aqueous solution. Experimental results for uranyl diacetate are 

given for comparison.  

Coord. Ac¯ CN U-Ot U-OC U-C U-Oeq ΔGsub 

bi 1 5 178.7 237 277 237 -108 

mono 1 5 179.0 228 333 236 -107 

bi/bi 2 5 179.2 237 277 238 -175 

 2 6 179.8 241 280 242  

bi/mono 2 5 179.7 237 305 236 -185 

mono/mono 2 5 179.9 238 336 236 -186 

EXAFS
b
        

pH 1.8,  3 months   179(2)  294(2.2) 245(4.4)  

pH 1.8   179(2)  292(2.3) 242(4.6)  

pH 3.2   178(2)  292(1.9) 245(3.8)  

(a) Ac¯– number of acetate ligands, CN – coordination number of uranyl, U-Ot  uranyl 

bond, U-OC  uranium bond to carboxylate, U-C  uranium distance to carboxyl C, U-Oeq  

average equatorial uranyl-ligand bond.
  
(b) Ref. 144 
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than our calculated values for five-coordinate complexes (Table 3) but fits to U-Oeq of the 

bidentate/bidentate diacetate complex with CN = 6 of 242 pm (Table 3). Thus, comparison 

of EXAFS and calculated results suggests a prevailing coordination of 6, at variance with 

the lower measured coordination numbers. Also the increase of U-Oeq with time may be due 

to an increase of the average coordination number. The measured U-C distance of 292–294 

± 3 pm, together with a coordination number of ~2, confirming the presence of diacetate 

complexes, lies between the values calculated for purely mono- or bidentate coordinated 

diacetate complexes. Thus a mixture of mono- and bidentate coordinated ligands should be 

present, in agreement with calculated Gibbs free energies of complexation (see above).   

4.1.2 Complexation by non-carboxylic groups 

To complement ongoing experimental efforts of the project partner Helmholtz-Zentrum 

Dresden-Rossendorf in characterizing the role and importance of other than carboxylic 

functional groups in actinide complexation by humic substances, we studied uranyl 

complexation as an exemplary case with small organic species which exhibit S- and N-

related heterogroups as models of analogous functional groups of humic substances. 

Complexation by sulfur containing groups 

The complexation of uranyl(VI) by a single sulfonate or thiolate ligand was examined as a 

model of the corresponding functional groups of humic substances [145]. Humic substances 

typically show a sulfur content of less than 1.5 % [9]. Yet, at environmentally relevant low 

actinide concentrations, a contribution of such functional groups can be excluded only by 

demonstrating that their propensity for complexation is less favorable than that of other 

functional groups. This computational modelling was related to experimental TRLFS studies 

at Helmholtz-Zentrum Dresden Rossendorf on the complexation by benzenesulfonic acid 

(BSA) and 4-hydroxybenzenesulfonic acid (HBSA) [145] as well as complexation by sulfur 

enriched humic acids [146] which mainly feature sulfur in high oxidation state as thiolate 

groups. An interesting finding of earlier TRLFS studies was that HBSA complexates uranyl 

while for BSA no complexation could be detected [147]. This a little surprising finding 

motivated our study together with an experimental reinvestigation of these systems under 

strictly comparable conditions. 

Uranyl complexes in aqueous solution with BSA, HBSA, and also methylsulfonate as 

ligands have been optimized, assuming five-fold coordination. For comparison also 

methanethiolate was included in this study. Table 4 collects pertinent geometric parameters 

of all complexes treated and Gibbs free energies of the model complexation reaction 

[UO2(H2O)5]
2+

 +L

  [UO2L(H2O)n]

+
 + (5–n) H2O      (1) 

Mono-, bi-, and tridentate coordination of the sulfonate group to uranyl was examined. 

While optimizations lead to stable structures with mono- and bidentate coordination (Fig. 4), 

no energetic minimum could be found for tridentate coordination. The uranyl bond length as 
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well as the average equatorial U-O distance U-Oeq, the structure parameters commonly 

determined in EXAFS investigations, are very similar for all three sulfonates and vary only 

marginally with the coordination mode (Table 4). For monodentate coordination, U-Ot is 

elongated by less than 0.5 pm and U-Oeq is 1–2 pm shorter than for bidentate coordination. 

These results indicate a slightly stronger uranyl-ligand interaction for monodentate 

coordination. The weak variation of the distance U-Oeq between mono- and bidentate 

complexes is in line with earlier findings for carboxylates which showed that the value of U-

Oeq mainly reflects the coordination number, but not the coordination mode [56,148]. The 

trend of the uranyl-sulfonate bond, tentatively interpreted as stronger for monodentate 

complexes, is corroborated by the distances U-OS from uranyl to the sulfonate oxygen 

centers. For monodentate complexes a short bond of ~230 pm was calculated, while for 

bidentate coordination two bonds of ~240 pm were determined. Another clear geometric 

differentiation of the coordination modes is provided by the U-S distances which amount to 

~310 pm for bidentate coordination, but to ~360 pm for monodentate species. This 

geometric feature of uranyl monosulfonate complexes is best suited for a potential 

differentiation of the coordination mode by EXAFS measurements. With regard to the 

complexation behaviour of BSA and HBSA, note that the geometric parameters of BSA and 

HBSA complexes are more similar to each other than to the corresponding methylsulfonate 

complex.  

Comparison of sulfonate complexes to uranyl methanethiolate reveals notable 

differences in the structure. The uranyl bond U-Ot = 179 pm is up to 1 pm longer than for 

the sulfonate complexes, pointing towards stronger bonding of the ligand. The bond U-S = 

267 pm is clearly much shorter than the U-S values of sulfonate complexes. Averaging 

jointly over the equatorial distances U-O and U-S yields a value of 247 pm, considerably 

larger than the value U-Oeq of ~237 pm calculated for five-coordinate uranyl sulfonate or 

 

mono bi 

 

Figure 4. Mono- and bidentate uranyl complexes [UO2(C6H4OH)SO3(H2O)n]
+
 with an 

HBSA ligand in aqueous solution.  
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acetate complexes (Table 4). Thus, this quantity is a simple geometric feature for identifying 

thiolate complexes by means of EXAFS. 

Gibbs free energies of sulfonate complexation calculated according to the model 

equation (1) yield only small differences, of up to 3 kJ mol
-1

, between complexes with BSA 

and HBSA ligands. Thus, one expects that both acids show a very similar complexation 

behaviour for uranyl, as confirmed by very recent TRLFS experiments of the project partner 

Helmholtz-Zentrum Dresden-Rossendorf. In these spectroscopic measurements, the 

complexation constant of uranyl complexation with BSA and HBSA were determined at 

2.62 and 2.67, respectively [145]. Interestingly, these values are rather close to the 

complexation constants measured for uranyl monoacetate, 2.5–2.9 [149-151]. This similarity 

is at variance with the calculated Gibbs free energies of complexation: -20 kJ mol
-1

 to -35 

kJ mol
-1

 for sulfonate complexation, but more exothermic, -105 kJ mol
-1

 for mono-, and 

-108 kJ mol
-1

 for bidentate coordination of acetate. Recall that complexation constants of 

organic acids have been shown to correlate with the corresponding pKa values [152].  

The higher pKa value of acetic acid, 4.76, is reflected by our calculated results, but not 

by the experimental complexation constants for acetate and sulfonate ligands which feature 

pKa values below zero [153]. Thus, the measured unexpectedly high complexation constants 

of sulfonates, at variance with general trends [152] and our computational results, represent 

an open problem, to be examined in more detail. Note that an earlier finding of a rather high 

Table 4. Calculated distances
a
 (pm) of mono- and bidentate uranyl(VI) sulfonate 

[UO2L(H2O)n]
+
, L = RSO3

–
, and thiolate, L = RS

–
, with n = 4 for monodentate and n = 3 for 

bidentate complexes. Results for the complexes with the acetate ligand, L = [CH3COO]


, are 

given for comparison. Gibbs free energies ΔGsub (single-point BP, kJ mol
-1

) including 

standard state corrections are estimated according Eq. (1).  

Ligand coord. 

mode 

R U-Ot
 

U-OS/C
 

U-S/C
 

U-Oeq ΔGsub 

RSO3ˉ mono CH3 178.7 229 354 237 -35 

  C6H5 178.7 232 362 236 -27 

  C6H4OH 178.7 231 361 236 -26 

 bi CH3 178.3 240, 242 306 238 -32 

  C6H5 178.4 240, 243 308 238 -26 

  C6H4OH 178.6 240, 242 307 238 -23 

RSˉ  CH3 179.3 – 267 247 -75 

RCOOˉ  mono CH3 178.9 229 340 236 -105 

 bi CH3 178.6 237, 237 277 237 -108 

(a) U-Ot – average terminal uranyl bond, U-OS/C – bond to oxygen centers of the sulfur- 

containing or carboxylic ligand L, U-S/C – distances to the S/C center of L, U-Oeq – average 

equatorial U-O/S bond. 
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complexation constant, at variance with the correlation with pKa, had been rationalized by 

the coexistence of inner- and outer-sphere complexes [152].  

Complexation by nitrogen containing groups 

Just as sulfur, nitrogen is also a smaller component, reaching up to ~4 %, in the elemental 

composition of humic substances [9]. Nitrogen appears in various functional groups, e.g., in 

amines and amides, as well as in amino, imino, and heterocyclic moieties. While 

multidentate nitrogen donor ligands are common in separation chemistry [154,155], such 

complexating units are not to be expected in humic substances. Thus, we examined amines, 

pyridine, and amino acids [156,157] as models of more probable N-donor functional groups 

of humic substances. Especially amino acid groups may be of interest as they allow chelate 

complexation of metal ions. 

Structural parameters for uranyl complexes with methylamine, trimethylamine, and 

pyridine, like the uranyl bond and bonds to aqua ligands, are similar to monocarboxylate 

complexes [156]. U-N bonds of ~248 pm are a characteristic feature, as they are longer than 

U-O bonds of carboxyl complexes (229 pm monodentate, 237 pm bidentate, see above). 

This relationship reflects the larger size of the N atom compared to O. Consequently, the 

average equatorial U-O/N distance, which is often measured by EXAFS, elongates by 2 pm 

[156] compared to uranyl monoacetate. 

Table 5 compares Gibbs free energies Gsub of complexation with neutral N-donor 

ligands or with their conjugate cationic acids (
H
subG ) according to the reaction  

[UO2(H2O)5]
2+

 + LN → [UO2(H2O)4LN]
2+

 + H2O (2) 

Table 5. Gibbs free energies ΔGsub (single-point BP) of ligand substitution for complexes 

[UO2(H2O)4LN]
2+

, LN = NH2Me, NMe3, and NC5H5, in solution, optimized without 

constraints. Results for complexes with neutral ligands L = CH3OH, C6H5OH, and 

CH3COOH, as well as the anionic ligand CH3COOˉ are given for comparison. Free energies 
H
subG  of complexation with protonated ligands LNH

+
 or neutral ligands LH. All energies in 

kJ mol
-1

. 

  ΔGsub  
H
subG  

LN NH2CH3 -9 120 

 N(CH3)3 39 158 

 NC5H5 13 111 

L CH3OH 8 28 

 C6H5OH 57 57 

 CH3COOH 20 33 

 CH3COOˉ mono -109  

 CH3COOˉ bi -110  
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to results for methanol, phenol, and acetic acid. Neutral amines and pyridine show low 

complexation energies, comparable to those calculated for neutral OH functional groups. 

While methylamine complexates slightly stronger than an aqua ligand, Gsub = -9 kJ mol
-1

, 

trimethylamine yields an endothermic complexation energy of 39 kJ mol
-1

 due to its larger 

steric demand. As neutral amine or pyridine groups are present at about neutral or higher 

pH, no sizeable contribution to actinide complexation in humic substances is expected 

because at these conditions the prevailing carboxyl groups are deprotonated. Also at low pH, 

where these groups acquire their cationic acid form, alcoholic, phenolic and neutral carboxyl 

groups form more favorable complexation sites, as is demonstrated by the much higher 

endothermic H
subG  values calculated for the N-donor ligands (Table 5) [156].      

The complexation of uranyl by amino acids was studied in exploratory fashion on the 

examples glycine, alanine, and α-amino-isobutyric acid (AIB) [157]. The latter model ligand 

was treated in more detail as a corresponding EXAFS study is available [27]. Bidentate and 

chelate coordination of the amino acid group may be invoked as favorable coordination 

modes of the ligand. For bidentate coordination U-O bonds to the carboxyl group and to 

aqua ligands in general are rather similar (Table 6). Neutral AIB is an exception where the 

average U-OC distance to the carboxyl group, 241 pm, is by 6 pm longer than the bonds to 

aqua ligands. Also, the geometric features of isomers (cis and trans orientation of the N lone 

pair with respect to the carboxyl group) of bidentate coordinated AIB and other carboxylic 

Table 6. Geometry parameters
a
 (in pm) and Gibbs free energies ΔGsub (single-point BP, in 

kJ mol
-1

) of ligand substitution for complexes [UO2L(H2O)3]
0,+

 of uranyl with the  α-amino-

isobutyric acid anion AIB and the neutral acid AIBH. For comparison also results for the 

carboxylates with acetate, benzoate, salicylate, and glycolate and given. Bidentate (bi) and 

chelate coordination of the ligand are compared.  

