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Abstract

In this contribution, we present a systematic quantum chemistry study of the [Th(HZO)n]4+
(n=1 to 10) complexes to gain insight into their electronic structure and properties: the effect
of the ligand distribution on the valence shells of the Thorium(IV) ion is studied by means of
the Electron Localization Function (ELF) topological analysis. Particular care is given to the
study of the monoaqua complex both at its equilibrium geometry, using various tools such as
Energy Decomposition Analyses (EDA), and along its dissociation pathway. Indeed, as
several electronic states cross the Th*"-H,0" ground state along the minimum energy path, we
demonstrate that the diabatic representation implemented in MOLPRO is able to generate
reference potential energy surfaces which will lead to the evaluation of diabatic dissociation
curves. The calculated diabatic interaction energy curve will allow for a consistent
parameterization of new generation force fields dedicated to heavy metals based on quantum

chemistry.
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Introduction

The f-block comprises the lanthanide series from La (Z=57) to Lu (Z=71) and the actinide
series from Ac (Z=89) to Lr (Z=103). The use of the former elements has recently been
widely spread in a variety of industrial fields, such as catalysis, medical diagnosis (contrast

110[3]4]

agents for medical resonance imaging) or organic light emitting diode displays! , while

SIS e, as

the main application of the latter mostly resides in the field of nuclear energy'
fuel for nuclear power plants. As such, the chemistry of actinide cations and their compounds
has to be investigated at the different stages of the nuclear cycle: from combustion to nuclear
waste management. However, most of these cations are highly toxic either chemically or
because of their radioactivity, and would therefore require devoted laboratories for their
experimental study.

Consequently, computational chemistry can be of great help by allowing the in silico probing
of the properties of actinide compounds and their environment, as well as the modeling of
their response and behavior. However, new difficulties arise for the theoretical study of f-
elements as compared namely to transition metals. For instance, the high nuclear charge of the
elements implies to take into account relativistic effects™); also, the presence of open shells in
both neutral and ionic forms of the metal, due to partially occupied d and f shells, requires the
use of accurate but expensive theoretical methods. Such approaches are possible for small
systems but not for the chemically relevant ones, which generally include the cation,
polydentate cryptants and an aqueous solvent.

Therefore, for these large systems, only long-time scale classical molecular dynamics (MD)
simulations can be used though recent studies on lanthanide and actinide compounds have
shown that one could not perform significant MD simulations on heavy elements compounds

9J[10][11][12][13][14

without a polarizable force field! ] Indeed, in a high-dielectric medium such as

water and/or with strongly charged ions, polarization affects the geometry of complexes as
well as intermolecular interactions. Polarizable force fields try to account for these many-
body effects including an explicit term in the potential energy function to treat polarization of
charge distributions by the environment!'*! (']

As a polarizable force field with an optimized water model, the AMOEBA potential has

1o

proved to be particularly well suited to the modeling of lanthanide elements”'”). Furthermore,

being entirely parameterized on ab initio data, no experimental information is required, which,
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in the case of lanthanide and actinide systems are rare or unavailable. The required ab initio
data for the building of such a potential is the dissociation curve between the ion and a
reference molecule, which was chosen to be water. Additional information includes the
electric dipole polarizability of the ion. Previous studies investigating the influence of
relativistic effects on the static electric dipole polarizability of La®* to Lu®" ions and An*"

89T have shown that accurate results are only obtained including scalar relativistic

ions
effects, core polarization and flexibility of the basis sets.

The use of high level, though mono-reference methods, to compute the dissociation curves, of
closed-shell or high-spin lanthanide ions, such as Gd®*, has proved to be a reasonable
approach. However, in the event of charge transfer between the ion — generally actinyl*”! or
actinide cations - and the ligand, multi configurational approaches need to be considered.
Indeed, the charge transfer phenomena was observed by Hagberg et al*!! between the high
spin open shell Cm(III) ion and a water molecule along the dissociation pathway of the dimer,
indicating that the system ionized to Cm*" and H,O". A means of reducing the charge transfer
phenomenon used by the authors was to introduce a second water molecule, which is kept
fixed during the dissociation. The interaction energy curve was computed at
CASSCF/CASPT2 level with an active space consisting of the outermost 7s, 6d and 5f
orbitals of the cation, but neglecting any orbitals from the ligand. More recently, electron
transfer was also observed between the highly charge closed shell Th(IV) and a water
molecule by Réal et al.l'". The carried out MRCI+DC calculations, with an active space
including the empty 6d and 5f orbitals of Thorium as well as the highest occupied molecular
orbital of the ligand, i.e. the nonbonding O(m) orbital, showed that this charge transfer lead to
Th3+-H20+ and Th2+-HzO2+ complexes at the dissociation limit. However, due to convergence
failure of the MRCI+DC calculations, the active space was redefined in such a way that
charge transfer to the 6d orbitals of Th(IV) was forbidden. Consequently, no energy point was
obtained at distances within the critical region of the charge transfer.

In this contribution, we present the dissociation of the [Th(H,0)]*" complex with accurate
quantum chemistry methods, complete with a diabatization procedure which allows for the
computation of the diabatized MRCI interaction energy curve for subsequent force field
building. Relativistic effects are also investigated in this model system. Furthermore, a
detailed study of the different [Th(H,0)a]*" complexes (n = 1 to 10) is presented based on
several theoretical chemistry tools to give an overview of their electronic and structural
properties. Energy Decomposition Analyses quantifies the electrostatic character of the Th-O

bond due to the high positive charge of the ion while the Electron Localization Function
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topological analysis is used to better understand the electronic structures of the complexes.

