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An ab initio quantum mechanical charge-field molecular dynamics simulation of the tetravalent thorium
ion in aqueous environment is presented. Including the first and second hydration shell in the quantum
mechanical treatment to enhance accuracy, this study yields very good results for a wide range of char-
acteristics, as compared to experimental data. 20 ps of simulation time were used to investigate struc-
tural and dynamical properties of the hydrate by numerous methods, including radial and angular
distribution functions, three-body distribution functions, ligand exchange analysis and vibrational spec-

_Ilf?; ‘;‘;zrn‘is" tra. The hydrate proved stable during the simulation and did not show hydrolysis. The first solvation shell
QMCF-MD was found to be a very flexible one, with a number of intrashell ligand rearrangements occurring along

the simulation. The data of the simulation also indicated the existence of a third hydration layer. Vibra-
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Hydration structure with experimental data.
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1. Introduction

Due to numerous incidents in nuclear power-plants and the
resulting environmental concern, the properties of radioactive spe-
cies such as U%*, Th** received increasing interest. Thorium serves
as nuclear fuel which was demonstrated by several prototypes of
nuclear power reactors using thorium compounds since the mid
1950s [1]. Recently, this application received attention due to ef-
forts to develop high-temperature pebble-bed reactors [2]. It has
been reported that one of the major advantages of this type of reac-
tor is that “it is not physically possible to cause a meltdown” [3]. An-
other benefit of thorium compared to uranium is that it is three
times more abundant in nature [1]. Moreover it is possible to use
232Th for breeding the fissile isotope 233U via neutron irradiation
followed by beta decay of 2>3Pa.

As thorium occurs in various lanthanoid-containing ores [4,5], it
also raised environmental concerns as by-product of rare earth ele-
ment mining and processing. Neodymium, a key ingredient in the
strong neodymium-iron-boron (NdFeB) magnets widely em-
ployed as components in electric generators for wind turbines,
electric motors and hard disks, is a particularly prominent exam-
ple. Since wind power is widely considered as clean energy source,
the use of NdFeB magnets and the resulting accumulation of envi-
ronmental toxins such as thorium has been termed “Wind energy’s
dirty little secret” on different occasions [6-8].
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Over the last decades numerous groups have published studies
on extraction, preconcentration and separation of thorium(IV) in
aqueous solution. An overview publication on preconcentration
techniques for uranium(VI) and thorium(IV) prior to analytical
determination by Rao et al. from 2005 shows a wide range of on-
line and off-line methods investigated, including liquid-liquid
extraction, liquid membranes, ion exchange, extraction chroma-
tography, flotation, solid phase extraction and adsorptive accumu-
lation [9]. Since 2005, many investigations on sorption of
thorium(IV) on different pure and modified minerals and rocks
(muscovite [10], goethite [11], attapulgite [12,13], clinoptilolite
[14], Na-bentonite [15], poly (methacrylic acid)-grafted chitosan/
bentonite composite [16], modified mesoporous silica [17], heulan-
dite-analog [18], magnetite and ferrihydrite [19], perlite [20],
diatomite [21], modified Amazon clays [22], bentonite [23], Na-
rectorite [24], y-alumina [25], TiO, nanoparticles [26], nanoparti-
cles of anatase [27], silica [28], zeolitic volcanic tuff [29], gibbsite
[30]), diverse other matrices [31-42], and even olive cake [43]
and olive stones [44] were published. Moreover, there were efforts
to construct selective membrane electrodes [45,46] and a coated
wire thorium ion selective electrode [47,48] for the determination
of thorium(IV) ions in solutions.

In spite of this huge amount of advanced studies, only few infor-
mation is available on the very basic solvation properties of Th*" in
aqueous environment. Nonetheless, the great interest in this topic
is emphasized by a very recent combined experimental and theo-
retical study on the hydration structure of thorium(IV) halides
[49].
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The data presented within this work based on the QMCF-MD
(quantum mechanical charge field molecular dynamics) frame-
work [50,51], which has proven its quality in many theoretical
studies on ions all over the periodic table in the past, is of impor-
tance for further investigations on processing and recycling
thorium containing nuclear waste. For this reason the data pre-
sented in this study is not only focused on structural properties,
but also the dynamics of hydrated thorium(IV), which is one of
few tetravalent species stable in aqueous solution.