Coord. Ligand U-Ot
 

U-OC
 

U-N/O U-C U-OW U-Oeq ΔGsub 

bi. acetate 179 237  277 237 237 -110 

 benzoate 179 237  277 236 237 -98 

 salicylate 178 237  277 237 237 -61 

 glycolate 178 239  277 235 237 -78 

 AIB cis 179 237  276 239 238 -82 

 AIB trans 179 237  276 237 237 -88 

 AIBH 178 241  277 235 237 -59 

chelate salicylate 179 218 246 341 240 237 -49 

 glycolate 179 223 244 326 238 236 -82 

 AIB 179 226 248 325 237 238 -118 

(a) U-Ot  average uranyl bond, U-OC  uranium bond to carboxylate, U-N/O – uranium 

bond to N or O centers of chelating ligands, U-C  uranium distance to carboxyl C, U-OW  

yranyl bond to aqua ligand, U-Oeq  average equatorial uranyl-ligand bond. 
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acids are very similar (Table 6). Chelate complexes are easily distinguishable geometrically 

from their bidentate congeners. The single bond U-OC is by more than 10 pm shorter and the 

bonds to the amine group or the hydroxyl ligand in case of carboxylic acids, 244–248 pm, 

are longer than typical U-OC distances of bidentate complexes, 237–241 pm (Table 6). A 

marked difference between bidentate and chelate coordination, useful for identification by 

means of EXAFS, is the U-C distance. It is calculated to ~277 pm for bidentate coordination 

of AIB and to 325 pm for the corresponding chelate complexes. Similar results were 

obtained for salycilate and glycolate complexes (Table 6). 

Comparison of energy parameters for bidentate and chelate complexes of uranyl with 

the three exemplary amino acids shows that for the neutral form of the acids bidentate 

complexation is preferred by about 45 kJ mol
-1

, while the anionic form of the ligand is more 

stable in chelate complexes, by 20–30 kJ mol
-1

. Thus bidentate coordination is expected at 

acidic pH, while chelate complexes should appear in the basic regime, in agreement with 

experimental results [27]. Chelate complexes of carboxylic acids show a free energy of 

complexation that is lower or comparable to bidentate complexes, but the uranyl AIB 

chelate complex shows the highest endothermic complexation energy among all examples 

studied (Table 6). Thus, at lower to neutral pH where amino acids are protonated, carboxyl 

groups are preferred for uranyl complexation. On the other hand, at basic pH conditions, 

amino acid moieties offer more favorable sites for complexation via the formation of chelate 

complexes. Taking into account the low nitrogen content of humic substances, only a slight 

increase of the complexating ability is thus expected, due to amino acid groups, at high pH 

conditions.    

4.1.3 Carboxylate complexation: Effect of temperature and mechanism 

Temperature dependency of uranyl acetate complexation  

The majority of actinide complexation studies were carried out at room temperature. Only 

few data are available at elevated temperatures [28,158] that are of interest when modelling 

chemical processes for safety issues of deep geological storage sites where temperatures of 

100C and above have to be considered in the near field.  

The hydrolysis of uranyl(VI) was studied experimentally in the temperature range 

from 10 to 94 °C [159-161]. In that temperature interval hydrolysis of uranyl proceeds as 

formation of [UO2OH]
+
, [(UO2)2(OH)2]

2+
, and [(UO2)3(OH)5]

+
 in acidic solutions, and all 

three hydrolysis constants increase with temperature, but to a different degree [161]. 

Therefore, the speciation of U(VI) varies with temperature T.  

Several experimental studies examined the complexation of uranyl with carboxylates 

at elevated temperature [28,162-164]. Titration calorimetry was used to determine the 

enthalpy of complexation from 10 to 85 °C. The complexation of uranyl with acetate, 

malonate, oxydiacetate, and thiodiacetate is always endothermic and driven by entropy. The 
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enthalpy and entropy of complexation both become more positive at higher T. The 

complexes are stabilized at higher T as the increase of the entropy term TΔS exceeds the 

enthalpy change. Similar thermodynamic trends have been observed for the complexation of 

carboxylates with other actinide and lanthanide cations, including Th(IV) [165], Nd(III) 

[166], and Sm(III) [162]. 

To inspect the microscopic origins of these findings, we examined uranyl acetate 

complexes at 25, 50, 75, and 90 °C. Monodentate and bidentate 1:1 and 1:2 uranyl 

complexes with acetate were optimized in the gas phase and in solution, applying the BP 

functional. Thermodynamic corrections of the energy values, to determine enthalpy and 

entropy terms, were first calculated from a normal mode analysis in the gas phase. The 

temperature dependence of solvation effects was modelled via the temperature variation of 

the dielectric constant ε(H2O) of water [167,168] and the cavitation energy [169]. The 

values ε(H2O) = 78.4, 69.9, 61.5, and 56.3 at 25 °C, 50 °C, 75 °C, and 90 °C as derived 

from [167] were used. The Gibbs free energy ΔGaq of complexation reactions in solution 

was estimated by invoking a thermodynamic cycle that involves the Gibbs free energy ΔGgas 

in the gas phase, adding for each species its Gibbs free energy ΔGsol of solvation. Reaction 

free energies were adjusted to the standard concentration of 1 M for solutes (ΔGst(T) = 7.91, 

8.57, 9.23, and 9.63 kJ mol
-1

 for T = 25 °C, 50 °C, 75 °C, and 90 °C, respectively) and to the 

standard concentration of water, 55.34 M (ΔGst(T) = 17.85, 19.34, 20.83, and 21.73 kJ mol
-1

 

at T = 25, 50, 75, and 90ºC, respectively) for each solvated water molecule.  

To examine the effect of temperature on the uranyl complexation by acetate we 

studied the model reactions 

[UO2(H2O)5]
2+

 + Ac
–
  → [UO2(H2O)5-nAc]

+
 + n H2O    (3) 

[UO2(H2O)5]
2+

 + AcH  → [UO2(H2O)5-nAc]
+
 + [H3O]

+
 + (n-1) H2O  (4) 

[UO2(H2O)5]
2+

 + AcH  → [UO2(H2O)5-nAc]
+
 + [H5O]

+
 + (n-2) H2O  (5) 

[UO2(H2O)5]
2+

 + AcH  → [UO2(H2O)5-nAc]
+
 + [H]

+
exp + n H2O   (6) 

for monodentate (n = 1) and bidentate (n = 2) ligand coordination.  

Equation (3) models the standard equation of metal complex formation, but has the 

disadvantage of including cations as well as anions. As inaccuracies of a PCM method are 

particularly pronounced for charged species and commonly larger for anions [170,171], it is 

computationally favourable to use Eqs. (4–6) because they comprise only cations and thus 

tend to afford a more favourable error compensation. From Gibbs free energies determined 

according to Eqs. (4–6), corresponding values of Eq. (3) can be derived with the Gibbs free 

energy of deprotonation of acetic acid. Here the experimental value of the pKa of acetic acid 

at normal conditions (4.59±0.01), which increases with temperature to 4.72 at 70 °C, can be 

used [28]. In Eq. (4) the solvated proton is modelled as H3O
+
, in Eq. (5) as Zundel ion, while 
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in Eq. (6) the value of 1105 kJ mol
-1 

is used for the solvation energy of the proton as 

obtained in a systematic ion cluster-pair study [172] (in agreement with experimental data). 

Table 7 provides the Gibbs free energies estimated according to Eq. (3) for 1:1 uranyl 

mono- and bidentate complexes with acetate. The experimental value ΔG of the 1:1 complex 

formation was measured at -15 kJ mol
-1

 at room temperature [28]; it decreases slightly with 

increasing temperature. At 70 °C, ΔG amounts to -20 kJ mol
-1 

[28]. As a result, the 

corresponding complexation constant increases from 2.61±0.03 to 3.01±0.05 when T 

increases from 25 °C to 70 °C [28]. An U-C contact of 290 pm and coordination number 1.3 

was resolved at pH 2.84, confirming the presence of inner-sphere 1:1 uranyl complexes with 

acetate [28].  

The calculated data from Eq. (3) do not fit the experiment (Table 7). The free energy 

change of the reaction, about -110 kJ mol
-1

 at 25 °C, considerably overestimates (in absolute 

terms) the experiment, resulting in too large a complexation constant of ~19 (Table 7). This 

failure in reproducing the free energy of complexation mainly is to be attributed to 

shortcomings of the solvation model mentioned above [170,171]. Much better results were 

obtained for the trend with increasing temperature. The monodentate complex is marginally 

less stable than the bidentate one and that difference becomes larger with T, rendering 

bidentate coordination increasingly more favourable. Going from 25 °C to 75  °C, ΔG 

decreases by 1 kJ mol
-1

 for monodentate complexes and 4 kJ mol
-1

 for bidentate complexes. 

The latter value agrees very well with the experimental results, a change by 5 kJ mol
-1

 at 70 

ºC [28].  

Bidentate and monodentate complexes show opposite signs of the gas phase entropy 

contribution to the Gibbs free energy. The entropy term -TS stabilizes the bidentate 

complex by ~40 kJ mol
-1

, but slightly destabilizes the monodentate complex by ~10 kJ mol
-1

 

(Table 7). This effect can be rationalized by the fact that bidentate coordination implies the 

Table 7. Thermodynamic parameters of uranyl(VI) monoacetate complexation with mono- 

and bidentate coordination for various temperatures as calculated from Eq. (3) in the gas 

phase (g) and in solution (s) at the GGA level as well as with standard state corrections (st). 

 ΔE(s) ΔHst(g) Δ(ST)(g) ΔGst(s) log β 

mono      

25 -125.3 -117.2 10.2 -107.0 18.8 

50 -127.1 -118.2 11.1 -107.1 17.4 

75 -129.3 -119.6 12.0 -107.6 16.2 

90 -130.9 -120.7 12.5 -108.2 15.6 

bi      

25 -90.6 -70.1 -38.1 -108.2 19.0 

50 -91.6 -68.9 -41.3 -110.1 17.9 

75 -93.0 -67.9 -44.4 -112.4 16.9 

90 -94.0 -67.6 -46.3 -113.9 16.4 
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release of one more aqua ligand from the first coordination shell of the uranyl aqua complex 

than for complexes with monodentate coordination, which lowers the reaction entropy. 

Experimental results show complexation with acetate to be entropy driven [28]. According 

to our calculations, this holds only for the bidentate complex. 

Using Eqs. (4–6) more realistic Gibbs free energies were calculated for the 

complexation of uranyl with acetate (Table 8). Eq. (4) yields a marginally exothermic 

reaction in best agreement with experiment. Modelling the solvated proton as [H5O2]
+
 

species again overestimates the Gibbs free energy, leading to a reaction energy of about -60 

kJ mol
-1

, while invoking the experimental solvation energy of a proton provides an 

intermediate value of the reaction Gibbs free energy, about -40 kJ mol
-1

. These examples 

demonstrate that the solvation energy of a proton is an essential quantity for determining 

reliable computational values for the free energy of complexation by an acid.   

Independent of the absolute values calculated, our results show that mono- and 

bidentate complexes at room temperature are energetically almost degenerate (Table 8) 

while bidentate complexes become more favourable with increasing temperature. The 

difference of the complexation Gibbs free energy between mono- and bidentate complexes 

increases (in absolute terms) from 1 kJ mol
-1

 to 5 kJ mol
-1

 when the temperature is raised 

from room temperature to 90 °C. This trend is independent of the model equation used, as 

these equations differ only by the representation of the solvated proton. These computational 

results suggest that the concentration ratio of bi- and monodentate complexes increases from 

about 2:1 at room temperature to 7:1 at 90 °C.  As the bidentate conformer of uranyl 

monoacetate shows the stronger temperature effect and dominates at elevated temperatures, 

we ascribe the temperature dependence of uranyl acetate complexation to the bidentate 

coordinated species.  

Neptunyl acetate complexation 

Neptunyl(V) acetate has been choosen as an exemplary case for the detailed examination of 

a complexation reaction as the monoacetate complex is neutral. Thus, solvation effects are 

small and this facilitates the modeling. Table 9 lists the geometric parameters of neptunyl 

Table 8. Temperature dependence of the Gibbs free energy ΔG (GGA) of uranyl(VI) 

complexation by an acetate ligand according to model reactions Eqs. (3–6) for mono- and 

bidentate coordination. Given are values at 25 C and their change Δ
2
G upon temperature 

increase to 90 C as well as the difference Δ(bi-mono) of Δ
2
G values of mono and bidentate 

complexes in solution (s) including standard state corrections (st). 

