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  Abstract 

This work focuses on a series of geometry optimization calculations that yielded the 

structure of the hydrated Cerium (Ce-) and Thorium (Th-) clusters in water, as well as 

Thorium-Thorium-Arsenic complex (Vilanova et al., 2017). To achieve the optimum 

geometries for these structures, various basis set (SVP, maSVP, TZVP) comparison 

calculations were run. Furthermore, the effect of employing different approximations 

(PBE, PBEO) on exchange-correlations in the Density Functional Theory (DFT) 

calculations was investigated. For the Th- and Ce- complexes, the number of hydrogen 

bonding for the water clusters was computed and the findings were summarized. Finally, 

the structures obtained from the geometry optimization calculations for the Th–Arsenic 

inorganic compounds were proven to be an excellent match with the crystal structures 

obtained from the X-ray crystallographic analysis.
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Chapter 1: Background 

Since the depletion of fossil fuels is proven to be an imminent threat for the 

society, research on alternative and renewable energy resources such as nuclear power 

started to gain more interest. With respect to this, research on the environmental pollution 

of actinides became the focus point on exploring nuclear power as a cleaner alternative to 

fossil fuels (Ewing et al., 2010). The nuclear fuel cycle involves uranium (U) irradiation 

in the nuclear reactor which yields the formation of plutonium (Pu) and other actinides. 

Hence, the study of these elements’ environmental footprints will allow the researchers to 

develop safer and greener technologies that utilize nuclear energy. 

Actinides (An) populate 5f block outright of the periodic table and they can attain 

a broader spectrum of oxidation states compared to 4f series (Maher et al., 2013). 

Furthermore, these oxidation states are highly susceptible to the environmental conditions 

and most of the time these elements can be found to co-exist in two or more different 

oxidation states at a given time and conditions (Ewing et al., 2010; Maher et al., 2013). 

This dynamic nature of actinides causes them to have a versatile and rich redox 

chemistry. Moreover, for each different oxidation state, actinides are known to display 

varying chemical reactivity, solubility, and stability trends that are subject to mild 

changes in the conditions (Ewing et al., 2010). For instance, actinides at lower oxidation 

states such as An3+ and An4+ are not soluble in water whereas in their higher oxidation 

states, like An5+ or An6+, they are unstable and therefore hydrolyze rapidly (Maher et al., 
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2013). In the event of a nuclear contamination, actinide species with the lower oxidation 

number will tend to form colloids or be absorbed on mineral surfaces (Ewing et al., 2010; 

Knope et al., 2013). This would lead to the accumulation of these complexes at specific 

sites resulting in local contamination. On the other hand, the actinide species with higher 

oxidation numbers will easily mix with water since they would dissolve instantly 

resulting in the wide spread of a spill (Knope et al., 2013). Furthermore, small changes in 

the conditions will alter the oxidation states of these species and exacerbate any nuclear 

pollution. Hence, understanding how the chemistry of actinides influences their 

precipitation or absorption on mineral surfaces is the focal point of developing a greener 

nuclear energy resource. 

Within the actinide series, studies on thorium (Th) and plutonium (Pu) chemistry 

draw wider interest due to their applications as nuclear fuels (Maher et al., 2013). As 

mentioned previously, Pu is the major byproduct when U is irradiated in the nuclear 

reactor and therefore, understanding the environmental impact of or enhancing ways to 

recycle the main product is of vital importance in developing greener U based fuels. 

Alternative to U, Thorium could also be deployed in devising nuclear fuel cells (Natrajan 

et al., 2014). These Th-based fuel cells pose several advantages over the traditional U-

based fuel cell versions (Maher et al., 2013). First of all, thorium is naturally more 

abundant then the Uranium; Th is almost as abundant as lead (Pb). Also, the thorium fuel 

cycle produces less amount of Pu, which renders this process more eco-friendly (Maher 

et al., 2013). In addition to this, Th is mostly redox insensitive and found in tetravalent 

oxidation state (Maher et al., 2013). Therefore, Th is studied as a model system to 
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elucidate the chemistry of actinide (IV) complexes. Th (IV) species are shown bind and 

immobilize on surfaces that contain iron (III) oxides, replacing the iron sites. 