2. Methods
2.1. Simulation method

The employed QMCF-MD ansatz [50] is based on the hybrid
quantum mechanical-molecular mechanical (QM-MM) approach
[52-54], where the main concept is to divide the system into
two subregions. The first one contains the chemically interesting
species, for example a solvated ion or molecule with its first hydra-
tion shell. Being the most relevant part of the simulation, the eval-
uation of energies and forces in this region is done by quantum
mechanical means. In contrast, the remaining part of the system
is treated classically. Thus, the goal is to achieve an affordable com-
putational complexity for the system, but still high accuracy for the
chemically important species.

The QMCF-MD methodology further improves the QM-MM ap-
proach by increasing the quantum mechanical treated subregion,
and separating it into two zones: the core zone and the layer zone.
Since the interatomic distances between QM particles in the core
zone and MM atoms are usually greater than the non-Coulombic
cutoff values, these contributions can be neglected. On the other
hand, QM particles in the layer zone close to the MM region have
small interatomic distances, and, therefore, non-Coulombic inter-
actions have to be evaluated (Eq. (2)). Consequently, if the solute
species (e.g. an ion and its first hydration shell) is kept in the inner
QM region, while solute molecules only are present in the outer
QM region (e.g. another solvation shell), a very convenient advan-
tage of the QMCF-MD approach becomes evident: no complicated
solute-solvent potential functions have to be constructed, as the
interactions are treated via quantum mechanics, including many-
body effects, charge transfer and polarization effects (Eq. (1)).

Secondly, the QMCF-MD approach makes use of an electrostatic
embedding technique. A perturbation of the Hamiltonian of the
quantum mechanical region is achieved by taking into account
the atomic point charges of all atoms in the classical subregion.
This concept prevents the QM region to expand its electron density
into the virtual vacuum space surrounding it. The forces can thus
be characterized as following:
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where F;* corresponds to the quantum mechanical force acting on
a partlcle Jin the core region, Fj’“y” denotes the force acting on a par-
ticle J located in the layer region of the quantum mechanical zone,
F"™™ represents the force acting on a particle J in the classically trea-
ted region.

The application of solvent-solvent potentials within the MM re-
gion, and between the MM particles and the QM particles in the
layer zone is standard practice. In this work, the flexible BJH-CF2
[55,56] water model including explicit hydrogen movements has
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been applied. For the evaluation of the QM-MM Coulombic forces,
partial charges derived from Mulliken population analysis [57,58]
are repetitively computed in every step of the simulation.
Particles can be exchanged between the QM and the MM subre-
gions, which could lead to discontinuities. To avoid the latter, a
small layer (typically 0.2 A) is introduced at the QM/MM interface
region. The forces of particles within this layer are evaluated on the
basis of two different formula: first by the regular definition for the

layer region (F]’,”ye’>, and second by assuming that the particle is
part of the MM region (FJMM> already. A smoothing function is em-

ployed to balance the two contributions, which results in a force
F;mouth:

F;mooth _ S(r) (F}ayer _ F]MM) + FJMM (4)

where the smoothing factor S(r) is defined by a continuous function
gradually increasing from 0 to 1:
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where r describes the distance between the center of the QM region
and the center of mass of a molecule, ry is the total radius of the QM
region and ry is the inner border of the smoothing zone.

The increased accuracy of QMCF-MD simulations result in a sig-
nificantly higher computational effort. Nonetheless, the methodol-
ogy has been successfully applied to many systems, ranging from
various cations [59] and anions [59] from all over the periodic table
to small organic molecules in aqueous solution [60,61,51], proving
its high quality.

2.2. Structural evaluation

Simple spherical radial distribution functions (RDFs) were eval-
uated, where the deviations from purely statistical distributions
are plotted as a function of the distance between two particles,
respectively [62]. In addition, angular distribution functions (ADFs)
for the O-Ion-0 angle were evaluated to investigate the geometri-
cal arrangement of the first shell coordinating water molecules.