 Eq. 3 4 5 6 

ΔGst(s, 25) mono -107 -3 -57 -36 

 bi -108 -4 -58 -37 

Δ
2
Gst(s, 90) mono -1 -7 -5 -7 

 bi -6 -12 -9 -12 

 Δ(bi-mono) -5 -5 -5 -5 
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aqua and monoactate complexes. Coordination number 5 was assumed in these models as is 

typical for neptunyl(V) complexes [29,173-175 ].The neptunyl bond length Np-Ot  of 183 

pm as well as the average bond length of aqua ligands Np-Oeq, 254 pm, agree with available 

experimental data (Table 9). Acetate may coordinate to neptunyl in mono- or bidentate 

fashion. Employing a GGA functional, we calculated the bidentate five-coordinate complex 

to be ~15 kJ mol
-1

 more stable than the monodentate complex. As result of acetate 

coordination, the neptunyl bond increases by 1 pm (Table 9). Np-OC bonds to the acetate 

ligand are only slightly shorter than bonds to aqua ligands. These bonds are 249 pm for 

monodentate and 252 pm for bidentate coordination, while the average bonds to aqua 

ligands are 254 pm in either case. From these results a value of 253 pm for Np-Oeq is 

calculated, independent of the coordination mode (Table 9). These results are in rather good 

agreement with a recent EXAFS study of neptunyl acetate complexes in aqueous solution 

[176] by the project partner Helmholtz-Zentrum Dresden-Rossendorf. In that study Np-Ot 

was measured at 184 pm and Np-Oeq at 251 pm. Interestingly, both these quantities do not 

change with increasing pH. A measured Np-C distance of about 290 pm also agrees very 

well with our calculations (Table 9), confirming a bidentate coordination of the acetate 

ligand. These experimental results support our more general result that average equatorial 

actinyl-oxygen distances, here Np-Oeq, depend mainly on the coordination number, but not 

on the type or number of ligands (Table 9).    

In addition to optimizing stable structures we traced the reaction of solvated 

neptunyl(V) with an acetate ligand starting from a five-coordinate outer-sphere complex, 

employing a restricted geometry optimization (Fig. 5). We used the decreasing distance Np-

C as a reaction coordinate. For the outer-sphere complex a Np-C distance of 498 pm was 

calculated. With decreasing Np-C distance, at about 400 pm, a barrier is reached on the way 

to monodentate coordination of the ligand. In the course of that reaction an aqua ligand is 

Table 9. Geometry parameters
a
 (in pm) of the five-coordinated Np(V) aquo ion and the 

monoacetate complex [NpO2Ac] with mono-and bidentate coordination of the acetate ligand 

in comparison to experimental results.  

  Np-Ot
 

Np-OC
 

Np-C Np-Oeq 

NpO2
+ 

calc. 183   254 

 exp. 182-185   246-252 

[NpO2Ac] calc. mono 184 249 347 253 

          bi 184 252 290 253 

 exp. pH = 0.6 183   251(4.5) 

                  2.7 184  291(0.7) 251(4.5) 

                  3.7 184  290(1.9) 251(5.2) 

(a) Np-Ot  average neptunyl bond, Np-OC  neptunium bond to carboxylate, Np-C  

neptunium distance to carboxyl C, Np-Oeq  average equatorial neptunyl-ligand bond. 
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expelled from the first solvation shell, leading to a five-coordinate monodentate species. 

Further decrease of Np-C results in bidentate coordination of the acetate ligand, at Np-C = 

298 pm, with the overall coordination number 6 of neptunyl. This species is energetically by 

~10 kJ mol
-1

 less stable than the monodentate complex (Fig. 5). Removal of a second aqua 

ligand from the first coordination shell leads to a five-coordinate bidentate species, which is 

slightly more stable than the monodentate complex. From these results one may tentatively 

conclude that mono- and bidentate neptunyl monoacetate complexes are in a fast dynamic 

equilibrium while the outer-sphere complex, higher in energy by about 25 kJ mol
-1

, is 

separated by a higher barrier of about 40 kJ mol
-1

. Thus, although not noticed in the EXAFS 

results (Table 9) [176], monodentate complexes should contribute to the speciation of 

neptunyl(V) at low pH.  

4.1.4 An(IV) complexes 

Aqua ions and monohydroxides of uranium and neptunium in the oxidation state IV have 

been studied at the GGA level of DFT in aqueous solution as exemplary complexes of this 

less well explored oxidation state. The large charge of the complexes poses an additional 

challenge in computational studies because long-range solvation effects are important (see 

Section 4.3). Previous computational studies addressed uranium and neptunium(IV) aqua 

complexes, but there structure optimizations were limited to systems in the gas phase and by 

 

Figure 5. Complexation of neptunyl(V) by acetate. Reaction pathway from outer-sphere to 

inner-sphere mono- and bidentate complexes as a function of the distance Np-C. For 

bidentate complexation, six- (blue) and five-coordinate species (green) were optimized. 
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symmetry constraints [177]. To the best of our knowledge, our calculations on the 

monohydroxides were the first such studies. 

The aqua ions of An(IV) were modeled for coordination number CN = 8–10. With 

increasing CN, the average An-O distance was calculated to increase (Table 10), from 239 

pm for CN = 8 to 247 pm for CN = 10 for U4+
. For neptunium, these bond lengths are by 1 pm 

shorter, in line with the smaller radius of the Np
4+

 ion. These results compare fairly well to 

EXAFS measurements of these quantities, 240–244 pm for uranium [178-182] and 237-240 

pm for neptunium [29,174,183]. Thus, the tentatively best agreement with experiment is 

achieved for CN = 9 for uranium and CN = 8 for neptunium. The experimental studies 

suggest CN = 9–11 for uranium [178-182] as well as for neptunium [29,174,183]. Also our 

calculated energies of water addition to [An(H2O)n]
4+

 favor complexes with higher 

coordination. Addition of an aqua ligand was calculated endothermic, by 64 kJ mol
-1

 for 

uranium and 36 kJ mol
-1

 for neptunium, for CN = 8. For CN = 9 this reaction energy 

decreases for both complexes to 25 kJ mol
-1

. Taking into account that entropy corrections 

will favor lower coordination numbers as an additional aqua ligand is brought to the first 

coordination sphere, CN = 9 seems plausible for both aqua ions. For neptunium, CN = 8 in 

addition might be present as a minority species (Table 10). Longer An-O bonds were 

calculated with the hybrid B3LYP functional for complexes in the gas phase, ranging from 

245 pm for CN = 8 to 255 pm for CN = 10 for uranium and being again slightly shorter for 

neptunium [177]. The typical contraction of bonds to aqua ligands due to long-range 

Table 10. Calculated structure parameters
a
 (GGA, distances in pm) of U(IV) and Np(IV) 

aqua complexes and monohydroxides as well as reaction energies (in kJ mol
-1

) of adding an 

aqua ligand for coordination numbers CN = 8–10. All models for systems in aqueous 

solution.  

CN 8 9 10 8 9 

  An-OW  ΔE 

U
4+

 239 242 247 -64 -25 

[UOH]
3+

 247 250 255 -38 -17 

Δ 8 8 8   

Np
4+

 238 241 246 -36 -25 

[NpOH]
3+

 245 248 253 -33 -23 

Δ 7 7 7   

  An-OH    

[UOH]
3+

 204 206 207   

[NpOH]
3+

 205 205 208   

(a) CN – coordination number of actinide ion, An-OW  average actinide bond to aqua 

ligands, An-OH – bond between actinide ion and OH ligand. 
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solvation effects will bring these results in close agreement to ours. In that study results on 

energies were shown to favor CN = 9 for uranium and CN = 8–9 for neptunium [177]. 

Hydrolysis of an aqua ligand to yield the monohydroxide [AnOH(H2O)n]
3+

 leads to an 

elongation of the bonds to aqua ligands, by 8 pm for uranium and 7 pm for neptunium, 

irrespective of the coordination number (Table 10). This finding, together with the 

observation that during the structure optimizaton none of the aqua ligands moved to a 

position in the second solvation shell, shows that up to CN = 10 steric repulsion is of minor 

importance for the structure of these complexes. For larger numbers of  hydroxide ligands a 

corresponding lowering of coordination number due to increasing bonding competition 

between weakly bound aqua ligands and strong bound hydroxide ligands was demonstrated 

for Th(IV) in a quantum chemical study [99]. An-OH bonds of the monohydroxide were 

calculated between 204 and 208 pm for CN = 8–10, showing a slight increase with 

increasing coordination number (Table 10). Interestingly, the tendency to slightly longer 

bonds for uranium compared to neptunium is broken for CN = 8 (Table 10). Energies of 

adding an aqua ligand are always lower for the monohydroxides compared to the aqua 

complexes of the same coordination number. This finding can be rationalized by bond 

competition between the hydroxide and the aqua ligands and the stronger metal-ligand bond 

of the latter. The exothermic reaction energies of adding an aqua ligand, 38 kJ mol
-1

 for CN 

= 8 and 17 kJ mol
-1

 for CN = 9 for uranium, 33 kJ mol
-1

 for CN = 8 and 23 kJ mol
-1

 for CN 

= 9 for neptunium, again suggest CN = 9 to be preferred when entropy effects are 

considered. More detailed thermodynamic calculations are in progress. 

In summary, our calculations support CN = 9 for the aqua ion and the monohydroxide 

of U(IV) and Np(IV), based on geometry parameters in comparison to experimental findings 

as well energy considerations. Early hydrolysis of U(IV) and Np(IV) is geometrically 

characterized by the appearance of a short An-O bond of ~205 pm to the hydroxide ligand 

and an increase of the distance to the first hydration shell, by 7–8 pm. 

Table 11. Calculated structure parameters (GGA, distances in pm) and Gibbs free energies 

(in kJ mol
-1

) of addition of an aqua ligand of the Am(III) aqua ion for coordination 7–10. 

 Am-O ΔG 

CN VWN BP BP
a 

7 236  4 

8 239 247 22 

9 243 249 30 

10 248   

Exp.
b 

247-249  

(a) BP single point at VWN geometries (b) Refs. [184-186]. 
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4.1.5 Am(III) complexes 

Am(III) aqua ion 

As a prerequisite for the examination of Am(III) complexes we modeled the aqua ion. 

EXAFS experiments gave an average Am-O distance of ~248 pm [184-186] and 

coordination numbers of 10±0.3 [184], 8.4±1 [185], and 7.4±1[186]. Our calculated results 

(Table 11) yield the energy of adding an aqua ligand at only 4 kJ mol
-1

 for coordination 7; 

the values for coordination numbers 8 and 9 are somewhat higher, 22 and 30 kJ mol
-1

, 

respectively. Thus, coordination 7 and 8 are essentially degenerate, in agreement with the 

suggestion of a coordination of about 8 by more recent EXAFS results [185, 186]. While for 

lower coordination numbers VWN optimizations lead to shorter Am-O distances of 236-243 

pm, BP results of 247 pm for CN = 8 and 249 pm for CN = 9 agree very well with 

experiment [184-186].  

Am(III) acetate 

Am(III) complexation with organic ligands was studied in detail for the standard model 

ligand acetate. Mono- and bidentate coordination of acetate were examined, varying the 

coordination number of Am
3+

 from 7 to 10. For all these complexes, as earlier for the aqua 

ion, we obtained the expected septet electronic configuration in our scalar-relativistic 

calculations. Table 12 collects the geometric characteristics of these complexes. As 

expected, the bond lengths Am-OC from Am to the acetate ligand increase with increasing 

coordination number CN, from 238 pm for CN = 7 to about 245 pm for CN = 10, reflecting 

the increasing bond competition with aqua ligands. This competing effect also shows up in 

the average Am-O bond to all ligands, which increases from about 240 pm to 250 pm when 

CN is raised from 7 to 10. As for other carboxylate complexes (see above) [56,143,148], 

Am-O is independent of the coordination mode and thus may be used as fingerprint of the 

coordination number in EXAFS measurements. The coordination mode is best identified by 

the Am-C distance, about 340 pm for monodentate and 280 pm for bidentate complexes 

(Table 12). To inspect the stability of the complexes, the complexation reaction was 

Table 12. Calculated structure parameters (LDA, distances in pm) and Gibbs free energies 

(single point BP, Eq. (7), in kJ mol
-1

) of complexation of Am(III) monoacetate with 

coordination numbers of the Am(III) ion of 7-10. 

 mono     bi    

CN Am-OC Am-O Am-C G
  Am-OC Am-O Am-C G

 

7 238 239 341 55  238 240 277 51 

8 241 242 340 62  241 243 279 52 

9 243 245 334 66  243 245 282 49 

10 244 249 343 68  245 249 283 55 

(a) Am-OC  americium bond to carboxylate, Am-O – average americium bond to all 

ligands, Am-C  americium distance to carboxyl C. 
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characterized by the Gibbs free energy of complexation with acetic acid (Table 12), which is 

directly relevant at low pH:  

[Am(H2O)n]
3+

 + AcH  → [Am(H2O)n-mAc]
2+

 + [H3O]
+
 + (m-1) H2O  (7) 

Here n is the coordination number, 7–10, and m = 1 for monodentate and 2 for bidentate 

acetate coordination. As shown by the endothermic Gibbs free energies, for all coordination 

numbers bidentate coordination is preferred. This preference ranges from 4 kJ mol
-1 

to 17 kJ 

mol
-1

. The complexation Gibbs free energies, 50–55 kJ mol
-1

, for bidentate complexes of 

various coordination numbers overestimate the experimental results of about 15 kJ mol
-1

, 

derived from measured log  values of the project partner TU Dresden as well as earlier 

experiments [187]. The calculated Gibbs free energy of adding an aqua ligand to the 

complex with CN = 7 is 5 kJ mol
-1 

for the bidentate and 12  kJ mol
-1 

for the monodentate 

complex. Thus, species with CN = 7 and 8 are energetically nearly degenerate. Addition of a 

further aqua ligand to reach CN = 9 requires about 20 kJ mol
-1

; thus a higher coordination is 

not favorable. 