Analogously, another study has shown the similar reactivity trends of Pu (IV) and Fe (III) 

towards similar ligands (Maher et al., 2013). 

Considering the main medium to spread any type of nuclear contamination is 

water, studying the aqua complexes of actinides and how the solubility, stability, and the 

reactivity of these aqua complexes are altered by the oxidation state of the core actinide is 

a major task. Although there are experimental tools to determine the coordination number 

and structure of a given metal complex, such as nuclear magnetic resonance (NMR) 

spectroscopy, X-ray absorption spectroscopy (XAS), and X-ray scattering techniques, 

there is no in-situ technique to illustrate the mechanism of the changes the core actinide 

undergoes in the medium since the redox chemistry occurs too rapid to be observed by 

spectroscopic methods (Knope et al., 2013). Therefore, computational modeling is 

needed to identify the energy profiles of intermediate species and determine the plausible 

complex structures (Capelle, 2006). 
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Chapter 2: Methods 

2.1. Introduction to Density Functional Theory 

The wave function, Y, of a system contains all the information about a given 

system in quantum mechanics (Capelle, 2006). We can solve the Schrödinger Equation 

exactly to find the wavefunction of a simple system such as hydrogen atom (Cramer, 

2014). However, when we begin to deal with more complex systems with more than one 

electron, it becomes unfeasible to solve Schrödinger Equation to determine the wave 

function. Density Functional Theory, DFT, offers a unique and practical approach to 

circumvent this issue without trying to calculate the wave functions. Instead, DFT applies 

electron density, dependent on space and time variables, as a functional to eliminate the 

need of finding the exact value of Ys directly (Cramer, 2014). Hohenberg and Kohn who 

are the founders of this theory have demonstrated the link between the electron density 

and the Hamiltonian operator (Hohenberg and Kohn, 1964). This link is particularly 

significant because when the Hamiltonian operator is applied to the wave function, it 

gives the energy of the corresponding state described by that specific wave function. 

Hence, if the charge density is given then the Hamiltonian operator can be used to 

determine and predict all the properties of materials including the structural, mechanical, 

optical, thermodynamic, electric and electronic properties (Harrison, 2018). 
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2.2. Geometry Optimization Calculations 

A potential energy surface (PES) is a mathematical equation that expresses the 

energy of a molecule as a function of its geometry. PES is a significant concept in 

computational chemistry because it helps to visualize and interpret the link between a set 

of coordinates representing the geometry of a molecule and the corresponding energies of 

a given system (Lewars, 2003). Hence, locating the point on the PES that corresponds to 

the minimum energy is called geometry optimization. The mathematical function that 

describes this stationary point should satisfy two conditions: the first derivative of this 

function should be equal to zero and the second derivative of the function must be greater 

than zero. Geometry optimization calculations are carried by starting with an initial 

plausible structure which is reckoned to be located in the close proximity of this 

stationary point on PES and feeding this guess point to a computer algorithm which 

systematically alters the geometry until it locates the stationary point on the PES graph 

(Lewars, 2003). 

As mentioned in the earlier section, DFT is a very useful tool in predicting the 

structural properties of a given material. For instance, DFT can successfully correlate the 

crystal structures obtained from experimental methods such as X-ray and neutron 

diffractions or other spectroscopic methods (Knope et al., 2013). Furthermore, It can 

successfully predict the geometries of organic and inorganic compounds and any other 

surface and structure properties related. Therefore, geometry optimization calculations 

play a major role in determining the structure related features of compounds and 

materials. Simply put, geometry optimization is a process of finding the arrangement of 
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the atoms that minimizes the total energy of a given system (Cramer, 2014; Lewars, 

2003). The computational process involves repetitive mathematical calculations until the 

gradient of the energy with respect to coordinates is zero. From chemistry point of view, 

this stage in the calculation represents the minimum energy of the system that 

corresponds to the most stable configuration of the system. A simple road map for 

geometry optimization calculations can be summarized as follows: 

1. Initial coordinates for the atoms are submitted to DFT calculations to determine the 

energies and the gradients. 