Solvation structure and solvent reorganizations of the ions were
investigated via local density corrected three-body distribution
functions f((i)xfo(s,r, s) [63] (Eq. (6)) for each hydration shell ob-
served. This analysis method is introduced to enable a comparison
of different sub-regions within a hydrate, as well as different sys-
tems. The correction term includes pspey (EQ. (7)), which is a mea-
sure of the average density of a respective shell. Wherever the
perturbations of the solvent due to the presence of a solute are
of interest, pair distribution functions are not sufficient, because
they are not significantly responsive to reorganizations, as the
majority of contributions result from the solvent particles residing
in bulk, where no reorganizations take place [63]. Three-body dis-
tributions [51] represent deviations in terms of the number of tri-
angles, similar to pair distribution functions, where a deviation
from the particle density of an ideal system is computed. Assuming
the solute at the center and both solvent particles within the
distance of s+ As/2, the probability of finding a solvent-solvent
distance of r defines the three-body correlation [63]

(N®)(s,1,5))
8M2Nx 3, TS2AS2 AT

fo x_o(S,T,s) = (6)
with Ny being the number of species X in the system, s being the
average of the lower and upper border of the shell and As being
the half of the shell width. The average density pshey is defined as
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Pshenl = \/NShell(N shenn — 1)/ Véhell (7)

where Nspey corresponds to the average shell population of each
configuration in a simulation and Vspe, denotes to the shell volume.

2.3. Evaluation of dynamics

To investigate ligand exchange dynamics within the hydration
shells of the solutes, mean residence times (MRTs) of the water
molecules of each shell were computed using the direct method
[64]. The t* value was set to 0.0 and 0.5 ps to study the exchange
processes. Comparing the number of all transitions (t*=0.0) to
the number of successful exchange events lasting at least 0.5 ps,
the sustainability of the exchange processes is calculated. The aver-
age number of attempts needed to perform a successful exchange
can be derived by taking the inverse of this value.

In order to investigate vibrational frequencies from a simulation
trajectory, velocity autocorrelation functions (VACFs) must be
evaluated [65,66] using normal coordinate analysis. The normal-
ized VACF ((t) is given by Eq. (8).

YRS OLICER)
YNyt vi(t)

N is the number of particles, N; corresponds to the number of time
origins t; and y; denotes a velocity component of particle j. To obtain
the associated power spectrum, a Fourier transformation of the
VACFs has to be performed.

Frequencies obtained from gas-phase HF calculations can suffer
from a systematic error due to the neglect of electron correlation
and the in vacuo environment and should, therefore, be scaled by
a factor of 0.89 [67,68]. However, no such correction for the values
obtained from the simulation presented here is necessary because
of the small contribution of electron correlation, the electrostatic
embedding technique applied to the quantum mechanical region,
avoiding vacuum artifacts in the QM treatment and the explicit
inclusion of anharmonicity in molecular dynamics simulations.

()
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2.4. Simulation protocol

The simulation of one Th*" cation in a 1000 water box was car-
ried out at 298.15 K. The Berendsen weak coupling thermostat [69]
was used with a relaxation time of 0.1 ps. The simulation box was
defined cubic with the density of pure water at room temperature
(0.997 g/cm?), resulting in a side length of 31.2 A. The radii of the
quantum mechanical core zone and the layer zone were set to
3.1 Aand 5.7 A, respectively. To overcome discontinuities of forces,
a smoothing zone of 0.2 A was applied. An Adams-Bashforth pre-
dictor-corrector algorithm was used to integrate the equations of
motion with a time step of 0.2 fs. To correct the cutoff of the
long-range electrostatic interactions above 15.0 A, the reaction
field method [70] was used (€ = 78.36). In order to ensure bulk-like
environment, periodic boundary conditions and the minimum im-
age convention were applied. The simulation box of the previously
investigated Ce** cation [71] was used as starting geometry and
was equilibrated at 298.15 K for 3 ps with the Th*" ion. After this,
20 ps of sampling time followed. In total 115000 MD steps have
been carried out on a 12 CPU core system with an average loop
time of about 230s. All QM calculations within the simulation
were executed with the TURBOMOLE 6.3 package [72-74].