4.2 Adsorption of actinides on clay minerals 

Adsorption on the surfaces of clay minerals is an important retardation mechanism, 

governing the distribution of actinides in the environment. A detailed understanding of this 

process is of timely interest for the risk assessment of possible deep geological repositories 

[188,189]. Despite a large amount of experimental studies on the adsorption of actinides at 

clay minerals [190-199], there are still many open questions, e.g., (i) what is the nature of 

the adsorbed species; (ii) which surfaces, basal or edge, are more preferred for adsorption; 

(iii) what are the main adsorption sites, etc. Computational approaches as applied in this 

project provide insight into these topics on the atomic level, hence are able to complement 

experimental investigations.  

4.2.1 Clay mineral surfaces and surface models 

Clay minerals are hydrous aluminum phyllosilicates, built of interconnected sheets of Si 

tetrahedra and Al octahedra to form layered structures. We studied 1:1 and 2:1 clay 

minerals. The 1:1 clay mineral kaolinite consists of one tetrahedral Si sheet bound to an 

octahedral Al sheet [200]. 2:1 clay minerals consist of an octahedral sheet sandwiched 

between two tetrahedral sheets. The simplest 2:1 clay mineral without substitutions is 

pyrophyllite [201]. Families of other clay minerals can formally be derived from these two 

prototypes by substitutions, which create permanently charged layers that are neutralized by 

interlayer counterions. As example, we modeled beidellite which exhibits substitutions of 

Si
4+

 by Al
3+

 in the tetrahedral sheet. 

In general, clay minerals feature an ideal (001) cleavage plane, the so-called basal 

plane. The (001) surface of kaolinite can be terminated by Al octahedra – Al(o), or Si 

tetrahedra – Si(t), see Fig. 6. The (001) planes of 2:1 phyllosilicates are siloxane surfaces, 
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formed by Si(t) planes. We modeled the surfaces of clay minerals by invoking the periodic 

supercell approach. Potential artifacts due to translational symmetry are avoided by rather 

large unit cells that contain up to a few hundreds of atoms.  

To study adsorption on the basal surfaces of kaolinite we used (2×1) and (2×2) unit 

cells that comprised only a single two-sheet layer [105]. Adsorption of uranyl on bare 

surfaces was modeled using both the local density approximation (LDA) and the generalized 

gradient approximation (GGA). To account for surface solvation 20 water molecules, 

covering a (2×2) unit cell (surface area: 1.82 nm
2
) of the (001) kaolinite surface by about a 

monolayer, were introduced into the quantum chemical model. As LDA is known to 

overestimate weak interactions, all models with surface solvation were optimized at the 

GGA level to improve the description of hydrogen bonds.  

Fig. 7a shows an optimized kaolinite one-layer model. Two thirds of the OH groups, 

“uOH”, on the optimized (001) Al(o) kaolinite surface are in “upright” orientation, 

perpendicular to the (001) plane. The remaining OH groups, “lOH”, are oriented parallel to 

the (001) plane [105]. Fig. 7b presents a top view of the Al(o) (001) surface of kaolinite, 

featuring both uOH and lOH moieties. The Si(t) surface is rather rigid; it hardly undergoes 

any relaxation compared to the bulk structure. Surface solvation of the Al(o) (001) surface 

of kaolinite did not change the ratio between upright and lying OH groups. The hydroxide 

groups formed hydrogen bonds with water molecules, of types uOH···OH2 and lHO···H2O. 

These H bonds stabilized both types of surface OH groups. The Si(t) (001) surface of 

kaolinite was shown to be hydrophobic as the 20 water molecules tend to form a water 

cluster far above the surface, forming only two H bonds with surface oxygen centers [202]. 

The basal (001) surface of charged 2:1 clay minerals of beidellitic type was modeled 

by a (2×2) unit cell (area: 1.82 nm
2
) that contained two structural substitutions of Si

4+
 

centers by Al
3+

 cations. The charge was neutralized by two Na
+
 counterions, each solvated 

by five water molecules, and adsorbed as outer-sphere complexes on the siloxane surface. 

Surface solvation in this case was represented by 16 additional water molecules.  

 

Figure 6. Structures of basal and edge surfaces of kaolinite and pyrophyllite. 
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Besides basal planes, clay mineral particles exhibit edge surfaces (Fig. 6) which are 

assumed to be more reactive [203]. They are terminated by unsaturated oxygen centers 

which can exchange protons with the solution and in this way generate a pH-dependent 

surface charge. The exact atomic structures of edge surfaces are not known. Various 

empirical models exist to predict favorable edge planes and their atomic structures. The 

most popular among them is the crystal growth theory of Hartmann and Perdok [204-206]. 

For dioctahedral 2:1 clay minerals it predicts six edge surfaces: (010), (100), (±110), and 

(±130).  

For the kaolinite, we studied the (010) surface as an exemplary edge surface [107]. 

The terminations of edge surfaces can be constructed by (formally) cutting the crystal 

parallel to the surface of interest, breaking the weakest bonds, and preserving the 

stoichiometry of Si and Al ions. Using this strategy, we identified four possible terminations 

for the (010) kaolinite surface. Two of these terminations, S0 and S1, were selected for 

further studies as more favorable based on an empirical bond strength model [207] and 

considerations regarding the dissolution of kaolinite [107]. Both terminations of the (010) 

kaolinite surface were modeled with (2×2) unit cells of ~1.5 nm
2
 surface area. Although of 

different surface structure, they comprise similar surface groups, SiOH, AlOH, AlOH2. The 

construction of the terminations and the protonation schemes have been discussed in detail 

[107]. Protons of silanol groups move to neighboring aluminol groups, forming SiO
–
 and 

two AlOH2 groups [107]. Surface solvation was approximated by 22 adsorbed water 

molecules. Although smaller in area than the (001) surface of kaolinite, the (010) surface is 

rougher; therefore, more water molecules were used to cover it. The main effect of solvation 

of the edge surfaces is a rearrangement of protons on the surface [107]. 

Pyrophyllite is the only mineral for which the atomic structures of different edge 

 

Figure 7. (a) Side view of a single-layer model of kaolinite where atomic “sublayers” are 

indicated. (b) Top view of the Al(o) basal (001) surface of kaolinite. uOH – upright surface 

OH group, lOH – lying surface OH group. Symmetry inequivalent surface oxygen centers 

are numbered for convenience. Corresponding equivalent centers are labeled by a prime. 

Solid blue lines – short-bridge sites, dashed lines – long-bridge sites. 
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terminations have been computationally characterized at the atomic scale [208,209]. We 

chose the (010) and (110) edge surfaces of pyrophyllite for examining uranyl adsorption 

[210]. Pyrophyllite edge surfaces models were modeled with (2×1) unit cells of ~1.1 nm
2
 

surface area, covered by 15 water molecules to approximate solvation. In contrast to 

kaolinite, solvation does not lead to rearrangement of protons. Thus, bare and solvated edge 

surfaces of pyrophyllite exhibit the same surface groups. Compared to kaolinite, edge 

surfaces of pyrophyllite are more complex. Besides aluminol and silanol surface groups they 

also offer mixed sites AlOSi with oxygen centers bound to aluminum and silicon.  In our 

studies of uranyl adsorption on edge surfaces of substituted pryophyllite, modeling the 

mineral beidellite, we applied a monoclinic unit cell which is common to various charged 

2:1 clay minerals. As for pyrophyllite edge surfaces, a (2×1) unit cell and 15 water 

molecules to approximate surface solvation were used. The same types of surface groups are 

present as on edge surfaces of pyrophyllite. 

Solvation of surfaces and complexes adsorbed on them was directly introduced into 

the quantum chemical models by explicit water molecules. As an approximation when 

calculating the energetics, we assumed that long-range solvation effects are comparable for 

the surfaces with and without adsorbates. For the molecular species appearing in formal 

adsorption reactions, like H2O, H3O
+
, [UO2(H2O)5]

2+ 
(see below), solvation energies 

including long-range effects were estimated using the COSMO solvation model as 

implemented in the program ParaGauss [65].  

4.2.2 Adsorption on kaolinite 

 Three topics will be addressed in this section. First, results on uranyl adsorption on basal 

planes of kaolinite are described [105] together with surface solvation effects [106]. As the 

Si(t) basal surface of kaolinite was shown to be less reactive regarding uranyl adsorption 

[105] than the Al(o) surface, the following section on neptunyl NpO2
+
 adsorption contains 

only models of adsorption complexes on the hydroxylated Al(o) surface. Finally, 

computational results for uranyl adsorption on edge surfaces of kaolinite including surface 

solvation effects [107] are discussed.  

 Adsorption of uranyl(VI) on basal surfaces 

The two principal types of species postulated for metal adsorption at mineral surfaces are 

inner-sphere and outer-sphere complexes. The adsorption of uranyl on the bare Al(o) and 

Si(t) (001) basal surfaces of kaolinite was studied in detail by comparing mono- and 

bidentate short- and long-bridge inner-sphere as well as outer-sphere complexes [106,105]. 

The short-bridge bidentate sites are formed by surface O centers bound to the same Al atom 

(Fig. 7b, solid lines), while the long-bridge sites are two O centers bound to different Al 

atoms (dashed lines). Uranyl was shown to adsorb at long-bridge sites only when both 

surface AlO groups of the site are deprotonated [106]. The uranyl complex adsorbed at a 

long-bridge AlO-AlOH site converged to a complex at the nearest short-bridge AlOOH site 
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[106]. This result suggests that sites available for uranyl adsorption are pH dependent, as the 

long-bridge site is occupied only when deprotonated. Adsorption at different pairs of surface 

groups (uu, ul) was also examined [105,106], but turned out to be similar for chemically 

similar sites (AlOO, AlOOH, etc.).  

Fig. 8 schematically presents all adsorption complexes modeled. The Al(o) surface 

implies more adsorption sites due to its hydroxylation and deprotonation of surface OH 

groups at higher pH. The Si(t) surface is commonly assumed to be less reactive as it exhibits 

only coordinatively saturated oxygen centers. The adsorption complexes shown in Fig. 8 

imply charged unit cells. The program VASP provides accurate compensating corrections 

for charged unit cells only for cubic lattices. Therefore, models with the neutral unit cell had 

to be created by invoking surface defects. For modeling uranyl adsorption on a Si(t) surface, 

two protons were removed at the opposite side [Al(o)] of the slab model to compensate the 

charge of the adsorbed uranyl ion. When modeling uranyl adsorption at an Al(o) surface, 

two silanol defects per (2×2) unit cell were introduced at the opposite side [Si(t)] which may 

be deprotonated when necessary for charge compensation. For the details see Ref. 105. 

 

Figure 8. Schematic representation of the model adsorption complexes studied for the basal 

Al(o) and Si(t) surfaces of kaolinite: bidentate short-bridge  (AlOO, AlOOH, AlOHOH, 

SiOO) and long-bridge (AlO-AlO) inner-sphere complexes, monodentate inner-sphere 

(AlO, AlOH) and outer-sphere complexes. 
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Comparison of exemplary adsorption complexes on the bare Si(t) surface with the 

corresponding species at the Al(o) surface revealed that the Si(t) surface is energetically less 

favorable for uranyl adsorption, in agreement with common expectations [105]. Complexes 

with monodentate coordination of uranyl on the bare Al(o) surface were calculated to be of 

similar stability as the bidentate adsorption complexes [105]. The adsorption complex at the 

long bridge AlO-AlO site exhibits a third contact to a neighboring AlOH group [106]. 

However, as monodentate complexes feature longer U-Al contacts than bidentate complexes 

at sites of the same degree of deprotonation, comparison of U-Al distances with EXAFS 

results [197,211,212] suggests bidentate species to be present [105]. Among various 

bidentate inner-sphere complexes on the bare Al(o) surface of kaolinite those at 

deprotonated short-bridge sites of the types AlOO and AlOOH and at the long-bridge AlO-

AlO sites agree reasonably well with EXAFS results (Table 13) with the exception of the 

too long uranyl bond. These complexes also exhibit the shortest values for U-Al distances 

(AlOO: 308 pm, AlOOH: 327 pm) and average distances U-Oeq of uranium to equatorially 

coordinated O atoms (AlOO: 237 pm, AlOOH: 243 pm) [105]. The results just mentioned 

were obtained at the LDA level. When comparing calculated GGA results to experiment, 

one should take into account that GGA functionals tend to overestimate geometric 

parameters [106]. At the GGA level, the following results were obtained: U-Al at AlOO – 

311 pm, AlO-AlO – 330/340 pm, and AlOOH – 332 pm; U-Oeq at AlOO – 245 pm, AlO-

AlO – 249 pm, AlOOH – 251 pm (Table 13). Suitably adjusted calculated results (for details 

Table 13. Calculated structural parameters
a
 (in pm) of various models of adsorption 

complexes of uranyl on the bare basal Al(o) (001) surface of kaolinite. Experimental 

results are provided for comparison. 