2. If the gradient is zero; the geometry of the molecule/cluster is optimized. 

3. If the gradient is not zero, then the atoms are moved to new coordinates and DFT 

calculations are repeated until step 2 above is reached. 

2.3. Level of Theory 

In order to achieve accurate calculations for geometry optimizations or any other 

basic properties of a molecule such as bond angles, bond dissociation energies and 

transition state barriers; the ground-state energy of electrons must be accurately 

determined (Rappoport et al., 2009). As described earlier, a straightforward attempt to 

solve Schrödinger equation for a many electron system is a costly effort due to the 

Coulomb repulsion between them (Cramer, 2014; Rappoport et al., 2009). In order to 

reduce the computational costs, Kohn-Sham (KS) density functional theory (also referred 

as DFT), evades this by accepting that the system has a fixed density and the electrons 

are not interacting with each other (Cramer, 2014). However, in reality, electrons are 

interacting with each other and therefore the electron anti-symmetry (exchange effects) 
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and electron correlation effects, arising from the interactions between the electrons, need 

to be considered to reach accurate computational results (Cramer, 2014). The exact 

exchange-correlation (XC) energy functional cannot be determined in DFT and therefore, 

certain other type of exchange-correlation functionals are used to get an approximate 

value for XC energy. There are various types of XC functionals that are documented to 

yield the best results based on certain systems and the choice of the best XC functional to 

run any DFT calculation is a vital step to get realistic results. In literature, these XC 

functionals are grouped based on their complexities and their ability to correlate the non-

interacting electron system to a chemically more accurate interacting system. This 

categorization is referred as Jacob’s ladder. 

In this work, two types of functionals are used in the calculations: PBE and PBE0. 

PBE functional belongs to the class of generalized gradient approximation functionals 

(GGA) to (Rappoport et al., 2009) approximate the XC energy. The GGA functionals are 

the second step on the Jacob’s ladder and they are generated to improve the local density 

approximations (LDA functionals) that constitute the first step on the Jacob’s ladder. In 

the LDA functionals, the exchange-correlation energy is dependent on a density at a point 

which is equal to that of a uniform electron gas cloud (Cramer, 2014). The LDA 

functionals are insufficient to yield chemically relevant results. So, the GGA functionals 

such as PBE, offer an improvement on LDAs by adding gradient corrections (Cramer, 

2014; Lewars, 2003; Rappoport et al., 2009). 

Just like the PBE, the PBE0 functional was designed by Perdew, Ernzerhof, and 

Bruke but unlike PBE, the PBE0 is a far more up on the Jacob’s ladder and belongs to the 
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group of hybrid functionals (Rappoport et al., 2009). Basically, the hybrid functionals are 

linear combinations of Hartree-Fock exact exchange function and therefore they are more 

complex than the GGA functionals (Rappoport et al., 2009). Specifically, PBE0 is the 

modified version of PBE by incorporating the Hartree-Fock exact exchange energies 

(Cramer, 2014; Lewars, 2003; Rappoport et al., 2009). Hence while running a calculation 

with PBE0 type of functional improves the accuracy, it also increases the computational 

costs. 

2.4. Basis Sets 

A basis set is a set of mathematical expressions that are used to construct a wave 

function (Cramer, 2014). In computational chemistry, there are two common types of 

mathematical functions that describe the shape of an orbital, “Slater- and Gaussian type” 

(Jensen, 2013). Slater type functions are derived from the solution of the Schrödinger 

equation but they are not as favored as Gaussian type functions due to computational 

efficiencies (Cramer, 2014). However, Gaussian type orbitals (GTOs) are not adequate 

enough to match the accuracy of the Slater type orbitals (STOs). In order to solve this, 

computational chemists generate basis sets that take the linear combination of various 

types of Gaussian functions, referred as primitive basis sets that fits the best Slater 

function that describes a given orbital. The final basis set obtained this way is called 

minimal basis set (Jensen, 2013). However, minimal basis sets are not good enough to 

represent the orbitals and therefore additional basis sets such as split-valance sets, 

polarized sets, diffuse sets, correlation consistent sets (Hänninen, 2012) should be 

introduced for the realistic description of the molecular orbitals for a given system. 
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A Gaussian-type of orbital can be expressed mathematically as follows (Hill, 