Dunning double-¢ basis sets [75] with polarizing functions were
chosen for hydrogen and oxygen, because they had already been
successfully employed in previous simulation studies of aqueous
solutions. For thorium, basis sets found in the EMSL database
[76,77] (CRENBL ECP [78], Stuttgart RLC ECP [79], Stuttgart RSC
1997 ECP [79]) were tested by performing gas-phase geometry

optimizations of [Th(H,0),]*" clusters (n=1, 2, 4, 6, 9) on four dif-
ferent levels of theory (B3LYP, Hartree-Fock, Meller-Plesset/2 and
CCSD). These calculations were carried out with the GAUSSIAN 03
[80] software package. Although B3LYP showed slightly better val-
ues for the mean ion-water distance (2.54 A for all three basis sets,
irrespective of employing a small-core ECP or a large-core ECP)
compared to Hartree-Fock (2.56 A for all three basis sets) this
functional was not choosen as it is known to “overrate the rigidity
of the water structure resulting in slower exchange rates” [81]. It
has been reported that also “PBE and BLYP functionals under predict
the density and over structure the liquid” [82]. In addition it has been
shown that these two functionals predict a far too high melting
point for water (>400 K) on the one hand and “suggested that the
liquid phase is supercooled below the melting temperature” [83] on
the other hand. Correlated methods showed a slight decrease of to-
tal energy (0.28% and 0.25% for the [Th(H»0)o]** cluster calculated
with MP2 and CCSD, respectively, compared to HF) and a slight
change of the ion-oxygen bond length (contraction to 2.53 A and
elongation to 2.58 A for the [Th(H,0)g]** cluster calculated with
MP2 and CCSD, respectively, compared to HF). In summary, DFT
seems not be the right choice when aiming to study dynamics of
solvated species in aqueous environment whereas correlated
methods are still not affordable in terms of computational effort.

To investigate the influence of the different approaches
accounting for relativistic effects the cluster optimizations have
not only been performed with basis sets employing small-core
and large-core ECPs, but also for segmented all-electron relativisti-
cally contracted (SARC) basis sets employing the Douglas—Kroll-
Hess (DKH) approximation and the zeroth order regular
approximation (ZORA) [84]. It was found that these basis sets show
even larger thorium-water distances for the 9-fold coordinated ion
(2.58 A for both HF and B3LYP). An approach treating the system
fully relativistically would probably be a remedey for this dilemma,
but this is computationally infeasible.

Finally, the Hartree-Fock level of theory and the CRENBL ECP
basis set with a relativistically corrected ECP accounting for 78 in-
ner electrons and treating the 12 outermost electrons explicitly
were identified as adequate compromise between accuracy and
computational effort.

3. Results and discussion
3.1. Structural aspects

3.1.1. Radial ordering

Fig. 1 shows the Th-O and Th-H RDFs and their integration
curves. Th** forms two well-defined hydration spheres, the first
one ranging from 2.25 to 3.13 A, and the second one from 3.30 to
5.70 A. The RDFs also show the formation of a weak third hydration
shell between 5.70 and 7.90 A, indicating the ion’s strongly polar-
izing nature. The maxima for the Th-O and Th-H radial distribu-
tion functions are located at 2.54 and 3.12A for the first
hydration shell, and at 4.65 and 5.37 A for the second one.