Site U-Ot U-Osurf U-OW U-Oeq U-Al 

LDA      

AlOO 185 208/223 251/253/253 237 308 

AlOOH 184 210/260 247/248/248 243 327 

GGA      

AlOO 187 213/219 263/266/266 245 311 

AlO-AlO 187 218/229/260 266/271 249 330/340 

AlOOH 186 213/264 257/260/262 251 332 

outer-sph  U-OW   

Model 1 184 242/250/256/265/281 253  

Model 2 184 238/249/257/263/279 257  

Exp.     

Ref. 211 180 228(×2), 248(×3) 240 330 

Ref. 212 180  236-240 310/330 

(a) U-Ot  uranyl bond, U-Osurf  U bonds to the surface O, U-OW  uranyl bonds to aqua 

ligands, U-Oeq  average equatorial uranyl-ligand bond, U-Al – distance to surface Al 

center. 
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see Refs. 106 and 107) are in line with experimental results obtained for pH values close to 

the pH of neutral charge of kaolinite (pHZPC = 5.5) and above where deprotonated sites are 

to be expected. In addition, deprotonation of surface hydroxide groups will be facilitated in 

the field of adsorbed uranyl cations. Thus, adsorption at deprotonated sites is also possible 

for pH below pHZPC. 

Surface solvation modeled by a monolayer coverage of water molecules only slightly 

affects inner-sphere bidentate adsorption complexes. Compared to the adsorption complexes 

on the bare Al(o) surface, U-Al distances were elongated by 3–4 pm; the average equatorial 

U-Oeq distances decreased by 2 pm on average and uranyl U-Ot bonds were only slightly 

elongated, by 1–2 pm [106]. Thus, surface solvation does not seem to play a decisive role 

for a qualitatively correct modeling of uranyl adsorption on basal crystal planes of kaolinite. 

Although outer-sphere adsorption on the bare Al(o) kaolinite surface was not found to 

be preferred, some interesting trends were observed which can be extended to other clay 

minerals. A model of an outer-sphere complex has been set up where the solvated uranyl ion 

is in direct contact with the support via one of the aqua ligands of its first coordination 

sphere. This model exhibits one shorter U-OW distance, 242 pm (at the GGA level), to an 

aqua ligand adjacent to the surface; see Model 1 in Table 13. The other U-OW bonds are in 

the range of 250–280 pm [43]. One of these aqua ligands is attracted by the surface, 

resulting in a rather long U-OW contact of 280 pm. Therefore, we also explored the effect of 

an additional water molecule at that location on the surface (Model 2 in Table 13). Yet, a 

very similar outer-sphere complex with one short U-OW contact to the aqua ligand directed 

to the surface  and one rather long U-OW  bond (279 pm) was obtained. Thus, outer-sphere 

complexes at the bare Al(o) surface exhibit a “splitting” of the first coordination shell. This 

finding is at variance with the common expectation based on experimental findings that 

 

Figure 9. Outer-sphere adsorption complexes of uranyl at the (001) Al(o) surface of 

kaolinite including surface solvation: (a) uranyl in contact with the surface via an aqua 

ligand of the first solvation shell; (b) first solvation shell of uranyl not in contact with the 

surface. 



 

 39 

outer-sphere complexes should show structural characteristics (very) similar to those of a 

solvated uranyl ion [195]. Similar results also hold at the Si(t) surface.  

From these results one can conclude that experimentally detected adsorbed species of 

solvated uranyl, classified as outer-sphere complexes, should involve more than a single 

layer of water molecules between uranyl and the surface. To check this, two types of outer-

sphere models of uranyl adsorbed at the solvated Al(o) surface were studied [43]. The first 

model of the outer-sphere complex exhibits a direct contact of the first solvation shell with 

the surface (Fig. 9a). The second model deposits the solvated uranyl ion above the 

monolayer of adsorbed water (Fig. 9b). The first model includes explicit solvation but it 

shows qualitatively the same structural parameters as the outer-sphere complex without 

surface solvation, namely a split first coordination shell of uranyl with a shorter contact to 

the water facing the surface (see Fig. 9a). Geometry parameters of the optimized second 

model do not show any appreciable splitting of the U-OW bond lengths: all five U-OW bonds 

are in the range of 250–265 pm [43]. These model calculations confirm the assumption that 

more than one water layer should be present between an adsorbed uranyl ion and the surface 

to reproduce the experimentally suggested structural characteristics of outer-sphere species. 

Adsorption of complexes on the basal Al(o) (001) surface of kaolinite 

Apart from the solvated uranyl ion, other uranyl species like hydroxide and carbonate 

complexes are present in solution at environmental conditions. The most common 

mononuclear uranyl compounds at acidic to neutral pH are uranyl monohydroxide, 

[UO2OH]
+
, and the uranyl-carbonato complex, [UO2CO3]

0
 [120]. We studied the adsorption 

of these species on the AlOO and AlOOH sites of the bare Al(o) basal (001) surface of 

kaolinite. These sites are charged, -2 e and -1 e, while the adsorbates are either neutral or 

positively charged, +1 e. To achieve an overall neutral unit cell a proton was attached to one 

of the O atoms on the opposite Si(o) side of the slab models. The correction for such a 

neutralization was estimated as deprotonation energy of the cluster [Si(OH)3-OH-Si(OH)3]
+
.  

Various positions of the moieties OH
–
 and CO3

2– 
on the surface were modeled. Fig. 10 

shows schematically the adsorption complexes for both types of sites studied. All three 

 
Figure 10. Schematic representation of adsorption complexes of [UO2OH]

+
 and [UO2CO3]

0
 

on the basal Al(o) (001) surface of kaolinite.  
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adsorption complexes of [UO2OH]
+
 at the AlOO site (models 1, 2, and 3) are very close in 

energy. Model 1 is the most favorable; model 2 is only 3 kJ mol
-1 

and model 3 by 9 kJ mol
-1

 

less stable. For adsorption of [UO2OH]
+
 on the singly deprotonated AlOOH site, models 1 

and 3 are energetically degenerate, while model 2 is 33 kJ mol
-1

 less stable. This is 

tentatively rationalized by the position of the OH ligand close to the O
–
 center of the 

AlOOH adsorption site in model 2 which might cause repulsion. For [UO2CO3]
0
, adsorbed 

at both AlOO and AlOOH sites, model 5 is 7–9  kJ mol
-1

 more favorable than model 4.  

Structural parameters of the most favorable adsorption complexes at each site are 

collected in Table 14. Data for the uranyl ion adsorbed on the corresponding sites are given 

for comparison. First of all, note that the terminal U-Ot bonds are very similar for all 

adsorbates at a given adsorption site. U-Ot for the uranyl complexes adsorbed on the AlOO 

site is 187 pm, while on the AlOOH site it is slightly shorter (185–186 pm) due to weaker 

interaction with the partially protonated site. Due to the lower charge of the [UO2OH]
+
 

adsorbate the bonds to the surface are weaker compared to UO2
2+

 and consequently longer 

by ~10 pm (Table 14). As a result the U-Al distance increases slightly too, from 311 to 315 

pm at the AlOO site and from 332 to 338 at the AlOOH site. Due to bond competition the 

U-OH bond for the adsorbed uranyl monohydroxide, 220–224 pm, is longer than for the 

solvated [UO2OH]
+
 species (214 pm, see also Section 4.1.1 ). Also, the average U-Oeq value 

for adsorbed [UO2OH]
+
 is slightly shorter, by 3–6 pm, than for UO2

2+
. 

The neutral adsorbate [UO2CO3]
0
 exhibits bonds to the surface of 234–235 pm for the 

AlOO site and 228–268 pm for the AlOOH site. In general, the U-Osurf bonds elongate with 

the decreasing charge of the adsorbate: UO2
2+

, [UO2OH]
+
, [UO2CO3]

0
. The U-Al distances 

follow the same trend. Interestingly, the average value U-Oeq shortens to 240 and 243 pm 

for the [UO2CO3]
0
 complex adsorbed on the AlOO and AlOOH sites, respectively. Thus, 

with decreasing charge of the adsorbate, the U-Oeq values shorten slightly: 245 pm for 

Table 14. Calculated structural parameters
a
 (in pm) for the most stable adsorption com-

plexes of UO2OH
+
 and UO2CO3 at the AlOO and AlOOH sites of the Al(o) (001) kaolinite 

surface. Data for adsorbed UO2
2+

 on the corresponding sites are given for comparison. 

Site Adsorbate Model
b
 U-Ot U-Osurf U-OH/OC U-OW U-Oeq U-Al 

AlOO UO2
2+ c

  187 213/219  265 245 311 

 UO2OH
+
 1 187 221/230 224 267 242 315 

 UO2CO3 5 187 234/235 225/240 263 240 319 

AlOOH UO2
2+ c

  186 213/264  260 251 332 

 UO2OH
+
 1’ 185 218/270 220 258 245 338 

 UO2CO3 5’ 186 228/268 223/239 255 243 338 

(a) U-Ot  uranyl bond, U-Osurf  U bonds to the surface O, U-OW  uranyl bonds to aqua 

ligands, U-Oeq  average equatorial uranyl-ligand bond, U-Al – distance to surface Al 

center. (b) For the designations of the models see Fig. 10. (c) Ref. 106. 
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UO2
2+

, 242 pm for [UO2OH]
+
, and 240 pm for [UO2CO3]

0
 adsorbed at the AlOO site. For 

the AlOOH site, the corresponding values are 251, 245, and 243 pm. 

In general, adsorption complexes on singly deprotonated AlOOH sites are quasi 

monodentate species (Table 14). They all exhibit one rather short contact to the surface, 

213–228 pm, and one rather long U-Osurf bond of 264–270 pm. Bonds to the neutral AlOH 

surface groups are the longer ones of these distances; these values are even slightly longer 

than the average U-OW distances to the aqua ligands (Table 14). 

Adsorption of neptunyl(V) on basal surfaces 

The adsorption of neptunyl NpO2
+
 on the basal surface of kaolinite was exmained in similar 

manner as uranyl. In view of the reduced charge of the complex, a weaker interaction with 

the surface was expected. The study focused on the basal Al(o) (001) surface, considering 

bidentate, monodentate, and outer-sphere adsorption complexes (Fig. 11). All complexes 

were modeled in a (2×1) surface unit cell to save computational effort. Experimentally, the 

coordination number of neptunyl is known to vary from 4 to 5 [29,213]. We modeled both 

four- and five-coordinated NpO2
+
. The corresponding adsorption energies were calculated 

with reference to NpO2(H2O)4
+
 and NpO2(H2O)5

+
, respectively. Thus, the change of 

coordination number of neptunyl is not included in the estimated energies.  

The structure parameters of the adsorption complexes on singly deprotonated 

adsorption sites of Al(o) kaolinite are collected in Table 15. The corresponding adsorption 

energies, also presented in Table 15, are estimated according to the formal equation 

Surf-H + NpO2(H2O)n
+
 → Surf-NpO2(H2O)n-m-1 + m H2O + H3O

+
   .  (8) 

In Eq. (8) the coordination number n of the neptunyl ion, n = 4 or 5, implies m = 1 for 

bidentate adsorption and m = 0 for monodentate adsorption. Several adsorption complexes 

were explored for certain types of sites, reflecting not equivalent surface O centers for the 

adsorption. Results for inner-sphere adsorption of five-coordinated neptunyl on singly 

deprotonated sites suggest that mono- and bidentate complexes may coexist. Energetically 

they differ by 20 kJ mol
-1

 only, in favor of bidentate coordination. All bidentate adsorption 

complexes on AlOOH adsorption sites exhibit similar geometry parameters and adsorption 

energies. The structure parameters of the monodentate five-coordinated neptunyl complex at 

the AlO site are very similar to those for bidentate complexes on AlOOH sites, except for 

the Np-Al distance. For monodentate coordination, the Np-Al distance is considerably 

longer. Similar results were determined for the adsorption complexes with CN = 4. 

Furthermore, the estimated adsorption energies of four- and five-coordinated neptunyl are 

very close. The only differentiating characteristic of the adsorption complexes with CN = 4 

and CN = 5 is the average equatorial distance Np-Oeq, ~250 pm and ~258 pm, respectively 

(Table 15).   
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Table 15 also collects structural data and adsorption energies for neptunyl inner-

sphere adsorption at neutral AlOHOH sites as well as outer-sphere complexes. The 

adsorption energies on the neutral surface were estimated according to  

Surf + NpO2(H2O)n
+
 → Surf-NpO2(H2O)n-m + m H2O     (9) 

In Eq. (9) the coordination numbers n of the neptunyl ion, n = 4 or 5, result in m = 2 for 

bidentate adsorption and m = 0 for the outer-sphere complexes. Bidentate adsorption of 

neptunyl on neutral sites AlOHOH shows a clear preference for coordination number 5. In 

general, adsorption complexes of NpO2
+
 on neutral sites of the Al(o) kaolinite surface are 

characterized by longer bonds to surface AlOH groups, and, in consequence, longer Np-Al 

and Np-Oeq distances compared to deprotonated sites. Unfortunately, inherent limitations of  

 

Figure 11. Schematic representation of model adsorption complexes of NpO2
+
 on the basal 

Al(o) (001) surface of kaolinite. 