2013): 

 Eq. (1) 

where N is a normalization constant, � is the exponent, and Yl,m represent spherical 

harmonic functions (Hill, 2013). The indices n, m, and l dictate the type of the orbitals 

such as s, p, d, etc (Hill, 2013). A mathematical formula represented in this form is 

referred as a primitive basis set. For efficiency and accuracy concerns, linear 

combinations of a number of primitive basis sets are taken to produce contracted basis 

sets as given in equation 2 (Hill, 2013). 

 Eq. (2) 

The manner in how the exponent, zeta (�) is optimized has a great influence in tailoring 

the basis set’s intended usage (Hill, 2013). If the focus of a study is to investigate the 

electronic properties of molecules, then the zeta should be optimized according to that 

purpose or if the aim is to carry out energy optimization calculations; then the exponents 

should serve to optimize the electronic energy (Hill, 2013). Therefore, the exponents 

have a great impact in considering which type of basis set should be chosen to design an 

experiment for a given system. 

As mentioned previously, the simplest basis sets are referred as minimal basis sets 

since they only have functions that describe a neutral atom. For instance, the minimal 

basis set that describes the neutral Ne atom has two s functions and one set three-

component p functions (Hill, 2013). However, minimal basis sets are not used widely 
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since they are not flexible enough to let the wavefunction change shape and adopt to new 

chemical environments. Hence, to improve these minimal basis sets, the number of the 

functions is simply increased (Hänninen, 2012; Hill, 2013). For the case of Ne atom, 

doubling the minimal basis set functions; utilizing 4 s functions and two sets of three-

component p functions would enhance the accuracy of the calculations (Hill, 2013). 

Adopting a similar strategy, tripling or quadrupling the basis sets used in the formula 

would enhance the accuracy further. Such upgrades in a basis set are denoted as double 

zeta (DZ), triple zeta (TZ), and quadruple zeta (QZ) to express the modifications carried 

out (Hill, 2013). Furthermore, computational chemists can choose to tailor their 

calculations by adopting these modifications on basis sets that describe the valance 

electrons which are more relevant in describing the chemical trends of a system. When 

only the basis functions which are homologous to these valence electrons are increased in 

zeta, a new kind of basis set called “split-valence basis set” are generated and they are 

designated as DZV, TZV for double zeta valence and triple zeta valence respectively 

(Hill, 2013). 

Please note that, as the number of functions used in a calculation increase, it 

requires significantly more time to be completed. Hence, contracting some of these basis 

sets improves calculation costs. On the other hand, these contractions should be 

cautiously adjusted to obtain valid data. For instance, to study the bond formation, one 

might choose to contract the basis sets that describe the inner core of an element since 

these electrons do not participate in bonding. However, for the valance electrons a more 

complex basis set which also includes additional polarization functions to describe the 
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bonding interaction better is selected to yield more reliable results (Hänninen, 2012; Hill, 

2013). Therefore, selecting the correct basis sets and the complementary auxiliary basis 

set is a critical stage in running the calculations. 

In this project, three basis sets, SVP, ma-SVP, and TZVP, are utilized. All of the 

mentioned basis sets belong to the same basis set family called Karlsruhe, also referred as 

Ahlrichs, and they are all compatible to be used in DFT type calculations. However, they 

differ in size and efficiency of describing the geometries obtained. Among the three basis 

sets used, SVP is the smallest and TZVP is the largest basis set. As explained earlier, 

SVP basis set contains single split-valence basis set whereas TZVP is a triple-zeta, split 

valence basis set and contain additional polarization functions. Therefore, expected to 

yield better results in describing chemical trends. The ma-SVP basis set is minimally 

augmented SVP set, meaning it contains the minimum number of exponents needed to 

diffuse functions needed to get accurate dipole polarizabilities. The ma-SVP is a more 

comprehensive version of a SVP basis set that performs better in polarizability 

calculations than the original SVP version. 
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Chapter 3: Results 