The mean first-shell Th-0 distance of 2.54 A is in fair agreement
with experimental data: EXAFS (Extended X-ray Absorption Fine
Structure) measurements by Moll et al. [85] and Sandstréom et al.
[86] indicated a Th-O distance of 2.45-2.49 A, the work of Hennig
et al. [87] a value of 2.44 A, Rothe et al. [88] found a value of 2.45-
2.46 A, both groups using EXAFS technique too. LAXS (large angle
X-ray scattering) investigations of thorium(IV) in aqueous perchlo-
rate solutions by Johansson et al. [89] revealed a value of 2.48 A. In
an HEXS (high-energy X-ray scattering) study on [Th(H0);o]Br4
Th-0 distances of 2.492(3) and 2.520(5) A were reported for the
prismatic and the capping water molecules, respectively [90].
Moreover, the results presented in this work are in agreement with
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Fig. 1. Th-O (black) and Th-H (red) radial distribution functions (solid lines),
including their integration information (dashed lines). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

recent theoretical investigations of tetravalent thorium in aqueous
environment, using the concept of the hydrated ion [91] and clas-
sical MD-simulations [92]. The moderately elongated Th-O bond
compared to experiments may have the following reasons: First,
the Hartree-Fock method does not account for electron correlation
contributions, which could narrow the bond as the gas-phase
geometry optimizations of aqua-thorium(IV) clusters showed. An-
other reason could be that relativistic corrections are not sufficient
in the effective core potential being employed.

The second maximum for the Th-O distribution at 4.65 A is in
good agreement with LAXS studies on thorium(IV) by Johansson
et al. [89,91], which suggest a value of 4.6 A.

3.1.2. Angular ordering

The ADF calculated from the simulation is shown in Fig. 2,
where also a comparison to the ADF peaks expected for a perfect
monocapped square antiprism and a perfect tricapped trigonal
prism is given. Two peaks around 69.5° and 136.5° were found,
connected through a valley ranging from 90° to 120°. The existence
of this non-zero valley indicates rearrangements of first shell
ligands between the two main angles. Furthermore, the peaks
observed are not exclusively assignable to one of the idealized
structures, but appear to be a mixture of both. In fact, a mono-
capped square antiprism and a tricapped trigonal prism are very
similar: the root-mean-square deviation (RMSD) in terms of atom
positions between the two perfect coordination polyhedra was cal-

‘T(a)

relative Occurrence
N
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'

0 30 60 9 120 150 180
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Fig. 2. O-Th-O angular distribution function for the first hydration shell of
thorium(IV) in comparison to (a) a perfect monocapped square antiprism, (b) a
perfect tricapped trigonal prism (bars).

culated to be 0.374 A. Considering the half-width of the peak of the
first hydration shell in the Th-O RDF, a value of about 0.7 A is ob-
tained, which is nearly twice this RMSD value.

3.1.3. Coordination number distribution

The CNDs of the first, second, and third shells are depicted in
Fig. 3. The first hydration shell shows a stable 9-fold coordination.
No water exchange reactions with the second shell took place dur-
ing the simulation time of 20 ps. Experimental data show a great
variation of the coordination number in the first shell: 8 +0.5
(LAXS) [89], 9.1 (NMR) [93], 9.8 (EXAFS) [87], 10 + 1 (EXAFS) [85]
and 11.6-12.7 (EXAFS) [88]. In general, the variation of coordina-
tion numbers reported in EXAFS studies is large. In addition, Soder-
holm et al. have demonstrated that the counter-ions play a crucial
role on the structure of the first hydration shell [90] and stated that
“it is not possible to rule out an equilibrium in solution of 9-, 10-, and/
or 11-coordinate thorium” [90]. Only small differences in energy
were reported between 9-, 10-, and 12-fold coordinated species
for different theoretical approaches employing molecular dynam-
ics simulations or quantum mechanical calculations [94-96,91].
Other studies indicate that a first hydration shell containing 9
water molecules is the most stable [91].

The second hydration shell shows an average coordination
number of 19.8 water molecules. Again, this value agrees very well
with experimental data: According to EXAFS studies by Johansson
et al., in dilute perchlorate solution a distinct second hydration
shell can be observed, which contains about 20 water molecules
[89]. In addition, “Gusev estimated the hydration number of the
Th(1V) ion from the dependence of conductance on concentration in
NaClO4-HClO4 solutions, and found the second hydration number to
be 20", too [91,97].