Table 15. Calculated structural parameters (in pm) and adsorption energies (in kJ mol
-1

) of 

adsorption complexes of neptunyl on the Al(o) basal (001) surface of kaolinite. Data are 

given for singly deprotonated (q = -1 e) and neutral sites (q = 0 e). For the designations of 

the sites, see Fig. 11. 

Site, q = -1 Np-Ot Np-Osurf Np-OW Np-Oeq Np-Al ΔE 

CN = 5       

[NpO2(H2O)5]
+
 181   257   

AlOOH 187 220/279 249/269/275 258 335 125 

 186 219/274 259/265/267 257 334 145 

AlO 185 229 258/258/270/273 258 373 144 

CN = 4       

[NpO2(H2O)4]
+
 180   250   

AlOOH 186 220/272 247/259 250 335 129 

 185 224/275 248/257 251 334 150 

AlO 185 225 248/255/258 248 373 128 

Site, q = 0       

CN = 5       

AlOHOH 186 263/267 257/262/263 262 361 -119 

 187 247/275 257/259/264 260 362 -119 

outer 183  259/261/262/ 

265/275 

264  -104 

CN = 4       

AlOHOH 186 254/259 254/254 255 355 -76 

outer 184  246/248/259/259 253  -160 

Exp.
b
       

pH 8-10 185-

187 

  245-250   

(a) Np-Ot  neptunyl bond, Np-Osurf  Np bonds to the surface O, Np-OW  neptunyl bonds 

to aqua ligands, Np-Oeq  average equatorial neptunyl-ligand bond, Np-Al – distance to 

surface Al center. (b) Coordination number of terminal O fixed at 2, coordination number of 

equatorial O fixed at 4, Ref. 214. 
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the model prevent a comparison of adsorption energies at sites of different charge. A 

detailed discussion can be found in Refs. 105 and 106. 

 In contrast to uranyl on kaolinite, the solvated neptunyl ion adsorbed as outer-sphere 

complex does not exhibit any “splitting” of the Np-O bonds in the first coordination shell. 

The Np-O bonds vary from 259 to 275 pm for CN = 5 and from 246 to 259 pm for CN = 4 

without any clear separation into two groups. Energetically, outer-sphere complexes with 

CN = 4 are significantly more favorable than complexes with CN = 5. Outer-sphere 

complexes were also calculated to be energetically more favorable than inner-sphere 

bidentate complexes at neutral AlOHOH sites. 

 Table 15 also provides EXAFS results of the project partner Universität Mainz for 

the adsorption of neptunyl on kaolinite [214]. These data were determined for neptunyl 

adsorption on kaolinite in Ar atmosphere at pH 8, 9, and 10. Coordination numbers for the 

resolved Np-O bonds were fixed to 2 and 4 for terminal and equatorial oxygen atoms, 

respectively [214]. The experimentally resolved Np-Ot bonds 185–187 pm, agree very well 

with the results calculated for the inner-sphere adsorption complexes. The EXAFS values of 

Np-Oeq vary from 245 to 250 pm, again agreeing very well with results calculated for inner-

sphere adsorption complexes with CN = 4. The optimized results for adsorption complexes 

with CN = 5 exhibit ~10 pm longer Np-Oeq distances, compared to experiment. The Np-

Al/Si shell was not modeled in this EXAFS analysis because of the low signal-to-noise level 

of the data [214]. Thus, comparison of our results with the experimental data shows the best 

agreement for the inner-sphere adsorption of four-coordinated neptunyl. However, such 

perfect agreement with experiment may be fortuitous as the present models do not include 

surface solvation. Recall also that structural parameters optimized with a GGA exchange-

correlation functional likely are overestimated. Furthermore, the smaller (2×1) surface unit 

cell, compared to the (2×2) unit cell used when modeling uranyl adsorption, represents a 

larger surface coverage. To probe effects of the lower coverage on neptunyl adsorption, 

several adsorption complexes were also optimized using the larger (2×2) surface unit cell. 

Structure parameters hardly changed (less than 2 pm), compared to the analogous complexes 

modeled in the smaller unit cell. At lower coverage, the adsorption complexes in general 

were stabilized by ~5 kJ mol
-1

. Thus, the size of the unit cell does not play a decisive role 

for the calculations presented in this study. Surface solvation shows only slight effects on 

inner-sphere bidentate adsorption, just as calculated for uranyl on the basal Al(o) kaolinite 

surface. Again, surface solvation can be omitted when striving for qualitatively correct 

models of actinyl adsorption complexes on basal crystal planes of kaolinite. 

Adsorption of uranyl(VI) on edge surfaces 

The two terminations of the (010) edge surface of kaolinite selected for adsorption studies 

exhibit two types of adsorption sites, (i) aluminol sites, AlOO, AlOOH, AlOHOH, and (ii) 

mixed sites where both aluminol and silanol surface groups are involved, AlO(H)-SiO(H). 
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All these sites were examined for the adsorption of uranyl, first without addressing surface 

solvation. Only bidentate adsorption complexes were studied because monodentate 

complexes exhibit U-Al/Si distances that are significantly longer than those resolved in 

EXAFS experiments of uranyl adsorption on kaolinite [197,211,212].  

During optimization most of these models of adsorption complexes changed 

chemically as aqua complexes of the adsorbed uranyl deprotonated [202], resulting in uranyl 

monohydroxide as adsorbate. A proton of the first coordination shell of uranyl moved to the 

surface. Various uranyl complexes adsorbed at sites of the same charge (q = -2 e or -1 e) 

were calculated close in energy. Most of the complexes modeled exhibit similar 

characteristic structure parameters, with U-Oeq = 237–243 pm and U-Al = 316–333 pm 

(LDA results [202]). These calculated data are in a good agreement with available 

experimentally determined values of U-Oeq, 236–240(±4) pm [197]. Experimentally 

determined U-Al/Si distances of 310 pm and 330 pm were derived by fitting a broad peak of 

the EXAFS spectrum between ~300 pm and 335 pm [197]. As we did not find two U-Al 

distances in this range for any complex, one can expect a broad distribution of such 

distances which, in turn, may indicate a variety of adsorption complexes, coexisting at 

certain environmental conditions. 

To explore surface solvation effects, uranyl adsorption complexes were modeled on 

both terminations of the solvated (010) edge surface of kaolinite [107]. In addition to the 

sites studied already for bare surfaces, aluminol and mixed sites, also bridging sites were 

examined for uranyl adsorption where surface groups of neighboring kaolinite layers are 

simultaneously involved [107]. For both terminations of the (010) surface of kaolinite, 

aluminol and bridging sites were calculated to be energetically more favorable than mixed 

adsorption sites [107]. For some adsorption complexes, an aqua ligand of the first solvation 

shell of uranyl deprotonates, yielding uranyl monohydroxide as adsorbate, but this happened 

less frequently than on the bare edge surfaces (see above), most probably in consequence of 

additional stabilization due to solvation. Structurally, as for the bare edge surfaces, many 

adsorption complexes exhibit similar parameters (Table 16) [107]. This confirms the 

Table 16. Calculated structural parameters
a
 (in pm) of more stable adsorption complexes of 

uranyl on various solvated surfaces of kaolinite.  

  U-Ot U-Osurf U-OH U-OW 

Al(o) (001) AlOO 187 220/222  247/253/271 

 AlO-AlO 188 222/223/258  252/259 

S0 (010) AlOHOH 185 236/254 223/229 275 

S1 (010) AlOH-SiO-AlOH 185 244/245/219  239/256 

(a) U-Ot  uranyl bond, U-Osurf  U bonds to the surface O, U-OH – uranyl bonds to OH 

ligands resulting from water deprotonation, U-OW  uranyl bonds to aqua ligands. 
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assumption that there should be several adsorption complexes in equilibrium on the surface 

[107]. 

In addition to U-Al/Si distances, EXAFS often is able to resolve two values of U-Oeq, 

~230 and ~248 pm [211]. The shorter distance is interpreted as contacts to surface O atoms 

while the longer distance is tentatively assigned to the average distance to aqua ligands of 

the first solvation shell of uranyl [211]. Our computational study showed that there can be 

rather long distances to the surface as well as short U-O contacts to hydroxide ligands of 

uranium, formed by hydrolysis of adsorbed uranyl. Table 16 presents some examples of 

adsorption complexes that were calculated to be energetically preferred and exhibit long U-

O contacts to the surface and short U-OH bonds. Comparison of various adsorption 

complexes reveals the trend that bonds to deprotonated surface O centers are short while 

contacts to surface OH groups are long. As some of the U-Osurf distances are of similar 

length as U-OH bonds, one cannot hope for an easy experimental discrimination. Rather, the 

interpretation of experimental data may be more complicated than commonly assumed. 

4.2.3 Adsorption on 2:1 clay minerals 

Common 2:1 clay minerals feature structural substitutions that result in charged layers, 

hence will require a more sophisticated modeling approach. Therefore, pyrophyllite with its 

neutral layers was chosen as starting point for modeling such 2:1 clay minerals. The 

chemical composition of pyrophyllite is Al4Si8O20(OH)4 [201]. Its basal surfaces offer only 

saturated oxygen centers; therefore, without charged substitutions, these basal surfaces can 

be assumed to be of minor importance for adsorbing ions such as uranyl. Thus, only 

adsorption on edge surfaces of pyrophyllite was studied [210]. Subsequently, as first 

approximation of more complex 2:1 clay minerals, a model of the charged clay mineral 

beidellite was constructed by exchanging one Al
3+

 ion per (2×1) unit cell for a Si
4+

 ion and 

adding one Na
+
 counterion to the interlayer region. This model was applied to examine 

computationally the adsorption of uranyl on the basal and edge surfaces of beidellite.  

Structure of 2:1 clay minerals: pyrophyllite and beidellite 

The triclinic unit cell of pyrophyllite bulk was used when optimizing the bulk structure 

(Table 17). Two models of beidellite were optimized. First, a bare Na
+
 counterion was used 

Table 17. Optimized bulk parameters
a
 of the primitive triclinic unit cell of selected 2:1 clay 

minerals. Distances in pm, angles in degrees. 

Clay a b c α β γ 

Pyro 522 907 985 91 100 90 

Beidellite 523 907 1014 92 100 90 

Beidellite, 8 H2O 522 908 1328 93 101 90 

(a) Energy cut-off 500 eV, (3×3×3) grid of k-points. 
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in the interlayer region; second, eight water molecules were added to approximate the 

solvation of the counter ion (Table 17). 

The optimized bulk parameters obviously do not change much when one introduces a 

charged defect. Mainly, vector c is elongated. Pyrophyllite exhibits no counterions between 

the layers, thus vector c of its unit cell is shortest. A model of beidellite contains bare Na
+
 as 

interlayer counterions and exhibits a vector c that is ~30 pm longer. Approximating 

solvation (swelling) by 8 water molecules per (2×1) unit cell of beidellite results in a vector 

c of 1328 pm which is considerably longer than that of pyrophyllite bulk (Table 17). As the 

other optimized bulk parameters do not change significantly, we used pyrophyllite bulk 

parameters in subsequent calculations when no explicit counter ion is present. This choice of 

the bulk parameters allows a direct comparison of neutral pyrophyllite and charged 

beidellite models. The basal surfaces of the 2:1 clay minerals studied were modeled by a 

monolayer. Thus, the interlayer spacing, reflecting mainly the length of vector c, is not 

important for such modeling.   

 The basal (001) surface of beidellite was described by a (2×2) unit cell of 

pyrophyllite with two substitutions of Si
4+

 by Al
3+

 in the upper Si(t) sheet to model the 

charge of 0.5 e per primitive unit cell (of pyrophyllite). The counterions Na
+
 were placed at 

various positions relative to the charged substitution (Fig. 12). The most favorable position 

for Na
+
 was determined in the [(Al,Si5)O6] cavity next to the substitution (Fig. 12). Na

+
 was 

modeled as inner-sphere complex solvated by three aqua ligands and as outer-sphere 

complex Na(H2O)5
+
 adsorbed on the beidellite surface. The outer-sphere complex was 

 

Figure 12. Relative positions of the counterion Na
+
 (purple) with respect to the charged 

substitution on the surface (yellow) and the corresponding relative total energies in kJ mol
-1

. 
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calculated 6 kJ mol
-1

 more favorable than the inner-sphere complex. Thus, a model of one 

layer pyrophyllite with two substitutions per (2×2) unit cell and two solvated counterions 

Na(H2O)5
+
 adsorbed on the surface was used in the following for the (001) basal surface of 

beidellite. 