3.1. [Th(OH)4(H2O)2](H2O)28 Cluster Calculations (Th-6) 

From the molecular dynamic calculation trajectory, a framework of image that 

corresponds to the Th-6 cluster containing two H2O and four OH– ligands coordinated to 

the Th-metal core was frozen. Since the cluster is modeled in the water medium, the 

water molecules that are within the 5.5 Å are carved out and the spatial coordinates of the 

atoms forming this system was extracted to be used as initial coordinates to begin the 

geometry optimization studies. For this purpose, three different basis sets were employed: 

SVP, ma-SVP, and TZVP. Each of the basis sets were embarked in two different levels of 

theory, PBE and PBE0. The bond lengths of the coordinated oxygens to the metal core 

and the total number of H-bonding in the cluster was determined and compared in Table 

1. 

The calculations indicate that the longest Th-O bond is formed by the H2O ligands 

and these two are trans to each other as shown in the models (Figures 1a to 1d). When the 

SVP-PBE calculations are contrasted with the TZVP-PBE studies, the bond lengths of the 

oxygens coordinated to the metal core changes significantly. On the other hand, when the 

ma-SVP-PBE calculations are compared to the TZVP-PBE, the bond lengths show 

insignificant changes. This result suggests that, using SVP basis set is not adequate to 

reach reliable results. On the other hand, while a TZVP-PBE calculation yields a more 

accurate result, it takes more time for the calculations to converge because the TZVP is a 

more comprehensive and complex basis set. Since ma-SVP-PBE version yields similar 
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results to the TZVP calculations, it is more cost efficient to design a geometry 

optimization experiment for Th-6 cluster. 

As mentioned earlier, SVP basis set is the least complex basis set employed in 

this work and the calculations complete in a shorter time interval. Although the results 

obtained diverge significantly than the TZVP calculations, it provides an efficient way to 

do initial screening studies. Therefore, SVP was chosen to investigate the effect of using 

PBE versus PBE0 approximations on the number of H-bonding among different types of 

Th- and Ce- clusters. The results are summarized on Table 5 towards the end of this 

chapter. 

 
 
  

Table 1: Inner-sphere Th-O distances (in Å) for the Th-6 cluster model, with varying 

choice of basis sets and exchange-correlation functionals. 

Atom # PBE/SVP PBE/ma-SVP PBE/TZVP PBE0/SVP 

65 2.26460 2.27903 2.27012 2.25055 

66 2.18755 2.19669 2.19612 2.18509 

67 2.28873 2.28951 2.28911 2.26977 

68 2.37566 2.38539 2.37418 2.36208 

69 2.47028 2.49388 2.49685 2.46747 

72 2.49219 2.50433 2.49952 2.48608 
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Figure 1a: Structure of the Th-6 cluster optimized at the PBE/SVP level of theory. The 

central black atom is Th, red atoms are O, and white atoms are H. 
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Figure 1b: Structure of the Th-6 cluster optimized at the PBE/ma-SVP level of theory. 

The central black atom is Th, red atoms are O, and white atoms are H. 
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Figure 1c: Structure of the Th-6 cluster optimized at the PBE/TZVP level of theory. The 

central black atom is Th, red atoms are O, and white atoms are H. 
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Figure 1d: Structure of the Th-6 cluster optimized at the PBE0/SVP level of theory. The 

central black atom is Th, red atoms are O, and white atoms are H. 
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3.2.  [Th(OH)4(H2O)3](H2O)27 Cluster Calculations (Th-7) 

The Th-7 Coordinate cluster is composed of three H2O and four OH– ligands 

coordinated to the Th-metal core. Just like the Th-6 cluster, three basis sets were 

employed; SVP, ma-SVP, and TZVP. SVP basis set calculations were chosen to compare 

and contrast the effect of PBE versus PBE0 on the extent of H-bonding in this system. 