3.1.4. Local density corrected three-body distribution functions

To analyze the solvation structure and solvent reorganizations
of thorium(IV) in more detail, local density corrected three-body
distribution functions 5 ,(s,r,s) [63] were evaluated for each
hydration shell. According to the Th-O radial distribution function
(see Fig. 1), the lower and upper boundaries defining the subre-
gions utilized to evaluate the three-body distribution were set to
the following values: 1st shell: 0.0-3.0A; 2nd shell: 3.2-5.7 A;
3rd shell: 5.7-7.9 A; 4th shell: 7.9-10.0 A. The resolution was set
to a value of 0.025 A. To investigate the perturbation of the solvent
structure due to the solute ion, the three-body distributions were
compared to the O-O radial distribution function of pure water.
Two broad and connected peaks at 2.90 and 4.70 A are observed
in the diagram for the first hydration shell (see Fig. 4). Even though
no water exchanges took place between the first and second

100 1 First shell
B Second shell
Third shell
80+
1SS
=
= 60+
'E
S 407
e
Ay
20+ \
0+ : *III.II'T f R f f f
8§ 12 16 20 24 28 32 36 40 44 48

Number of water molecules

Fig. 3. Coordination number distribution for the first, second and third hydration
shell of the Th*" ion.
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Fig. 4. Local density corrected three-body distribution functions for O-Th-0 in (a)
the first, (b) the second, (c) the third and (d) beyond the third hydration shell (solid
lines) compared to the O-O RDF of pure solvent (dashed line).

hydration shell during the simulation, the connection of the two
peaks in the three-body distribution function indicates rearrange-
ments in the first solvation layer, which were further investigated
via dihedral analysis (see next section). Thus, the first hydration
shell surrounding the Th*" ion can be considered a very flexible
one. Due to the strongly polarizing nature of the ion investigated,
the second and even the third solvation layer clearly differ from
bulk water. In contrast, no additional fourth hydration layer can
be observed beyond the distance of 7.9 A, since in this volume
the three-body correlation f_(s,r,s) coincides with the pair dis-
tribution of the bulk solvent (see Fig. 4d).

Recent studies on the highly charged ions AI** [98], Ce** [71],
Zr** [99], Hf** [100] and U** [101] have revealed an ordering of
water molecules up to the third hydration layer, too.

3.1.5. Dihedral angles

To understand the structure of the first hydration shell around
the thorium(IV) ion in more detail, an analysis of dihedral angles
was performed (see Fig. 5). Each line in the plot represents the evo-

b c d e f

(a)

60 +

-60 +

1 2 3 4 5 6
Simulation time in ps

el

lution of a selected improper dihedral angle defined via the O-Th-
0-0 sequence along the simulation trajectory. A value of zero
degrees in the plot represents planarity of three oxygens and the
thorium ion. The structure is supposed to be tricapped trigonal
prismatic when one of these groups is planar with the correspond-
ing dihedral value oscillating around a value of 0°, as indicated in
Fig. 5b (black oxygens capping), d (red oxygens capping) and f
(blue oxygens capping). The transition between those structures
was identified to proceed via a monocapped antiprismatic inter-
mediate, all three of the 0-Th-0-0 dihedrals indicating planarity
at the same time as can be seen in the respective snapshots
Fig. 5c and e. Despite the inertness of the first shell showing no li-
gand exchange between the first and second hydration shell, a
number of rearrangements in the first hydration layer were ob-
served, thus suggesting it to be very flexible on the timescale of
picoseconds.

3.1.6. Oxygen-oxygen distances

To further investigate the intrashell dynamics of the first hydra-
tion layer the evolution of all oxygen-oxygen-distances along the
simulation trajectory was analyzed (see Fig. 6). To improve the
visualization, running averages of 2 ps have been plotted. The
dashed line in Fig. 6 corresponds to the minimum of the local den-
sity corrected three body distribution function for the first shell as
shown in Fig. 4a, and it can be concluded that each crossing of this
border is connected with an internal rearrangement of the
structure of the first hydration layer. The plot clearly shows many
of these reordering events to occur, in full agreement with the
conclusions drawn from angular and local density corrected
three-body distribution functions and the dihedral analysis.

