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Abstract

We have studied the solvation of Th4+ in water, dimethylsulfoxide (DMSO) and

in their equimolar mixture by using molecular dynamics based on a Amoeba-derived

polarizable force field. We have performed an extended structural analysis in order to

provide a complete picture of the chemical-physical features of the interaction of Th4+

with the two solvents either in their pure and mixed states. Through our simulations

we found that, very likely, the first solvation shell in DMSO is not unlike the one found

in pure water and contains 9 solvent molecules. The residence time of first shell of

DMSO molecules is however much longer than the residence time of water. For the 1:1

mixture we present computational evidence that both water and DMSO participate to

the solvation of Th4+ with a slight preference for the latter.

Introduction

The study of the solvation processes of actinoids (An) in organic solvents represents a fun-

damental step for the design of separation and recovery processes of these very expensive

elements. In particular, for actinoids, one of the most important industrial process involving

these heavy elements is their separation from nuclear waste, a task which is generally per-

formed by using organic solvents to extract the ions from the aqueous phases with different

techniques and operating conditions.1–6 It therefore follows that the possibility of providing

unambiguous answers to the many questions raised by this technological challenge using in

silico simulations is of great advantage especially because it reduces the need of experimen-

tal assessments that involve the use of highly poisonous/radioactive substances. While for

hydration of actinoids, a relatively high number of experimental and theoretical studies have

been reported in the literature,7–34 much less is known for other oxygen donors organic sol-

vents such as DMSO.35 The very few studies reported are on uranyl in DMSO36,37 and other

solvents38,39 while for bare ions only a small number of crystal structures are available.40–45

Th4+ in liquid DMSO and N,N- dimethylpropyleneurea (DMPU) was studied experimentally
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by Torapava et al.35 using X-ray absorption fine structure (EXAFS) technique.

Actinoid ions show different oxidation states depending on their position along the series

and on the chemical environment: all heavy ions (from Am to Lr) have oxydation state III,

while for the light ones the situation is more complex with oxidation states ranging between

II and VI .46 Oxydation state IV, in particular, is typical of bare cations of light actinoids,

and it turns out to be the most stable state for Th, but it has also been observed for Pa, U,

Np and Pu. Some of these ions were studied as bare cations in water by both experiments and

theory.8,9,12,14,18,19,22,23,28,30,33 Among them Th4+ is probably the most studied one, because

it is easier to handle from an experimental point of view (it is stable and not dangerous)

and, theoretically, it is the less problematic to treat since it is a closed shell species. It was

indeed recently shown that a single determinant representation is well suited when treating

Th4+.30

We focus our attention on the solvation of Th4+ since it represents a good model to un-

derstand dissolution of light bare actinoid cations in oxygen donor solvents, a choice which

is further motivated by the fact that information on its coordination in two oxygen donor

solvents (di-methyl-sulfoxyde (DMSO) and di-methyl-propyl-urea (DMPU)) has recently be-

come available.35,47

Recently, we have shown that the use of an approach based on the study of small clusters

of solvent molecules is extremely useful and we have used it to gather information on the

DMSO structure around highly charged ions.47,48 The great advantage of this approach is

that it is possible to make use of accurate quantum chemistry methods, not only to obtain

the possible coordination geometries, but also to extract and test a specific model for the

interaction of these highly charged ions that can be integrated into a polarizable force field

such as Amoeba.49 Here, we have used the results obtained by us on Th4+@DMSO clusters47

to develop a simple, transferable, polarizable force field able to describe the solvation of the

ion in different solvents. We will therefore present a test case study for water solvation (that

is needed to check the trasferability of the force field), a new set of calculations for solvation
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of Th4+ in pure liquid DMSO and in a water/DMSO 1:1 mixture.