The bond lengths of the coordinated oxygens to the metal core are listed in Table 2, and 

the total number of H-bonding in the cluster was determined and compared with the other 

cluster models in Table 2. Furthermore, the converged calculations for the Th-7 

coordinated cluster is modeled by using wxMAcMolPlt software and the results are 

displayed in Figures 2a to 2d. For the basis set choice, a similar trend is observed; SVP 

results show drastic divergence than the TZVP calculations as can be tracked from tables 

6-10. As a last note, just like the Th-6 cluster, the longest Th-O bond lengths are 

observed for the H2O ligands. 

Table 2: Inner-sphere Th-O distances (in Å) for the Th-7 cluster model, with varying 

choice of basis sets and exchange-correlation functionals. 

Atom # PBE/SVP PBE/ma-SVP PBE/TZVP PBE0/SVP 

92 2.51831 2.54825 2.54367 2.52244 

93 2.79432 2.86043 2.88605 2.73795 

94 2.54067 2.53758 2.54498 2.52277 

95 2.33008 2.32186 2.31933 2.30467 

96 2.33854 2.34070 2.34163 2.31687 

97 2.18565 2.19867 2.19267 2.18719 

98 2.25835 2.26967 2.26304 2.25267 
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Figure 2a: Structure of the Th-7 cluster optimized at the PBE/SVP level of theory. The 

central black atom is Th, red atoms are O, and white atoms are H. 
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Figure 2b: Structure of the Th-7 cluster optimized at the PBE/ma-SVP level of theory. 

The central black atom is Th, red atoms are O, and white atoms are H. 
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Figure 2c: Structure of the Th-7 cluster optimized at the PBE/TZVP level of theory. The 

central black atom is Th, red atoms are O, and white atoms are H. 
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Figure 2d: Structure of the Th-7 cluster optimized at the PBE0/SVP level of theory. The 

central black atom is Th, red atoms are O, and white atoms are H. 
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3.3.  [Ce(OH)4 (H2O)2](H2O)28 Cluster Calculations (Ce-6) 

The spatial coordinates from the converged TZVP-PBE calculations of the Th-6 

coordinate cluster was chosen as initial coordinates to begin the Ce-6 experiments and the 

core metal, Th was exchanged with Ce atom. Following the similar systematic approach, 

basis set choice and SVP-PBE versus SVP-PBE0 effect on the degree of H-bonding in 

this cluster system is investigated. Again, ma-SVP basis set had proven to be the most 

efficient basis set to be utilized in geometry optimization study of Ce-6 coordinated 

cluster and the H-bond length comparison between the SVP-PBE versus SVP-PBE0 

calculations display that PBE0 choice yields closer results to the bond-lengths obtained 

from the TZVP-PBE calculations. Running a TZVP-PBE0 experiment took drastically 

longer; it was proven to be computationally too expensive to carry out and therefore, was 

not investigated. As expected, the longest Ce-O bond length was between the water 

oxygens and the Ce core. For the complete set of results please refer to the Table 3 and 

the Figures 3a to 3d.  
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Table 3: Inner-sphere Ce-O distances (in Å) for the Ce-6 cluster model, with varying 

choice of basis sets and exchange-correlation functionals. 

Atom # PBE/SVP PBE/ma-SVP PBE/TZVP PBE0/SVP 

65 2.21012 2.21609 2.21263 2.18129 

66 2.12019 2.12653 2.12432 2.09865 

67 2.21246 2.22491 2.22138 2.18830 

68 2.32233 2.32369 2.31367 2.29284 

69 2.44225 2.46579 2.47143 2.42354 

72 2.46493 2.47364 2.47942 2.44275 
65 
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Figure 3a: Structure of the Ce-6 cluster optimized at the PBE/SVP level of theory. The 

central black atom is Ce, red atoms are O, and white atoms are H. 
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Figure 3b: Structure of the Ce-6 cluster optimized at the PBE/ma-SVP level of theory. 