Computational details

In a first step, four-component (4c) all-electron calculations using a full Dirac-Coulomb
Hamiltonian at the Hartree-Fock level (DHF) were carried out using the DIRACO08M
program to provide reference data for the [Th(HzO)]4+ system. The geometry of the complex
was fully optimized at three different levels of approximation: 4¢ Levy-Leblond™ (non
relativistic, NR), 4c-spin-free Dirac-Coulomb® (scalar relativistic effects only, SF-DHF) and
4c¢ Dirac-Coulomb (including scalar relativistic effects and spin-orbit coupling, DHF). Dyall’s

25} and

Dunning’s uncontracted aug-cc-pVTZ basis set for the oxygen and hydrogen atoms'*®,

uncontracted triple zeta basis set [33s29p20d13f5g2h] was used for Thorium

DIRAC software and used basis set are thereafter referred as SET 1. The kinetic balance
requirement is fulfilled by deriving the small-component basis set from the basis functions of
the large components. The reliability of the basis set was checked on the energy of the Th**
ion with respect to numerical Multi-Configuration Dirac-Fock calculations obtained with the
MCDFGME v2005.10 program package!””). However, the simultanecous treatment of the
relativistic effects and the electronic correlation in the fully relativistic four-component
framework is very computational demanding and cannot be used to derive a full dissociation
curve. Keeping that in mind, the one-component framework was tested using Dolg et al.
quasi-relativistic effective core potential (ECP) for Thorium and associated ANO basis set'**],
The calculations were performed with the MOLPRO 2008.1%" program package at RHF,
MP2, CCSD(T), MCSCF, MRCI and DFT levels. MOLPRO software and basis set used are
thereafter referred as SET 2. The CI binding energy are given with Davidson correction when
specified.

The whole Thorium aqua series was studied using the GAUSSIANO9®' package.
Calculations were performed at the HF, MP2 (all electrons correlated) and DFT levels using
the small core pseudo potential and associated basis set™ for Th and Pople’s 6-31+G(d,p)
basis for Oxygen and Hydrogen!®®! (Software and basis thereafter referred as SET 3). The
basis set superposition error (BSSE) was estimated by the counterpoise procedure™*. Natural
Population Analyses were performed on the optimized structures. The discussed Thorium
complexes are all minima, checked by a frequency calculation, except when specified. The
ELF analysis was performed at HF level from the GAUSSIAN data using the DGRID?’!
package.
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The Thorium-water binding energies AE are computed in two different ways. For single-
reference wave functions, this energy is expressed as the difference of the energy of the

complex and the energy of its fragments (equation 1).

(1) AE = E(Th*"-H,0) — E(Th*") — E(H,0)

For multi-reference calculations such a definition is no longer valid. In those cases, binding
energies are estimated by the difference of the energy at a given Th-O distance and that at the
Th-O distance of 50 A. Zero Point Energies (ZPE) and Gibbs free energies (AG) are estimated
from standard statistical thermodynamics (ideal gas assumed) after calculation of the
harmonic vibrational frequencies.

Energy Decomposition Analyses were performed using the GAMESS USP% software with a
CRENBLP" large core pseudo potential (78 core electrons) (defining SET 4) following the
Reduced Variational Space (RVS) procedure®®® at the Hartree-Fock level. In the RVS scheme,
the total binding energy (AE) between the cation and the water molecules is decomposed in
several physical terms. The first two terms result from the frozen Molecular Orbitals of the
isolated fragments and represent the electrostatic interaction (Ece) and the exchange-
repulsion (Ecxrp) contributions. Then, as the orbitals of the two fragments are progressively
relaxed, the polarization energy (E,), i.e. the distortion of the orbital of a fragment in the field
generated by the “frozen” fragment is computed; followed by the charge transfer energy (E),
i.e. the contribution of electron transfer from occupied orbitals of one fragment to the vacant
orbitals of the other fragment. The last term (SE) accounts for some higher-order many-body
terms from different physical origins that are not detailed in the standard RVS decomposition;
they are expected to be negligible with respect to AE as in the RVS scheme the antisymmetry
of the wavefunction is maintained (see reference [39] for details). Note that since we

performed such computations at the HF level, no dispersion contribution could be included
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Results and discussion
I. Study of [Th(H,0)]*"
1) General considerations

To understand the relative importance of relativistic effects with respect to electronic
correlation effects both on interaction energies and geometries, a step-by-step comparison is
proposed from non-relativistic calculations to a full 4-component framework. Full geometry

optimizations were performed on the [Th(H,0)]*

system in the C,, symmetry at various
levels, and Table 1 presents the resulting geometries and bonding energies. When comparing
DHF and nonrelativistic results, relativity provides small modifications of the water molecule
geometry but brings a significant decrease in the bonding energy. Also, the Th-O distance is
lengthened. This behavior was already observed by Mochizuki et al.l*! for the f* monoaqua
complexes of the La’* and Ac’™ ions. One possible explanation is the relativistic
destabilization of the accepting d and f spinors of Thorium which weakens the Th-O bond.
Accordingly, the decrease in the bonding energy, about 7 % including relativity (DHF vs.
NR), is in line with the calculated elongation of the metal-oxygen distance. The Mulliken
charge of Thorium does not vary significantly at the HF level with or without relativistic
effects. It can also be observed that, upon taking into account relativistic effects, the charge
transfer towards the 5f and 6d orbitals of Thorium decreases due to a loss of the accepting
character of these orbitals. As such, our results are in agreement with those of Mochizuki and
Tsushima*'! of a Th-O bond length of 2.23 A and bonding energy of 152.0 kcal.mol™' at DHF
level, and 2.21 A and 166.3 kcal.mol™! at MP2 level, though with a smaller basis set. The
comparison of DHF and SF-DHF results shows that the spin-orbit coupling has no effect both
on the bonding energy and on the geometry, with respect to the scalar relativistic calculations.
In a one-component Hartree-Fock framework, the results obtained with the quasi-relativistic
effective core potential are in very good agreement with the four-component ones.
Consequently, this one-component approach can be used to further explore the electronic
correlation effects while decoupled from spin-orbit coupling effects. Computed MP2 and
CCSD(T) results for the [Th(H,0)]*" system are very similar: at both levels of theory, the Th-
O distance is shortened and the bonding energy is increased as compared with HF/DHF
results. DFT yields very similar geometries while still overestimating the bonding energy,
especially with the PBE functional. Calculations of the isolated cation show that this is related

to the important stabilization of the 5f and 6d orbital. The HOMO-LUMO gap in Th*" is
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reduced from 1.27 Hartree at RHF level to 0.70 Hartree with DFT/PBE (SET 3). This makes

these empty orbital much more accepting and explain, the greater binding energies.
2) Population, EDA and topological analyses