Methods

Force Field Development

Molecular dynamics simulations have been performed using the Tinker 50 package with a

modified Amoeba 49 force field. The parameters for water and DMSO are those of the

Amoeba49 force field with small modifcations for the latter.51 The Th4+-DMSO/water inter-

actions are not available in the Amoeba force field and we supply here new parameters for

it. To this end we have kept fixed DMSO parameters and adjusted the Th4+ ones. The ion

is described by its polarizability that has been set to 1.143 Å3 (taken from the ab-initio cal-

culations of ref.52), and by its van der Waals parameters that have been generated by using

a ”trial and error” procedure that consists in comparing the structures and the energies of

the ab-initio minimum geometries of clusters with a high number of DMSO molecules47 with

the corresponding structures obtained using the force field. In particular we have used the

structures containing 8 and 9 DMSO molecules,47 optimized at the M06-2X/6-31G* level in

which the small core ECP and the ECP60MWB basis (whose contraction is (12s, 11p, 10d,

8f) → [8s, 7p, 6d, 4f]) was used for Th4+.53

The results in terms of Th-O distances and interaction energies are reported in Table 1

where we can see that the force field is able to grasp both the energetic (with errors well within

10%) and the shape of the ab-initio optimized structures (with errors of few hundredths of

Å). In the same table we also report a comparison between our modified Amoeba force field

and MP2 results of Marjolin et al.23 in terms of geometrical parameters and energetic of

Th4-water clusters. The good agreement provides a measure of the transferability of the

van der Waals parameters (here parametrized on Th4+:DMSO cluster) to the Th4+-water

interaction.

The final values for the van der Waals Th4+ parameters that we have used are σ=4.04
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Å and ε=3.4 kcal/mol. This set of parameters turned out to be not very different from the

one published in ref.23 parametrized for Th4+-water solvation and where, however, the final

Th-O distances in water resulted to be slightly underestimated with respect to experimental

values. For further details on the force field derivation see the Supporting Information

(Section S1).

In order to further ensure that our new model potential was able to reproduce the behavior

of the the Th4+-O interaction we have performed a constant temperature (with T=100 K)

molecular dynamics simulation on the isolated [Th(DMSO)9]
4+ cluster. The simulation

was carried out for 500 ps (using the same simulation set-up described in next section).

The power spectrum (vibrational density of states) was then extracted using the velocity

autocorrelation function. The final power spectrum was then compared with the vibrational

frequencies as obtained by the ab-initio DFT minimization mentioned before. In the classical

simulation the Th4+ ion is seen to contribute to the vibrational density of states only at

low frequencies and its main contributions are localized below 300 cm−1. The frequencies

of these bands are in decent agreement with those obtained by the ab-initio normal modes

analysis thereby providing evidence for the accuracy of the present force field in describing the

overall interactions, at least, in the first solvation shell. More details on this computational

experiment can be found in the Supporting Information (Section S2 and Figure S1).

Table 1: Geometric parameters and interaction energies for Th4+@DMSO clusters with
different computational methods. The data from ref.23 are at the MP2 level. The numbers
in parenthesis are the percentage energy difference of the Amoeba FF with the ab-initio
value reported on the previous row.

Method Th-O distance (Å) Int. Energy (kcal/mol)
[Th(DMSO)8]

4+ [Th(DMSO)9]
4+ [Th(DMSO)8]

4+ [Th(DMSO)9]
4+

M062x 2.42 2.47 -1181.8 -1227.2
B3LYP 2.43 2.49 -1180.9 -1219.5
Amoeba 2.42 2.47 -1097.7 (∆E=7%) -1116.4(∆E=8%)

[Th(H2O)8]
4+ [Th(H2O)9]

4+ [Th(H2O)8]
4+ [Th(H2O)9]

4+

Ref23 - 2.4 -740.04 -786.56
Amoeba 2.48 2.51 -708.0 (∆E=4%) -744.6(∆E=5%)
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Molecular Dynamics

Molecular dynamics simulations have been performed on three systems made by a single Th4+

ion surrounded respectively by (i) 267 water molecules, (ii) 68 DMSO molecules and (iii)

an equimolar water/DMSO mixture made by 50 water molecules and 50 DMSO molecules.