The central black atom is Ce, red atoms are O, and white atoms are H. 
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Figure 3c: Structure of the Ce-6 cluster optimized at the PBE/TZVP level of theory. The 

central black atom is Ce, red atoms are O, and white atoms are H. 
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Figure 3d: Structure of the Ce-6 cluster optimized at the PBE0/SVP level of theory. The 

central black atom is Ce, red atoms are O, and white atoms are H. 
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3.4.  [Ce(OH)4(H2O)3](H2O)27  Cluster Calculations (Ce-7) 

To begin the Ce-7 cluster calculations; the converged spatial coordinates from the 

TZVP-PBE study of the Th-7 cluster study and the metal core was altered to Ce. As 

expected, there is a notable divergence for the bond-lengths between the oxygens 

coordinated to the Ce core in the SVP versus TZVP studies. This result, verifies the 

similar trend observed for all the four different metal clusters; SVP basis set selection 

proves to be a poor choice whereas the TZVP basis set selection delivers more realistic 

bond-lengths for this kind of clusters. Again, the impact of employing PBE versus PBE0 

level of theory is screened with the SVP basis set and determined that there is an 

improvement on the estimated bond-lengths when PBE0 level of theory was selected to 

run the geometry optimization calculations. The complete set of results and the images of 

the modeled clusters are shown in the Table 4 and Figures 4a to 4d. 

 
  

Table 4: Inner-sphere Ce-O distances (in Å) for the Ce-7 cluster model, with varying 

choice of basis sets and exchange-correlation functionals. 

Atom # PBE/SVP PBE/ma-SVP PBE/TZVP PBE0/SVP 

92 2.43381 2.45209 2.47265 2.42659 

93 2.70419 2.72704 2.78899 2.66522 

94 2.49023 2.50793 2.51605 2.46338 

95 2.30584 2.30310 2.30522 2.27046 

96 2.28607 2.28031 2.27152 2.25020 

97 2.12423 2.14328 2.13396 2.10944 

98 2.19002 2.19897 2.19007 2.16688 
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Table 5: Total number of hydrogen bonds for all the cluster models investigated in 

this study, with varying choice of basis sets and exchange-correlation functionals. 

Cluster PBE/SVP PBE/ma-SVP PBE/TZVP PBE0/SVP 

Th-6 54 54 54 54 

Th-7 50 49 49 51 

Ce-6 55 54 54 54 

Ce-7 52 50 50 51 
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Figure 4a: Structure of the Ce-7 cluster optimized at the PBE/SVP level of theory. The 

central black atom is Ce, red atoms are O, and white atoms are H.  
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Figure 4b: Structure of the Ce-7 cluster optimized at the PBE/ma-SVP level of theory. 

The central black atom is Ce, red atoms are O, and white atoms are H. 
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Figure 4c: Structure of the Ce-7 cluster optimized at the PBE/TZVP level of theory. The 

central black atom is Ce, red atoms are O, and white atoms are H. 
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Figure 4d: Structure of the Ce-7 cluster optimized at the PBE0/SVP level of theory. The 

central black atom is Ce, red atoms are O, and white atoms are H. 
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3.5. Geometry Optimization Calculations for Thorium-Arsenic Dimer Complex 

In a recently published paper, our collaborators synthesized and isolated 

arsinidiide complex, [(C5Me5)2Th=AsTipp(AsHTipp)][K(2,2,2-cryptand)] where Tipp = 

2,4,6-triisopropylphenyl) (Vilanova et al., 2017). The reported complex is particularly 

interesting since the X-ray crystallographic analysis confirms the shortest Th-As bond 

distances reported to date. Since the Th-As complexes are very rare and the Th(IV) 

complexes are catalytically active, the resulted structure is particularly of interest. The 

electronic structure of this Th-As complex was investigated by using DFT with PBE 

approximation for XC (Vilanova et al., 2017). The coordinates from the X-ray 

crystallographic studies were used to initiate the geometry optimization studies. In order 

to speed up the calculations, minor adjustments in the structure was made which include 

the triisopropyl groups on Tipp being reduced to methyl groups and the removal of the 

solvent molecules from the crystal structure. Then, the geometry optimization studies 

were carried out with PBE approximation using SVP, and ma-SVP basis sets. The 

calculated Th-As bond distance is in the range of 0.03 Å of the reported experimental 

value (Vilanova et al., 2017). 
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