As expected for such a charged complex, the binding energy is mostly ensured by
electrostatic interactions between ligand and metal, as well as the polarization of the ligand
(see Table 2). No back-donation is observed, with a charge transfer contribution from Th* to
H,0 (Ecun) close to zero and a negligible cation polarization energy. These statements are
highlighted by the Natural Population Analyses (NPA) presented in Table 3 for the monoaqua
complex of Thorium. It can also be pointed out that the 5f orbitals contribute significantly and
are active in this complex at B3LYP level and, to a lesser extent, at HF level.

Specific structures appear in the ELF analysis performed on the HF wave function. In Figure
1, the value of the ELF function is plotted in the o, plane of the molecule containing the four
atoms. The central core basin of Thorium is not affected by the coordination of a water
molecule. However, the external “subvalence” (see reference 2] for a detailed discussion
about the notion of metals “subvalence basin”) of Thorium is strongly distorted compared to
that of the isolated cation, resulting in the splitting into two separate basins. One is located at
opposite the water molecule and the other one is an annulus closer to the ligand. These basins
roughly correspond to the sum of the full 6s and 6p electrons and the donation to the empty 6d
and 5f orbitals, as shown by the electron population of the ELF basin (around 8.2 electrons)
and the radius of the basin (around 1 A) that can be compared to the radius of maximum
radial density of the 6s (0.76 A), 6p (0.82 A and 0.92 A) and 6d orbitals (1.27 A and 1.32 A)
(see data in reference [43]). This perturbation of the external shell of the cation is easily
explained by comparing the basins of the isolated fragments and those of the complex. Figure
2 reports the evolution of the ELF function upon complexation along the C, axis of the
complex and the difference in electronic density between the complex and the fragments. The
curves show the extension of the ELF basins of the cation and the water molecule at the Th-O
equilibrium distance. Without perturbation, there is a superposition of the ELF basins
corresponding to the water lone pair and to the Thorium external shells. Electronic repulsion
leads to a deformation of these basins appearing along the molecular C, symmetry axis. In
line with the water polarization observed within EDA, a displacement of the oxygen
electronic density towards the Thorium ion occurs. This is characterized by a decrease of the

electronic density near the oxygen core and an increase at intermediate distance. The Th*"
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cation itself is also affected since, despite a formal small polarizability, the external core shell
of the cation splits into two distinct basins (Figure 1) due to the presence of the water
molecule. There is also a decrease of the electronic density close to the Thorium ion in the
direction of the ligand with an increase in the opposite direction. The water molecule indeed

modifies the electronic distribution of the Th*' cation.

3) Th-O dissociation

Preliminary considerations. With the aim being the building of a molecular mechanics
potential from ab initio reference results, the interaction energy curve of the [Th(HZO)]4+
complex has to be computed. It has already been shown that upon dissociation, potential
energy surface crossings occur between the An*" - H,O state and An®Y" - H,0" (x=3.4)
states for such highly charged cations as observed for Cm®" and Th*' 111 In both cases, the
authors circumvent the surface crossing through extra approximation'* (i.e. not considering
the involved 6d orbitals of Thorium) or by adding a second water molecule!'”. In this
paragraph, we show that this problem can also be solved using a diabatization procedure as
implemented in MOLPROM¥.

Partial geometry optimizations were performed using the C,, symmetry at various levels of
theory using single- or multi-reference wave functions and both GGA and hybrid DFT
functionals. The Th-O distance was optimized, whereas the O-H distance and H-O-H angle in
water were kept frozen in the gas phase experimental geometry'*! (i.e. 0.957 A and 104.5°).
Freezing of the geometry of the water molecule is required as the diabatization procedure can
only be applied to one dimension of the potential energy surface. The evolution of the Th-O
distance and bonding energy results at water frozen geometry are similar to the completely
relaxed geometry one (see Table 1 and Table 4) whatever the level of theory. Adding the
constraints leads to an increase of the Th-O bond length of about 0.025 A and a 5 kcal.mol™
drop of the bonding energy. The effect of the methods on these characteristics is similar for
both systems.

Also, whatever the level of theory, the BSSE is small and does not exceed 0.7 kcal/mol, i.e.
0.5% of the total interaction energy. It will therefore be neglected in further calculations. For
multi-reference calculations, several active spaces were considered in order to find the best
compromise between accuracy and computational resources usage (i.e. the smallest
significant active space). Calculations were done in C,, group to take advantage of symmetry

in such highly resource demanding calculations. The 2p lone pair of oxygen of b; symmetry
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being the highest occupied orbital of the complex, the active space was consequently
restricted to orbitals of the b; subgroup, since and due to symmetry conservation of the wave
function, no single electron transfer is possible from other subgroup orbitals (a;, b, or a;). The
active space is then built upon the full 2p oxygen orbital, two 5f and one 6d empty orbitals of
Thorium exhibiting the proper symmetry and MRCI computations were performed using this
active space. In other word, the diabatization was performed using CASSCF[2,4]
wavefunction. The MRCI level is thus taken as reference: the bonding energy between Th*"
and one water molecule is -160.4 kcal.mol ' with an equilibrium Th-O distance of 2.217 A.
The comparable values with CCSD(T) indicates that the main part of the electronic
correlation is provided by the dynamic correlation and at the equilibrium geometry, the
complex is mainly single-reference (90% weight). The other contributions are provided by

some charge transfer between the water lone pair and the Th*" orbitals (5f, 6d).