Adsorption of uranyl(VI) on basal surfaces of beidellite 

One of the adsorption mechanisms on 2:1 surface of clay minerals is ion exchange [195,215] 

where the positively charged counterions are exchanged by the adsorbate, uranyl in the 

present case. This type of adsorption was found to be prevailing for uranyl on 

montmorillonite at low pH values [195,215]. Experimentalists suggest that uranyl adsorbs as 

outer-sphere complex at low pH as only U-Ot and U-Oeq distances similar to those of the 

free uranyl ion were resolved in EXAFS experiments [195,215]. 

We studied inner-sphere bidentate and monodentate as well as outer-sphere adsorption 

complexes of uranyl on the basal (001) surface of our beidellite model. The adsorption sites 

on beidellite are shown in Fig. 13:  SiOO (site 3), AlOO (site 1) at the substitution, and 

AlSiOO (site 2) which includes an O center connecting Si and Al atoms. A monodentate 

adsorption complex was modeled at the AlSiO center next to the substitution. We 

constructed two models for outer-sphere complexes, one above the substitution (model A) 

and one above the surface in between two substitutions (model B). Optimized structural 

parameters together with the relative energies are given in Table 18.  Relative energies were 

calculated as formal reaction energies: 

Surf-UO2(H2O)n → Surf-UO2(H2O)n-m + m H2O     (10) 

 
 

Figure 13. Possible bidentate adsorption sites for the uranyl ion on (001) beidellite surface. 

Substitution sites (Al
3+

) in blue, counterions Na
+
 in green. 
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with an outer-sphere complex as reference. Formation energies of complexes (Table 18) 

were estimated as energies required for exchanging two solvated Na
+
 counterions by one 

adsorbed uranyl ion: 

Surf-Na2(H2O)10
2+

 + UO2(H2O)5
2+

 →   

 Surf-UO2(H2O)n + (5-n) H2O + 2 Na(H2O)5
+  

(11) 

In Eqs. (10) and (11), n = 3 for bidentate, n = 4 for monodentate, and n = 5 for outer-sphere 

complexes.  

Bidentate coordinated species are energetically least favorable among all studied 

adsorption complexes on the (001) model beidellite surface (Table 18). They are 20-50 kJ 

mol
-1 

less stable than outer-sphere complexes. The monodentate species is calculated most 

stable, by 20 kJ mol
-1 

more stable than the outer-sphere species. Thus, it is unlikely that 

bidentate adsorption complexes of uranyl are favored on the (001) surface of beidellite. Also 

from experiment there is no hint on inner-sphere adsorption at the basal surfaces of 2:1 clay 

minerals. The favorable monodentate adsorption complex exhibits an uranyl bond U-Ot of 

178 pm (Table 18) which has the same length as in the solvated uranyl ion. It also shows no 

splitting of the equatorial U-O bond lengths. The bond to the surface U-Osurf is 243 pm and 

the average U-Oeq is 248 pm, which is longer than the U-Oeq value for solvated UO2
2+

, 242 

pm. Thus, the main structural parameters of the monodentate complex are similar to those of 

the solvated uranyl ion and thus may not easily be discriminated in EXAFS experiments. 

However, the complex also exhibits U-Al and U-Si distances of ~350 pm, distinguishing it 

from outer-sphere complexes. Yet, these relatively long contacts are hard to resolve in 

EXAFS experiments. We added one extra water molecule to the second solvation shell of 

Table 18. Structural parameters
a
 (in pm), relative energies Erel estimated according to Eq. 

(10), and complex formation energies Eform estimated by Eq. (11) (in kJ mol
-1

) for various 

adsorption complexes of uranyl on the bare basal surface of beidellite. 

 Site U-Ot U-OSi U-OAl U-Oeq U-Al U-Si Erel Eform 

bi 1 179  245/252 249 311  50 199 

 2 179 275 234 251 376 324 22 171 

 3 178 255/268  251  328 50 199 

mono  178  243 248 353 346 -20 129 

 CN  U-OH       

outer
b
 A 4 180 216  242   0 149 

           B 5 180 217  248   3 152 

(4×2)
c 
A 5 180 218  248     

Exp.
d 

5 179 218  241     

(a) U-Ot  uranyl bond, U-OSi  U bonds to the surface O bound to Si centers, U-OAl  

uranyl bonds to surface O bound to Al cations, U-Oeq  average equatorial uranyl-ligand 

bond, U-Al – distance to surface Al center, U-Si – distance to surface Si center. (b) Model 

A: above the substitution, model B: between two substitutions. (c) Test case for a larger 

(4×2) unit cell with two substitutions. (d) EXAFS experiment at pH = 4.1, Ref. 195. 
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the adsorbed bidentate complex at site 2 to create a model with the same number of water 

molecules in the unit cell as for the monodentate complex. Direct comparison of the total 

energies of this model with the monodentate complex shows a slight preference for the latter 

one, by 8 kJ mol
-1

 only. Thus, taking into account the relatively small energy differences 

between preferred bidentate, monodentate, and outer-sphere species, these complexes may 

well coexist on basal surfaces of beidellite. 

Outer-sphere complexes adsorbed on the (001) surface of beidellite tend to hydrolyze, 

yielding adsorbed uranyl monohydroxide. A proton from one of the aqua ligands of the first 

solvation shell of uranyl attaches to a surface O center. To check whether this is the result of 

the high charge of the beidellite layer (-0.5 e per primitive unit cell) we optimized the outer-

sphere complex adsorbed in a (4×2) unit cell with two substitutions only, exhibiting a lower 

charge of -0.25 e per primitive unit cell of the slab. The results remained qualitatively 

similar. On the bare (001) surface of beidellite, outer-sphere complexes of uranyl mono-

hydroxide with CN = 4 (model A) or CN = 5 (model B) were calculated, with a slight 

preference, 3 kJ mol
-1

, for the first one. The outer-sphere complex A positioned above the 

substitution, initially created as five-fold coordinated, shows one rather large U-Ow bond of 

293 pm and thus is classified as four-coordinate. 

Surface solvation effects were approximately included in our models by adding about 

a water monolayer on the (001) surface of beidellite. For outer-sphere complexes we 

obtained again four- and five-coordinate species which hydrolyzed, but also a stable non-

hydrolized species. Energy differences between these species were 10 kJ mol
-1 

at most. 

Thus, all these species may be present on the (001) surface of beidellite. As for uranyl on 

kaolinite (Section 4.2.2) we also modeled an outer-sphere complex, separated by two shells 

of water molecules from the surface. Also for this species we observed hydrolysis and 

calculated geometry parameters similar to the outer-sphere complexes in direct contact with 

the surface. Interestingly, this more distantly adsorbed outer sphere species is ~60 kJ mol
-1 

less stable than the outer-sphere species close to the surface. This result is no surprise as 

moving an uranyl outer-sphere complex away from the surface of a negatively charged 

mineral corresponds to a separation of charge. 

Adsorption of uranyl(VI) on edge surfaces of pyrophyllite 

The basal (001) surface is prevalent for crystallites of 2:1 clay minerals like pyrophyllite or 

beidellite. In addition, there are edge surfaces which exhibit unsaturated O centers that 

deprotonate at near neutral pH, creating negatively charged adsorption sites for actinide 

ions. They are assumed to be responsible for adsorption on 2:1 clay minerals at elevated pH 

values of solution [194,195,198,215]. There are several EXAFS experiments on uranyl 

adsorption on montmorillonite which show inner-sphere adsorption on edge surfaces at pH 

5–8 [194,195,198,215]. We studied uranyl adsorption on (010) and (110) surfaces of 

pyrophyllite [210] and the (010) surface of beidellite (see below). 
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 The structures of the (010) and (110) surfaces were created by cutting the 

pyrophyllite bulk along the weakest bonds and preserving the coordination numbers of Al 

and Si [210]. We examined only inner-sphere bidentate adsorption complexes on doubly 

deprotonated sites (q = -2 e) on the solvated edge surfaces of pyrophyllite [210] (Fig. 14). 

The (010) surface of pyrophyllite exhibits aluminol AlOOH sites and mixed AlO-SiO(H) 

sites. The (110) surface shows a larger variety of sites: aluminol sites AlOmO(H), silanol 

sites SiOO, and mixed sites AlO(H)-SiO(H) (Fig. 14). The aluminol sites on the (110) 

surface differ from the aluminol sites of the (010) surface as the former include mixed Om 

centers bound to Si and Al ions, while the latter are formed by O centers bound to Al only.  

The adsorption complexes on mixed sites of pyrophyllite edge surfaces converged to 

 

Figure 14. Adsorption sites on the (010) and (110) edge surfaces of pyrophyllite. 
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4-coordinated uranyl. The complexes on aluminol and silanol sites kept coordination 

number 5. This result can be rationalized by the rather large Os-U-Os angle, ~100, of these 

sites, restricting the space for aqua ligands of uranyl [210]. In contrast to kaolinite, the 

adsorption on pyrophyllite leads less often to hydrolysis of adsorbed uranyl. Only one 

complex on the AlOmOH site hydrolyzed (Table 19) [210].  

 Table 19 shows optimized structural parameters together with the complex formation 

energies for more favorable adsorption complexes on both surfaces [210]. Adsorption 

complexes on aluminol sites are most favorable on the (110) surface of pyrophyllite. 

Interestingly, uranyl adsorption on the (010) surface is favored at mixed AlO-SiO sites. We 

compared the trends for U-Ot and U-Oeq bond lengths for the solvated uranyl ion and the 

adsorbed uranyl ion, both observed in EXAFS [29,194,195,198,215] for montmorillonite 

and calculated with our models of pyrophyllite [210]. As proper reference, we optimized 

solvated uranyl with 20 water molecules, 5 of which modeled the first solvation shell, and 

another 15 were placed in the second solvation shell, as also the surface complexes included 

water molecules of the second shell. The U-Ot bond converged to 183 pm, and U-Oeq to 240 

pm (Table 19). Adsorbed uranyl exhibits slightly elongated U-Ot values and shorter or 

similar U-Oeq values compared to a solvated uranyl ion at preferred sites. Similar trends are 

observed in experiment (Table 19). The calculated U-Al/Si distances of preferred 

Table 19. Calculated structural parameters
a
 (in pm) and adsorption energies (in kJ mol

-1
) of 

more favorable adsorption complexes of uranyl on solvated (010) and (110) surfaces of 

pyrophyllite. Experimental data for montmorillonite are given for comparison. 

Site U-Ot U-Osurf U-OW U-Oeq U-Al/Si ΔEform 

[UO2(H2O)20]
2+

 183   240   

(110)       

AlOmO 185 211/239 245/247/253 240 328 137 

AlOmOH 182 233/243 229
b
/243/252 240 345 156 

SiOmO 181 231/240 246/247/262 245 302 198 

AlOH-SiO 183 211/230 244/256 235 389/359 225 

(010)       

AlO-SiO 185 211/225 243/245 231 362/340 149 

AlOOH-SiOH
c 

185 208/252/261 245/257 245 327/349 210 

Exp.       

UO2
2+

 solv.
d
 176   241 (5)   

pH 5
e
 177   237 (5.7) 344  

pH 6.6
f
 179 229 (2.1) 247 (2.1) 238 (4.2) 331  

pH 7
g
 180 232 (2.8) 248 (2.1) 239 (4.9) 342  

(a) U-Ot  uranyl bond, U-Osurf  U bonds to the surface O, U-OW  uranyl bonds to aqua 

ligands, U-Oeq  average equatorial uranyl-ligand bond, U-Al/Si – distance to surface Al/Si 

centers. (b) Bond length to OH ligand formed due to uranyl hydrolysis on the surface. (c) 

Tridentate coordination. (d) Data for solvated uranyl ion, Ref. 29. (e) Ref. 194. (f) Ref. 198. 

(g) Ref. 215. Experimental coordination numbers are given in parentheses. 
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complexes, 328–345 pm, fall in the range of the measured values, 331–344 pm 

[194,195,198,215].  

 The calculations showed that uranyl preferably adsorbs as five-coordinated complex 

on aluminol sites of the (110) surface of pyrophyllite, and as four-coordinated complex on 

mixed sites of the (010) surface [210]. This is at variance with the earlier assumption that 

uranyl adsorbs on Al (or Fe) octahedral sites [194,198]. It also shows that the adsorbed 

species on different edge facets may be characterized by different coordination numbers of 

uranyl. This is indirectly supported by fluorescence spectroscopy [216] as complexes with 

different CN of uranyl produce discernible spectra. We found several adsorption complexes 

on pyrophyllite that are close in energy and yield a distribution of key structural parameter 

similar to the corresponding EXAFS data. The most notable discrepancy between our 

computational results and EXAFS data is the coordination number of uranyl. While EXAFS 

determined CN mainly between 5 to 6 together with shorter U-Oeq values compared to 

solvated uranyl (CN = 5), we calculated for CN = 5 a tendency to elongated U-Oeq distances 

and for CN =  4 to shorter values than for solvated uranyl. 