3.2. Dynamics

3.2.1. Ligand exchange process

To investigate the mobility of ligands in the hydration shells,
the mean residence times (MRT) were calculated using the direct
method [64]. As discussed in previous sections, the first hydration
shell around the thorium(IV) ion is flexible, but no water exchange
processes with the second solvation shell were observed. Thus, the
shell border radii were set to the following values: 1st shell:

)®e @ (g ole o

“ o 0® 09
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(e) fH @ ©
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Fig. 5. (a) Selected O-Th-0-0 dihedral angles as function of simulation time for a fraction of the simulation (black/red/blue: Opjaci/red/biue=Th=Obpiack/red/biue=Oblack/red/blue)-
Angles are running averages, with a length of average of 0.5 ps, (b-f) snapshots demonstrating ligand re-orientations occurring during the simulation (green: thorium ion,
others: oxygen atoms of the water molecules in the first coordination shell). Configurations (b, d, f) correspond to tricapped trigonal prism, (¢ and e) to monocapped square
antiprism. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Running average for O-O distance

Simulation time in ps

Fig. 6. Pair distances of all first-shell O-O pairs demonstrating the rapid dynamics
occurring within the first hydration layer. Distances are running averages, with a
length of average of 2 ps. The dashed line corresponds to the minimum of the local
density corrected three body distribution function for the first shell as pointed out
in Fig. 4a.

Table 1
Peak maxima of selected ion-O stretching frequencies (Qion-0) and corresponding
force constants (kion-o).

lon Qion-o (cm™) Kion-o (Nm™1) Ref.
Ce(1V) 420 149 [71]
Th(IV) 420 156 this work
u(v) - 157 [101]
Zi(1V) 484 188 [99]
HF(IV) - 212 [100]
Ie(11) - 260 [104]

0.0-3.0A; 2nd shell: 3.2-5.7 A; 3rd shell: 5.7-7.9 A. Numerous
water exchanges took place in the second and third hydration
shell. Setting the t*-value to 0.5 ps, 98 water exchanges between
the second and third hydration shell were observed, yielding a
mean residence time of 4.0 ps. For the third solvation layer 389
(t* = 0.5 ps) water exchange events were found, which results in
a MRT value of 2.0 ps. QM-MM MD studies on the structure and
ultrafast dynamics of liquid water revealed a value of 1.6 ps
(t"=0.5 ps, HF level of theory) for bulk water [81]. Thus it can be
stated that the first, the second and even the third hydration layer
of thorium(IV) are stabilized in comparison to pure water.
Additionally, the sustainability of the exchange processes S
was evaluated. This is done by comparing the number of all transi-

tions (t* = 0.0 ps) to the number of successful exchange events last-
ing at least 0.5 ps. Taking the inverse of the sustainability
coefficient provides a measure of the average number of attempts
required to achieve a successful exchange. For the second hydra-
tion layer, this number was calculated to be 3.5, and for the third
solvation shell, a value of 5.4 was found. For bulk water the num-
ber of attempts per a lasting exchange event was determined to be
7.8 [81]. This series of sustainability coefficients again clearly
shows the strong influence of the highly charged Th(IV) ion on
the water ordering up to the third solvation shell.

Experimentally, water exchange studies on actinide aqua cations
using 70 NMR technique revealed a kinetic parameter of
kex>5x107 s™! (corresponding to a residence time of less than
20 ns) at room temperature for the Th(H, O)‘llo+ species [102]. Numer-
ous theoretical approaches are available aiming to clarify residence
times of first- and second-shell water molecules of hydrated tho-
rium: Yang et al. investigated water exchange mechanisms of the
Th(H,0)$; species via quantum chemical calculations and reported
the lifetime of the intermediate [Th(H,0)s]*" - H,0 to be 0.102 ns
[96]. MD simulations by Réal et al. suggested a mean residence time
of >10 ns for the water molecules of the first hydration shell, and
20.4 £ 4.7 ps for the second shell [103]. MD simulations with inter-
action potentials developed by B3LYP hybrid density functional cal-
culations find a value of 423.4 ps for the residence time of a water
molecule in the second hydration shell [91]. This value is rather high
as B3LYP tends to predict water structure too rigid resulting in
slower exchange rates (see discussion on choice of quantum theo-
retical level and basis set).