Adiabatic dissociation curve. The [Th(H,0)]"" adiabatic dissociation curves computed using
an MCSCF wave function are given in Figure 3. With the CASSCF[2,4] wavefunction, ten
configurations are generated. At the equilibrium distance (2.217 A) the ground state (So)
corresponds to the neutral water. Then three states (S;-S;) are energetically close and above
So. These states correspond to the single ionization of the water molecule with an electron
transfer towards the empty 5f and 6d orbitals of the thorium cation. All the higher states (S4-
So) correspond to the double ionization of the water molecule.

At about 2.6 A, the Sy surface crosses a higher lying S; surface. The crossing results in a net
charge transfer that leads to Th3+-HzO+. The third state (S;) is very close to the first ones
(about 10 kcal.mol_l) and could be involved in an avoided crossing, while the fourth state (Ss)
is well separated. A large number of very close lying-states (S4 to So) can also be seen in
Figure 3. Several crossings with the Ss state occur in the dissociation path beyond 6.0 A. The
process results in a double ionization of the water molecule. It should be noted that due to the
relatively limited active space, the higher states might not be realistic. The analysis of the
wave function shows that the charge transfer occurs from the 2p(O) to the 5f(Th) orbitals for
the first crossing, while the third state S, is consistent with a charge transfer from the 2p(O) to
the 6d(Th) orbitals. To obtain accurate energies, MRCI calculations were performed from a
set of MCSCF configurations. The adiabatic MRCI wave function includes single and double
excitations out of the active space.

All MRCI results are shown in Figure 4 and should be analyzed as follows. First, the

crossings are shifted to larger distance, e.g., at about 3.0 A for the first one. Then, the
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dynamic correlation strongly stabilizes the closed shell singlet state with respect to the excited
states. The analysis of the MRCI wave function at the equilibrium geometry shows that the
ground state is not purely closed shell with a significant contribution of about 15% from
single excitations terms. After the crossing, these contributions vanish leading to a now closed
shell state. The two next states are a mix of two configurations corresponding to one electron
in the 5f and one electron in the 6d orbitals of Thorium, the respective weights being 56/44 %
for S; and 44/56 % for S,. After the surface crossing, the states become quasi-degenerated,
and are transformed into pure configurations (5f' configuration for S; and 6d' configuration
for S;). At both MCSCF and MRCI levels, the 5f! configuration is stabilized by about 23
kcal.mol ™" with respect to the 6d' one. The charge transfer from Th*-H,O occurs essentially
from the 2p(O) water orbitals to the 5f(Th) orbitals leading to Th**-H,0".

Due to the surface crossing, the dissociation cannot provide a correct path, i.e., [Th(H,0)]*

— Th*" + H,0, that is required to extract parameters for force field developments. For that

purpose, it is necessary to apply diabatization methods.

Diabatic dissociation curve. In this section, we discuss the general topology of the diabatic
MRCI dissociation curves for the [Th(HzO)]4+ model system. In these calculations, the quasi-
diabatization procedure proposed by Simah, Hartke, and Werner was used to obtain diabatic

dissociation curves between the ground and excited statest*.

The quasi-diabatic
wavefunctions (and the corresponding CI vectors) are established so that they vary as little as
possible as a function of the geometry. The diabatization is carried out by maximizing the
overlap for all the pairs of active orbitals at the reference geometry with those at
neighborhood geometry using a Jacobi rotation technique. Preferably, the adiabatic and
diabatic states should be identical at the reference geometry, e.g., due to symmetry. Indeed, it
is necessary to monitor the modification of the nature of the states after the surface crossing,
making the choice of the reference geometry a major difficulty. For instance, taking the
reference at the equilibrium distance gives a correct behavior before the surface crossing but
not after. On the contrary, taking the reference after the crossing produces an erroneous
behavior before the crossing. In order to find a solution to this problem, we propose to modify
the reference wave function at the equilibrium geometry in the following procedure. If, in a
standard calculation, all the states have the same weight in the reference, here, the modified
reference is built from the equilibrium geometry (Th-O distance equal to 2.217 A) by
increasing the ground state weight with respect to the excited states. The reference curve is

chosen in order to satisfy the rule above, i.e., the adiabatic and diabatic states should be

10
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identical at the reference geometry. Figure 5 shows the different results when varying the
ground state weight for the reference state (30, 60 and 90%). The best fit with the adiabatic Sy
curve at the reference geometry is obtained for the E; curve. Of course, to choose the best
compromise, the correct asymptotic behavior towards the Th**+H,0 dissociation limit of the
adiabatic S; curve must be achieved. This is not the case for the E curve while the E; and E,
curves match exactly the reference adiabatic S3 asymptote at 4.2 A, though beyond, only the
E; curve keeps a right behavior. The difference is due to an artificially strengthened weight of
the charge transfer states in the ground state wave function at the reference point, as a
consequence of the state average procedure. The more the charge transfer weight in the
ground state wave function, the more the deviation between the adiabatic and diabatic curves.
The E; curve is the only one which satisfies all the criteria defined previously both at the
equilibrium geometry and at the dissociation limit. It can therefore be used to extract
parameters for force field developments. For this diabatized MRCI interaction energy curve,
the resulting bonding energy is -159.6 kcal.mol " at the Th-O equilibrium distance of 2.217 A.
Of course, the choice of larger active spaces is always possible and debatable. Here, the
definition of the active space was made in such a way as to propose the best compromise
between the inclusion of physically meaningful orbitals and the computational cost limitations
induced by the diabatization procedure. Thanks to increase of computer power, there is no
doubt that we should be able to improve our results a step further in the coming years. In any
case, the proposed strategy will remain valid providing a non-empirical way to obtain a
diabatic dissociation curve that could be applied to a wide range of problem including the
determination of force field parameters!*®).