Adsorption of uranyl(VI) on edge surfaces of beidellite 

(010) edge surfaces of a model 2:1 clay mineral with beidellitic substitution are constructed 

starting with the monoclinic structure of pyrophyllite as also other charged clay minerals 

show a monoclinic unit cell. Substitutions Si
4+
 Al

3+
 are introduced below the surface layer 

(model A) or in the surface layer (model B) (Fig. 15). The charge of the substitutional defect 

is compensated by a proton attached to an aluminol group on the surface. In nature also 

short-range charge compensation is expected which either may be due to an adsorbed alkali 

ion or, at acidic conditions, due to a proton. Uranyl adsorption on these surfaces was 

examined at exemplary twofold deprotonated sites to achieve an overall neutral system. On 

pyrophyllite these are the most favored mixed site AlO-SiO and the AlOOH site (Table 21). 

 

Figure 15. Structures of model beidellite (010) surfaces: (a) Defect Si
4+

 below the surface 

(modell A); (b) defect on the surface (model B). 
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On the beidellitic model A, these sites change to AlO-SiOH and AlOHOH due to the proton 

compensating the defect charge. In view of the substitution at the surface the mixed site in 

model B corresponds to AlO-AlOH.  

On the (010) edge surfaces of both models of beidellite uranyl adsorption at the mixed 

site AlO-SiOH and the corresponding site AlO-AlOH is more stable than at the aluminol 

sites, as already calculated for the (010) surface of pyrophyllite (Table 19). For the 

subsurface substitution in model A, uranyl is adsorbed slightly more strongly, by ~10 kJ 

mol
-1

, at the favorite mixed site AlO-SiOH compared to pyrophyllite while substitution on 

the surface stabilized this surface complex by 70 kJ mol
-1

. At the aluminol site a slight 

destabilization has to be noted for model A while the complex formation energies decreases 

by ~20 kJ mol for model B. Thus, a marked effect on the stability of the surface complex is 

only calculated when the substitutional defect lies close to the surface (Table 20).  

Structure parameters seem to reflect more the effect of the extra charge compensating 

proton than that of the substitution. On pyrophyllite at the AlOOH site, a short contact of 

203 pm to AlO and a longer one to AlOH of 240 pm is calculated. Thus, AlOHOH sites of 

the model beidellite show two longer contacts to oxygen atoms of the OH groups of 222-243 

pm (Table 20). These bonds to the surface are longer on average; concomitantly, also the U-

Al distance increases from 325 pm on pyrophyllite to 345 pm and 348 pm on the two model 

beidellite surfaces. For the mixed site AlO-SiO a shorter bond to the AlO group of 205 pm 

and a longer one of 228 pm to the SiO group is calculated for pyrophyllite (Table 20). For 

the corresponding sites AlO-SiOH and AlO-AlOH on the model beidellite again short bonds 

of ~200 pm to the AlO group are determined, while the bonds to the protonated groups 

Table 20. Calculated structural parameters
a
 (in pm) and complex formation energies (in kJ 

mol
-1

) of  adsorption complexes of uranyl on (010) edge surfaces of pyrophyllite and model 

beidellite. 

Site  U-Ot U-Osurf U-OW U-Oeq U-Al/Si ΔEform 

[UO2(H2O)20]
2+

 183   240   

Pyrophyllite       

AlOOH 187 203/240 243/250/270 241 325 137 

AlO-SiO 185 205/228 253/255 235 387/350 93 

Beidellite
b 

      

A AlOHOH 184 222/236 241/245/257 240 345 155 

 AlO-SiOH 186 199/262 246/265/271 249 386/390 84 

B AlOHOH 185 229/243 222
c
/244/250 238 348 115 

 AlO-AlOH 187 201/244 248/265/274 246 386/390 23 

(a) U-Ot  uranyl bond, U-Osurf  U bonds to the surface O, U-OW  uranyl bonds to aqua 

ligands, U-Oeq  average equatorial uranyl-ligand bond, U-Al/Si – distance to surface Al/Si 

centers. (b) Modell A: Substitution below the surface; Modell B: Substitution on the surface 

(c) Bond length to OH ligand. 
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SiOH and AlOH are considerably elongated, to 262 pm and 244 pm, respectively. Again, 

the U-Al and U-Si distances follow these changes of the bonds to surface oxygen atoms. 

The distance U-Al remains essentially unchanged on going from pyrophyllite to model 

beidellite while U-Si elongates by 40 pm (Table 20).  

Interesting results are calculated for the commonly measured parameter U-Oeq. For 

pyrophyllite a typical value of 240 pm is obtained for the AlOOH site and a smaller one, 

235 pm, for the mixed site as a result of the reduced coordination, 4, of uranyl (Table 20). 

For the model beidellite the complexes at the AlOHOH site again show U-Oeq values typical 

for coordination number 5 while the mixed sites yield larger values of 246 pm and 249 pm.  

4.3 Methodic topics 

Modeling solvation effects is a key aspect when addressing the aqueous chemistry of 

actinides by computational methods. Quantifying solvation effects not only determines the 

accuracy of the results, but to a considerable extent also the computational effort. In the 

studies of solvated complexes reported above, the COSMO variant of the polarizable 

continuum model (PCM) approach [65,217] was applied throughout to account for long-

range solvation effects. In PCM methods, the reaction field of the bulk solvent is 

represented typically via a charge density on the surface of a cavity around the solute. That 

cavity is constructed of sections of atom-centered spheres. The surface of this cavity is 

partitioned into spherical triangles (tessellation); to each such triangle a (point) charge is 

assigned as an element of the surface charge density. In the course of geometry 

optimizations, the cavity surface changes and spherical triangles, together with their 

assigned point charges, may not only move, but also appear or disappear discontinuously. 

Our experience showed, especially when carrying out geometry optimizations, that the well 

established GEPOL algorithm [218,219], used until now to construct the cavity, leads to 

discontinuous changes of the positions of the point charges on the cavity surface which 

implies small, yet noticeable discontinuities of the potential energy surface, hampering the 

optimization procedure. To achieve a smooth potential energy surface as function of the 

solute geometry, a weighting of the point charges by their distance to neighboring spheres 

has been implemented, following the recently developed “fixed point charge with variable 

area” algorithm (FIXPVA) [220]. This algorithm is numerically much more stable and 

furnishes more accurate components due to solvation of the forces acting on the atoms of the 

solute. Ultimately, one observes a more stable and more efficient optimization procedure. 

As the FIXPVA procedure tends to underestimate the solvent excluded surface around a 

solute [220], implying an underestimation of solvation energies, it seemed appropriate to 

adjust the scaling factor of the atomic radii used to construct the cavity. In this way slightly 

improved values of the solvation energies were obtained from a numerically more stable 

optimization procedure (Table 21). For a test set of 7 cations and 8 anions, the deviation 
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from experimental solvation energies was be reduced by ~30 %, while essentially no change 

was observed for neutral species.  

As an alternative to the rather accurate periodic plane-wave and PAW approach 

(software VASP, see Section 2) used in this project, the potential of an efficient -point 

periodic plane-wave approach together with norm-conserving pseudopotentials as 

implemented in the software NWChem [226] was explored. Results of density functional 

GGA calculations for the uranyl(VI) aqua complex, kaolinite bulk as well as uranyl 

adsorbed at the AlOO site of the (001) Al(o) surface of kaolinite agreed well with the 

corresponding VASP calculations. As a trend, the uranyl bond was underestimated by ~3 

pm in all calculations, in agreement with other computational studies [89] while ligand 

bonds were reproduced more accurately. No gain in computational efficiency was observed 

for NWChem compared to VASP for small test systems. Yet, we noted a more favorable 

scaling with increasing numbers of processors which makes this software interesting for 

large systems and dynamical simulations.  

To examine and partially correct self-interaction artifacts of DF LDA and GGA 

approaches in calculations of actinide complexes, we implemented the DFT+U method in 

our software ParaGauss [227] and parameterized it for uranium [136]. In this empirical 

approach a Hubbard like repulsion term is added to the interaction of f-electrons, favoring 

localized f-orbitals. U parameters of 1-2 eV have been determined to be reasonable for 

uranium by comparison of calculated to experimental ionization potentials of  UO and UO2. 

Self-interaction artifacts have been characterized for uranyl(VI) [136] and its mono-

hydroxide [135] (Section 4.1.1). Our results demonstrate that these artifacts are more 

pronounced in the gas phase than in solution and that the DFT+U approach removes these 

artifacts to a considerable extent. 

5 Summary 

A detailed mechanistic understanding of actinide chemistry under environmental conditions 

is an important prerequisite for modeling and predicting speciation, distribution, and 

migration of actinides in the environment. These issues are of key importance in safety 

Table 21. Solvation free energies calculated with the GEPOL and the FIXPVA tessellation 

schemes. Experimental values are shown for comparison. Energies in kJ mol
-1

.  

 GEPOL FIXPVA Exp. 

H2O 28 31 26
a 

[H3O]
+ 

378 377 427
b 

OH

 378 400 430

c 

CH3COOH 22 25 25
a 

[CH3COO]
 274 286 365

c 

UO2
2+ 

1249 1345 1347
d
, 1682

e 

(a) Ref. 222, (b) Ref. 223, (c) Ref. 223, (d) Ref. 224, (e) Ref. 225 
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considerations of long-term storage of highly radioactive waste in underground repositories. 

In this project quantum chemical computational were used to study the chemistry of 

actinides in solution and at clay mineral surfaces to complement pertinent experimental 

work. Quantum chemical studies, together with spectroscopic experiments, offer the unique 

opportunity to gain insight at the atomic level and thus are useful for identifying species and 

developing mechanistic models of actinide chemistry under pertinent conditions. Two 

relevant aspects of actinide environmental chemistry have been treated in this project: 

complexation in aqueous solution by inorganic and organic ligands and the interaction of 

actinide ions and complexes with surfaces of clay minerals. 

Complexes of actinyl ions with small organic ligands have been examined as models 

of actinyl complexation by functional groups of humic substances with the goal to 

characterize how groups beyond carboxyl functions contribute to the ability of humic 

substances to form complexes with metal ions. In agreement with experimental studies we 

showed that sulfonate, amine, and pyridine groups are not important for actinyl 

complexation in comparison to the prevailing carboxyl groups. A study of ternary hydroxo-

acetate complexes of uranyl(VI) revealed that these complexes should be less stable than 

binary acetate complexes, in contrast to the interpretation of measured values of pertinent 

complexation constants. Thus, complexation with carboxyl functional groups at neutral to 

basic conditions in competition with hydrolysis raises still some questions. For the 

exemplary case of uranyl complexation with an acetate ligand we demonstrated that the 

weak increase in the complexation constant with increasing temperature has to be ascribed 

to a bidentate isomer and that the equilibrium between mono- and bidentate isomers of 

uranyl acetate is influenced by temperature. This result also showed that a fundamental 

understanding of actinide complexation needs to take into account the equilibrium between 

various isomers of a complex of given composition, a topic studied only rarely until now. 

Preliminary examination of the reaction mechanism of neptunyl(V) with acetate supports 

this view. By model calculations on Am(III) aqua and monoacetate complexes we 

contributed to the understanding of this rarely treated element. Finally we examined the first 

hydrolysis products of U(VI), U(IV), and Np(IV), providing structural and energetic 

parameters for these experimentally not easily accessible species.  

Quantum chemical modeling of actinide adsorption at mineral surfaces was pioneered 

by our group and detailed studies of actinyl adsorption on clay minerals surfaces have been 

carried out in this project. Our results for basal and edge surfaces of kaolinite confirm the 

interpretation of pertinent EXAFS experiments regarding bidentate adsorption complexes of 

uranyl(VI). However, detailed comparison of geometries and energies revealed that mono-

dentate coordination to the surface can not be excluded. Also, we were unable to identify 

clearly preferred sites for adsorption, thus various adsorption complexes may coexist. 
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Besides adsorbed uranyl, we also obtained uranyl hydroxide as adsorbate in our model 

calculations.  

Comparison of structural parameters to available experimental data showed that the 

current interpretation of measured U-O distances to ligands and to the surface should be 

extended. Shorter U-O bonds have been ascribed to bonds to the surface while longer ones 

were ascribed to aqua ligands. We calculated also rather short bonds of U to hydroxide 

ligands and relatively long ones, comparable to bonds to aqua ligands, to protonated surface 

groups. Similar results as for kaolinite were obtained for adsorbed uranyl on edge surfaces 

of pyrophyllite and a model beidellite. While aluminol sites are preferred for kaolinite and 

the (110) edge surface of pyrophyllite, we determined a mixed aluminol-silanol site to be 

favorable on the (010) edge surface of pyrophyllite. Thus, preferred adsorption sites seem to 

depend on the exposed surface. Examination of the basal surface of beidellitic substituted 

pyrophyllite provided another example of a surface of a clay mineral where several 

adsorption complexes may coexist, as we calculated rather small differences in adsorption 

energies for inner- and outer-sphere complexes of uranyl.  

All these examples demonstrated that actinide-clay adsorption systems are rather 

complex at the atomic level, featuring a variety of surface species which are not easily 

discriminated. Further computational as well as spectroscopic studies are necessary to 

develop a mechanistic model at environmental conditions to construct a basis for the 

interpretation of experimental results. Especially infrared spectroscopy and resonant 

anomalous X-ray reflectivity techniques will be helpful in this regard, besides quantum 

chemical studies, to complement available microscopic information. 
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