3.2.2. Vibrational analysis

Vibrational analysis using velocity autocorrelation functions
and subsequent Fourier-transformation (FT) has been carried out
to provide information on the ion-oxygen bond strength. The ob-
tained wavenumbers offer a direct route for the determination of
the binding force constants and can directly be compared to exper-
imental Raman and/or IR spectra.

For the whole simulation of 20 ps, a value of 420 cm™" was
found, which corresponds to a force constant of 156 N/m. The
strength of the ion-O bond is almost the same as for the U(IV)
ion [101], but is still not as high as for the Zr(IV) [99] and Hf(IV)
ions [100], which are themselves smaller than that of the enor-
mously stable octahedrally coordinated hexaaqua-iridium(IIIl) ion
[104] (see Table 1). The wavenumber found is in excellent
agreement with the experimental value of 420 cm~! [105], which
has been determined in very recent experiments on selective
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Fig. 7. Vibrational analysis using velocity autocorrelation functions followed by FT for (a) the whole 20 ps of simulation, for thorium(IV) with all oxygens within the first
solvation layer, and (b) the first 4 ps of simulation, for the ion with the six prismatic (red) and the three capping (blue) water molecules separately. These two types of atoms
are illustrated in c), the colors corresponding to those of plot (b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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solid-phase extraction of thorium(IV) by Lin et al. [39], studies on
the removal and recovery of thorium(IV) ions from aqueous solu-
tions by Anirudhan et al. [106], and investigations on polynuclear
thorium(IV) molecular clusters by Soderholm et al. [107,108].

In addition to the peak maximum at 420 cm™!, side peaks at 400
and 368 cm!, and a small shoulder at 384 cm~! were observed
(see Fig. 7a). To investigate these peaks found using the whole sim-
ulation data, two additional calculations were carried out: (i) a
velocity autocorrelation calculation followed by FT for the first
4 ps of simulation time only, and (ii) a vibrational analysis of a
geometry-optimized [Th(H,0)g]**-cluster on Hartree-Fock level
of theory, embedded in a polarizable continuum (GAUSSIAN 03).
Investigation (i) was done, because there are no rearrangements
in the first hydration shell during these 4 ps, and the hydration
polyhedron was found to be tricapped trigonal prismatic. This pro-
vided the opportunity to clearly distinguish between the prismatic
and the capping positions and to study these binding properties of
each of the two species independently. This allowed the separate
calculation of velocity autocorrelation functions for the ion-oxy-
gen bond for the six prismatic water molecules on the one hand,
and the three capping ones on the other hand. This analysis reveals
two separate peaks at 417 and 388 cm~! (153 and 133 Nm™!) (see
Fig. 7b). At this point, it should be mentioned that the intensities
are not significant after Fourier-transforming the VACF to a power
spectrum. For (ii), the most intense peaks were found at 423 and
403, 390 and 377 cm™ .

4. Conclusion

This work presents the first QMICF-MD-simulation of the tetra-
valent thorium ion in aqueous solution employing ab initio quan-
tum mechanical means, thus intrinsically including many-body
effects, charge transfer and polarization effects. The simulation
does not only give valuable information on the hydration structure,
but offers detailed insight into the ultrafast dynamical processes
taking place within the hydration shells. Although the hydrate of
this highly charged ion is stable in terms of hydrolysis in experi-
ment and in this study, rapid solvent reorganizations within the
first solvation shell make the hydrate a very flexible one. In order
to study different aspects of this observed flexibility, a variety of
methods of analysis were employed, including local density cor-
rected three-body distribution functions and time series of dihe-
dral angles and O-O distances. The simulation data provide
evidence of a third hydration layer, showing properties clearly dif-
fering from bulk water. The performed vibrational analysis yielded
results in excellent agreement with experimental data, however
the simulation offered the possibility to investigate the binding
of prismatic and capping oxygens independently.
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