To conclude, despite the simplicity of the system, i.e. only four atoms and a closed-shell
singlet state, the electronic structure appears more complex than expected. There are
discrepancies between DFT and wave function methods, since both functionals used in this
study lead to an overestimation of the Th-O binding energy. This is associated to a larger

charge transfer in DFT than in wave function theory (WFT)P"

occurring mainly through the
6d orbital of Thorium with some contribution of 7s and 5f orbitals. However, EDA shows that
even if charge transfer is non-negligible, the preponderant terms are the polarization energy of
the water molecule and the charge-charge interaction. Also ELF shows that the subvalence
basins of the Thorium cation appear perturbed by the presence of the water molecule. Upon
coordination the basin splits following the electronic rearrangement around the Thorium ion

when coordinated to the ligand. Finally, the [Th(H,O)]*" dissociation curve has been

computed using a diabatization procedure to avoid charge transfer induced state crossings and

11
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retain the Th*" - H,O ground state configuration. The resulting diabatic dissociation curve has
been used to extract polarizable force field parameters for the study of the Th*" ion

hydration.! "’

II. Study of [Th(H,0),]**
1) Geometric considerations

The following section deals with the higher order aqua complexes of the Thorium ion, up to
the more meaningful and physical octa-, nona- and deca-coordinated system. First, concerning
the diaqua complex, only few computations have been performed ). Mochizuki and
Tsushima proposed 4-component relativistic calculations on an assumed D, symmetry of the
system. Starting with the same structure, we found it to be a third-order saddle point and
therefore considered four other possible geometries of the diaqua complex. The MP2
optimized geometries are reported in Figure 6 and shows that the O-Th-O angle is weakly
sensitive to the computational level (see Table 5) in the 110-117° range. The least stable
structures are the ones referred to as Dy, and C,(2) and exhibit imaginary frequencies. The
energy difference between the Cy,(1) and C, complexes is quasi nil, though the first one is a
transition state in all cases except at B3LYP level, the imaginary frequency corresponding to
the out-of-plane mode of the hydrogen atoms. In the C, symmetry, the two water molecules
are not exactly in the O-Th-O plane but deviate by about 15° from planarity. The rotation of
the water molecules in order towards orthogonality to the O-Th-O plane (see C,y(2) structure),
destabilizes the complex by about 1 kcal.mol”, leading to a second order saddle point. The
Dy, structure lies higher in energy than the previous geometries by about 3 to 7 kcal.mol™.
The addition of a second water molecule leads to a slight increase of the Th-O bond distance
by 0.05 A for all considered methods. All geometrical parameters are close within the Cs,
Cyy(1) and Cy(2) structures. The O-Th-O angle opens moving from C, to Cy,(1) because of a
larger interaction between the two facing hydrogen atoms. The opposite trend is observed
when moving from C, to C,,(2) structures as the direct hydrogen interaction vanishes. The
D, symmetry leads to a slight increase of the Th-O bond, which will be explained in the

following.

The geometries of the most stable conformation of the complexes from 3 to 10 water
molecules are provided in Figure 7. The triaqua complex has a C; symmetry with O-Th-O

angles around 105° and Th-O distances of 2.3 A (see Table 6). The higher D; symmetry
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structure is a transition state between two Cj; structures, located only 1.0 kcal.mol! above the
C; minimum at MP2 level. The tetraaqua complex is the first one with a homogeneous ligand
distribution. It possesses a regular S4 symmetry with Th-O bonds of 2.35 A and Th-O angles
of 109.5°, the oxygen atoms forming a tetrahedron around the cation. The pentaaqua complex
is also a Cyy structure: the distribution of the water molecules close to a triangular bipyramid
though the two trans water molecules are far from linearity, the O-Th-O angle being around
145°. The symmetry of the hexaaqua complex is T, with an octahedral geometric
arrangement of the oxygen atoms. The hepta and octa-coordinated systems have a C, and Sg
symmetry, respectively. As for the last complex, the oxygen atoms form a squared antiprism
around the Th*". The nona-coordinated system is not truly the usual tricapped trigonal prism
with D3, symmetry, but a Ds-symmetry structure due to the arrangement of the hydrogen
atoms. A C; minimum was found for the tenfold coordinated system. All these structures
correspond to minima on the potential energy surface. These structures exhibit lower
symmetries than those found by Tsushima et al. who did not consider the hydrogen atoms.
The groups found in this work are subgroups of Tsushima's symmetry groups. This is in line
with the largest binding energies found in our work. However, the agreement on bond length

4791 For almost all complexes,

is good and our results are consistent with this pioneer works. !
all the Th-O distances are similar within a considered complex though this is no longer the
case for n = 10 which possesses a short Th-O bond 2.587 A and two long ones 2.660 A (MP2).
Upon coordination, there is a general increase of the Th-O bond length moving from 2.210 A
for n=1 to 2.610 A (MP2) for n=10. In the same way, the O-Th-O angles of neighboring water
molecules get smaller. All correlated methods lead to a slight contraction the Th-O bonds in
comparison with HF results, typically by a range of 0.02 to 0.04 A. This effect is more

pronounced for MP2 which generally gives slightly more compact structures than PBE, itself

leading to more compact structures than B3LYP.

2) Energetics

The total complexation energies (ZPE and BSSE corrected) and complexation free energies
for [Th(H,0),]*" (n=1 to 10) are reported in Table 7. Obviously, the complex stability
increases upon successive coordination of water molecules. The coordination of a tenth water
molecule is also favored, even when taking BSSE and ZPE corrections into account or
considering free energies. Also, the relative energies of several Th(IV)-water aggregates with

[14

8 to 10 water molecules were previously investigated at the MP2 level'. A coordination of
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10 water molecules around the cation was also found to be stable, even if an "&+2"
coordination-type is more favorable. Such energetic comparisons both at quantum chemistry
level and using a polarizable force field are presented in our recent related paper'*®.

In all cases, the correlated values are greater than the HF energies. The PBE functional leads
to the largest complexation energies. For the non-BSSE corrected energies, there is a crossing
between B3LYP and MP2 values for the heptacoordinated complex. MP2 attributes a greater
stability of high coordinated complexes than B3LYP. The order of BSSE corrected energies is
conserved for all the coordination numbers: PBE > B3LYP > MP2 > RHF. The ZPE
correction is almost the same for all methods, roughly 2.4 keal.mol! per water molecule. Also,
the BSSE is of the same order of magnitude (close to 2 kcal.mol™) except at MP2 level
(around 4 kcal.mol’ per water molecule). This correction represents only 1% of the
complexation energy for the monoaqua and 5% for the decaaqua complexes, except for MP2

for which it represents 10%.

3) Property analyses

Population Analysis. The charge transfer from the ligands to the Thorium ion calculated at
HF, MP2 and B3LYP levels is reported in Table 3. Despite the bond length elongation, the
charge transfer per water molecule remains almost constant. As in the mono aqua complex, it
occurs mainly through the 6d orbitals of Thorium with some very small contributions of the
5f and 7s orbitals. No significant difference in the population analyses can be noted when
considering the various structures. As expected, static correlation (MP2) weakly modifies the
charge transfer and DFT increases it°". However, there is a discrepancy in the charge transfer
nature between DFT and WFT. After a peak for hepta coordinated systems, the role of the 5f
diminishes for WFT whereas it continues to increase for DFT. This is in line with the greater
electroaffinity of 5f orbitals found in DFT as compared to WFT. Starting from the nine-
coordinated complexes, the 7p orbitals of Thorium contribute also to donation because the

expansion of the structures favors their overlap with the oxygen lone pairs.

Topology. The ELF analysis points out the existence of non-spherical Th(IV) basins around
the cation (Figure 8). Such basins which are related to the outer-shell densities of the Th(IV)
cation are formally core ones and are denoted as “subvalence basins”. Such a topological

picture allows a discussion about the bonding capabilities of a metal cation. In line with its
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small polarizability!'”, the Th*" cation is commonly considered as a hard cation in the
Pearson HSAB theory, but it exhibits a part of “soft character” as defined by the ELF
approach*!. This character corresponds to the fragmentation of the initially spherical outer
ELF basin into several ones which reflects the non-spherical ligand distribution. Such effects
have been shown to play a role in Pb*" complexes, for example®'!. In the present case, the
ELF basins, corresponding to the full 6s, 6p and empty 6d and 5f orbitals, are distorted upon
ligand coordination.

For the diaqua complex, two subvalence basins are located trans to each water molecules,
which are quite diffuse (V =21.7 A?, pop = 2.82 electrons). In addition, two smaller basins
are located above and below the O-Th-O plane (V = 5.2 A?, pop = 1.59 electrons). This basin
repartition is due to the non-linearity of the molecule. The relative position of the hydrogen
atoms is not obvious, as the energy differences are around 1 kcal.mol™! between C; and Cy(2)
structures. Despite these small values, the convergence of the results suggests that the out of
plane distortion of the hydrogen distribution is not an artifact. We suppose that this
orientation is due to a water-water interaction between the waters bond to the cation, probably
the repulsion between the positively charged hydrogens hold by these ligand.

ELF analyses of low-coordinated geometries (n=2 or 3) show that the complexes tend to
adopt less symmetric structures due to the Th*' external basin distortion (see ref. **! for a
detailed discussion on this phenomenon). For higher coordination numbers (n = 5 and 6), the
steric congestion around the cation prevents the apparition of lacunary structures. However,
similar structures are present. The external core basins of Thorium are split into several basins
following the symmetry of the molecule. Figure 8 shows that there is an ELF minimum
pointing towards each face of the polyhedron defined by the water molecules. For n=5, five
basins are present with a major one located on the C, axis of the molecule, at the opposite of
the water. For n=6, eight equivalent basins are located on Cs axis of the regular octahedron
formed by the waters. As for n=2, this external basin accounts for the 6s and 6p electrons
along with the charge transferred on the 5f, 6d and 7s orbitals. However, a strong compression
of this basin occurs, its volume decreasing rapidly from 49.3 (n=1) to 16.0 A’ (n=6). From the
sixth fold complex, the compression of the external core basin stopped and its volume remain
almost constant up to n=10, with a value of 14.4 A. The core basin of Thorium is spherical in

all cases.
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Conclusion

In this contribution, we investigated the structural and energetic features of the successive
coordination of water molecules to the Th*" cation. For all coordination numbers (1 <n < 10),
the lowest-energy minima exhibit lower symmetry than for the geometries obtained if only
oxygen atoms are considered, due to the distribution of hydrogen atoms. Furthermore, for low
coordination numbers, lacunar structures are observed through ELF analyses and are due to a
deformation of the external core basin of Thorium in the presence of the water molecules.
This property for Th*" is very similar to that of main-block element cations [51-52]. Ligand
polarization and donation towards cation play an important role in the binding of water
molecules on Th*" as highlighted by the EDA. The donation is ensured by the accepting 6d
and 5f orbitals of Thorium according to NPA analysis with some contribution of the 7s and 7p
orbitals for the largest sizes (n=9,10). Donation is the smallest for [Th(H,0)]*" and the
electron cloud of the water molecule is strongly polarized towards Th*" allowing for easy
charge transfer towards the cation. Consequently, several avoided surface crossings occur
upon Th-O dissociation, leading to curves unsuitable to build molecular mechanics force
fields. However, the use of a diabatization procedure allowed us to recover the dissociation
curve of the unique Th*" - H,O state. Correlation effects are quite important in describing the
interactions, adding a 10% extra-stabilization to the formation of the complexes. DFT leads to
more compact structures than WFT methods in line with a higher stabilization of the
accepting 6d and 5f orbitals of Thorium. These contracted orbitals tend to shorten the Th-O
distances to favor overlap with the donating water lone pairs and counterbalance the ligand-
ligand repulsion. This is not the case in WFT since the 6d and 5f orbitals are not stable
enough to compensate the Pauli repulsion. Despite these differences, the trends are similar for
all methods, coordination of an extra water molecule is favored up to n = 10, even when
taking into account BSSE, ZPE and entropic effects. The present ab initio work contributed to
the building of a polarizable force field for the Th*" cation. From the quantum chemical
interaction energies of the Th4+-H20 dimer, a direct derivation of the van der Waals force
field parameters was performed*®. Again, concerning the presented ab initio methods, the
choice of larger active spaces is always possible. Nevertheless, our strategy should remain
valid as computer power increases, providing a non-empirical way to obtain diabatic
dissociation curve that could be applied to a wide range of problems, including force field
development along with the capability of performing energy decomposition analysis on both

open-shell and closed-shell heavy metal complexes [53]. The proposed procedure already led
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to simulation results on Th(IV) solvation that have been shown to be in excellent agreement
with experimental results on structural, dynamical and thermodynamical properties[46]. Future
works will focus on a systematic study of the solvation of lanthanide and actinide cations

complexed to organic ligands.
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Figures

Figure 1: Cut-plane ELF representation for the isolated Th*" (left) and [Th(H,0)]*" in the [1,
plane (right). The red color corresponds to a local electron maximum. Calculation done with
SET 2.

Figure 2: Values of the ELF function along the C, axis of the complex and of the fragments
(top). Difference in electronic density between the complex and the fragments (bottom).
Calculation Done with SET 2.

Figure 3: MCSCF adiabatic dissociation curve for [Th(H,0)]*". Results obtained with SET 2.
Figure 4: MRCI adiabatic dissociation curve for [Th(HZO)]4+ from a set of MCSCF
configurations. Results obtained with SET 2.

Figure 5: MRCI diabatic dissociation curve for [Th(H,0)]* using equilibrium geometry as
reference and varying the weight of the different states. Results obtained with SET 2.

Figure 6: Structures of the [Th(H,0),]* complex and relative energies (kcal.mol™) (see
Table 5) at MP2 level. Results obtained with SET 2.

Figure 7: Structures of the most stable conformation of the [Th(H,0).]*" complexes (n = 3 to
10). Results obtained with SET 3.

Figure 8: 3D ELF representation (left, n = 0.77) and cutplane representation (right) of the
[Th(H,0),]*" complex in C, symmetry (1°* row), the [Th(H,0)s]*" (2™ row) and [Th(H,0)e]*"
(3™ row) complexes. Results obtained with SET 3.
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Figure 1: Cut-plane ELF representation for the isolated Th*" (left) and [Th(H,0)]*" in the [1,

plane (right). The red color corresponds to a local electron maximum. Calculation done with

SET 2.
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Figure 5: MRCI diabatic dissociation curve for [Th(H20)]4+ using equilibrium geometry as
reference and varying the weight of the different states. Results obtained with SET 2.
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Figure 6: Structures of the [Th(H,0),]*" complex and relative energies (kcal.mol™) (see

Table 5) at MP2 level. Results obtained with SET 2.
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Figure 7: Structures of the most stable conformation of the [Th(H,0),]*" complexes (n

10). Results obtained with SET 3.
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Figure 8: 3D ELF representation (left, 1 = 0.77) and cutplane representation (right) of the
[Th(H,0),]*" complex in C, symmetry (1*' row), the [Th(H,0)s]*" (2™ row) and [Th(H,0)]*"
(3™ row) complexes. Results obtained with SET 3.
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Software Level Th-O AE
NR-RHF 2.163 -159.4
DIRAC SF-DHF 2.217 —147.1
DHF 2.216 —-148.5
RHF 2.216 -147.8
MP2 2.189 -161.5
CCSD 2.197 -158.8
MOLPRO CCSD(T) 2.198 -163.8
CI* 2.194 -156.7
PBE 2.202 -182.8
B3LYP 2.199 -171.7

Table 1: Th-O bond length (A) and binding energies AE (kcal.mol™) of fully optimized
[Th(H,0)]* complex at various level of approximation. * The CI binding energy is size

consistency corrected using the Davidson method. Calculations with DIRAC are done with

SET 1 and for MOLPRO with SET 2.
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Point . "
N Eelec Eexrep Ep(Th ) Ep(OH2) Ect(Th ) Ect(OHZ) OE AE
Group
1 Cyy | -105.8 | 74.2 -2.5 -60.7 -0.1 -45.7 -3.5 | -144.2

Table 2: Energy decomposition analysis at the HF (in kcal.mol™) from Th*" and H,O
fragments for the [Th(H,0)]* complex (see Computational details for the definition of the
terms). Results obtained with SET 4.
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Method | n 1 2 3 4 5 6 7 8 9 10
7s 0.00 [ 0.02 [0.04 [0.06 |[0.09 |0.12 [0.14 |0.16 |0.17 |0.18
Tp 0.00 | 0.01 [0.02 |0.05 |[0.03 |0.00 [0.00 |0.00 |0.24 |0.26
i 5f 0.04 |0.06 |0.08 |0.10 |0.15 |0.21 [0.25 |0.19 |0.16 |0.02
6d 0.09 |0.19 [0.28 |037 |[042 |0.46 |0.54 |0.61 |0.67 |0.69
7s 0.00 [0.01 |0.04 |0.05 |0.08 {0.12 {0.13 |0.15 |0.17 |0.18
Tp 0.00 (0.01 |0.02 |0.05 |0.03 {0.00 [0.00 |0.00 |0.17 |0.27
P 5f 0.04 | 0.07 [0.09 |0.11 |0.16 |0.23 |0.28 |0.21 |0.24 |0.02
6d 0.10 {020 [0.29 038 |0.44 |0.47 [057 |0.64 |0.71 |0.74
7s 0.00 [0.02 |0.04 |0.06 |0.10 |0.14 [0.16 |0.17 |0.19 |0.20
B3LYP Tp 0.00 [0.00 |0.02 |0.04 |0.05 {0.00 [0.11 |[0.07 |0.25 |0.27
5f 0.12 0.17 [0.19 022 |0.28 |0.36 [040 |0.46 |0.51 |0.54
6d 0.14 {029 |042 |055 |0.63 |0.67 [0.76 |0.84 |0.90 |0.93

Table 3: NPA population analysis of the Thorium ion accepting orbitals for [Th(H,0),]*"

(n=1 to 10) at HF, MP2 and B3LYP levels. Results obtained with SET 3.
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Method Th-O distance AE AE + BSSE
HF 2.233 -146.4 -146.2
MP2 2.216 -156.7 -156.0
CCSD 2.220 -154.8 -154.3
CCSD(T) 2.222 -156.7 -156.0
CI* 2.216 -152.7 -152.1
PBE 2.236 -176.3 -176.1
B3LYP 2.227 -166.5 -166.3

Table 4: Th-O bond length (A) and binding energies AE (kcal.mol™) of [Th(H,0)]*" with

frozen water molecule. * The CI binding energy is size consistency corrected using the

Davidson method. Results obtained with SET 2.
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Method | C, Co(1) C(2) Don
RHF 2.286 2.285 2.290 2316
MP2 2.263 2.263 2.268 2.293
Th-O
PBE 2.259 2.259 2.264 2.273
B3LYP 2.259 2.259 2264 2278
RHF 1125 113.2 108.3 180.0
MP2 110.7 112.0 106.7 180.0
O-Th-O
PBE 117.8 118.1 115.4 180.0
B3LYP 115.2 115.2 111.9 180.0
RHF 14.6 0.0 90.0 NC
MP2 -17.0 0.0 90.0 NC
O-Th-O-H
PBE 174 0.0 90.0 NC
B3LYP 0.0 0.0 90.0 NC
RHF 0.0 0.0 1.1 6.1
MP2 0.0 0.0 1.7 6.8
AE
PBE 0.0 0.0 1.5 3.1
B3LYP 0.0 0.0 1.6 43

Table 5: Geometric parameters and relative energies AE (kcal.mol™) of the [Th(H,0),]*"
complexes at various levels of theory and for different symmetry groups. The Th-water
distances (Th-O) are reported in A, the water-Th-water angles and the out-of-plane angles
between one water molecule and the O-Th-O plane are given in degrees. Results obtained

with SET 2.
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Th-O distance O-Th-O angle
Sym | HF MP2 [B3LYP [PBE | HF MP2 [B3LYP | PBE
1 Cay 2230 [2210 [2200 [2.202
2 C, 2286 [2263 [2259 |[2259 |[112.7 [1108 |1152 |117.8
3 Cs 2332 [2307 [2307 [2302 [106.9 [1032 [107.1 |108.4
4 S, 2375 [2351 2351 [2344 [109.9 [109.8 |109.7 |109.3
5 . 2.401 /| 2376 /2376 /2370 /[85.1 /|851 /|87.6 /|87.6 /
2427 | 2400 |2402 [2394 |109.8 |105.6 |957 |95.7
6 Th 2.459 [ 2.427 [2433 [2425 [900 [90.0 [90.0 [90.0
24901 5 446 1| 2455 1] 2448 1| 729 /729 /722 1| 720
’ © hsop | 2467|2478 2472 1202 1200 | 1206 | 1213
8 Sg 2.526 | 2489 |2.505 |2.498 e e e R
778 | 775 | 780 |77.8
. b, 2560 /] 2521 /2539 /2532 /1697 /]699 /|698 /|69.8 /
2.569 | 2530 |2.548 [2.540 |73.6 |732 |73.6 |73.3
0 c. 2.570 /| 2.531 /|2.545 /2538 /[ 683 /679 /679 |67.6 /
2.656 |2.610 |2.641 |[2.634 |1282 |1285 |1286 |128.5

Table 6: Structural parameters of the [Th(H,0),]*" complexes n = 1 to 10. Extreme values of

Th-O bond in A and of the O-Th-O angle of neighboring water molecules in degrees. Results
obtained with SET 3.
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AE AE + ZPE + BSSE AG

N | RHF | MP2 | PBE B3L RHF | MP2 |PBE | B3L | RHF |MP2 | PBE

B3L

1 -146.6 | -161.1 | -183.9 | -172.7 | -144.0 | -156.1 | -181.8 | -170.5 | -139.9 | -154.9 | -177.9

-166.5

2 -269.5 | -293.6 | -325.0 | -308.6 | -263.4 | -282.5 | -319.3 | -303.0 | -253.1 | -277.6 | -309.3

-293.2

3 -376.1 | -407.4 | -440.9 | -422.0 | -366.0 | -389.8 | -431.1 | -412.3 | -348.6 | -379.9 | -413.1

-393.8

4 |-470.2 | -507.0 | -539.4 | -519.2 | -456.3 | -483.0 | -525.7 | -505.8 | -431.8 | -468.5 | -502.2

-481.1

5 -547.1 | -589.4 | -618.9 | -597.8 | -528.5 | -558.0 | -600.3 | -579.7 | -496.0 | -538.1 | -568.1

-546.7

6 | -6174 | -664.6 | -690.2 | -668.6 | -594.8 | -627.1 | -667.0 | -646.1 | -554.2 | -602.6 | -627.0

-605.0

7 | -673.9 | -726.6 | -744.7 | -722.9 | -645.8 | -679.3 | -715.8 | -694.8 | -595.8 | -648.8 | -666.8

-644.7

8 | -7254 | -783.6 | -794.8 | -772.7 | -692.0 | -727.4 | -760.5 | -739.3 | -632.6 | -690.7 | -702.7

-680.1

9 -765.6 | -829.1 | -833.8 | -811.3 | -727.1 | -765.4 | -794.7 | -773.0 | -659.9 | -723.1 | -729.2

-705.9

10 | -792.2 | -860.9 | -860.6 | -837.0 | -749.3 | -788.3 | -817.2 | -794.6 | -674.6 | -743.2 | -744.4

-721.5

Table 7: Complexation energies in kcal.mol™ for the successive [Th(H,0),]*" complexes with
n varying from 1 to 10. AE is the electronic potential energy (first block). In the second block,
it is corrected by the zero point energy (ZPE) and the basis set superposition error (BSSE).
The third block contains the values of the gas phase free energies computed through the

harmonic approximation. Results obtained with SET 3.
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