Each system has been equilibrated using the NPT ensemble (with a Berendsen barostat54)

at room conditions for 2 ns while the production was carried out in the NVT ensemble (with

a Berendsen thermostat54) and lasted about 15 ns. The timestep was set to 1 fs and the

system coordinates and velocities have been saved each 100 fs. The regular Ewald method

has been used for the electrostatic energy calculation with a cutoff of 9 Å. No constraints

have been used. These timescales should allow us to grasp the relatively long residence times

of the solvents molecules around such highly charged specie. To verify that simulations are

equilibrated we have followed the time evolution of the Mean Square Displacements (MSD),

which reaches a linear regime for both solvents, also in the case of the mixture (Section S3

in the Supporting Information, and in particular Figure S2).

After equilibration, the density of the cells obtained by subtracting the Th mass, is 0.994

gr/cm3 for pure water, 1.073 gr/cm3 for pure DMSO and 1.063 gr/cm3 for the 1:1 mixture.

These numbers are in good agreement (within 2%) with well known density data and those

reported in ref.55 for the mixture. The performance of the force field in predicting the

density of the liquid surrounding the ion at room conditions is remarkably good (considering

also the marginal, but sizable ”electrostriction” effect due to the increased density of the

solvent around the ion). As a further test of the potential we have calculated the self-

diffusion coefficient of the Th4+ ion in pure water (1.7·10−10 ± 0.7 m2/s) and compared

it to the experimental value reported in ref.56 (1.53·10−10 m2/s). Despite our force field

overestimate the diffusion coefficient the error is acceptable for such quantity and is largely

inside the uncertainties. Therefore, we can be confident that the potential model will be

able to describe structure and dynamics of such systems.
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Results and Discussion

Structural Properties

We report in Figure 1 the Radial Distribution Functions (RDFs) for the Th-O distances in

the solution with pure water (left), pure DMSO (center) and the 1:1 solution (right) along

with their volumetric running integral (i.e. the coordination number (CN)). The average

distance from our calculations are compared with available data from recent experiments in

Table 2. The distances presented in Table 2 show the very good performance of the force

field in grasping the first shell structure around the central ion with respect to experiments

and simulations.

A Benchmark System: Th4+ in H2O

We now discuss the performances of the model in describing Th4+ hydration. An important

point is that, although the model potential has been developed using the [Th(DMSO)n]4+

clusters, it performs quite well in predicting also the structure of Th4+ in liquid water

thereby showing its transferability to other systems. We have first to notice that average Th-

O(water) distances reported in Table ?? are in agreement with both EXAFS8,18 and HEXS16

experiments, even if the distances in the cluster slightly overestimate the Th-O distance with

respect to MP2 calculations (see Table 1). The Th-O distances in our simulations are similar

to those coming from the previously developed Amoeba force-field (see Table 2), although,

given that our CN turns out to be 9.2, a 10-fold coordinated structure must, necessarily,

exist in our simulations, while the previous force field reports only the presence of a 9-

fold structure.23 Other simulations show similar distances19,22 to ours, while some9,28 report

distances that are larger than ours of about 0.1 Å.

Within our simulations, a non-integer CN (9.2) has been obtained and this indicates a

dynamical interconversion between 9- and 10-fold coordinated structures in water solution.

This is a frequent situation for such heavy ions and as been already noticed for lanthanoid(III)
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ions in water,57,58 in DMSO51 and actinoid(III) ions in water.21 The coexistence of different

solvation patterns might also explain the dispersion of the experimental values of the CN

values that is present in the literature. In fact, some experiments8,16 report CN=10 while

others18 CN=9. Simulations have often reported that the 9-fold structure is dominant (or

even the only possible one).9,23,28,59 Real et al.19 obtained a CN of 8 and showed that a

cohexistence between CN=8 and CN=9 can be obtained by varying slightly the force field

parameters.19 Recent simulations using the polarizable NEMO force field reported a CN of

9.5 that, as in our case, stems from the coexistence of 9- and 10-fold structures.22 Further-

more, DFT-based free energy calculations22 reported that the coordination motif with CN=9

is more stable than the one with CN=10 by about 3 kcal/mol or 1 kcal/mol depending on

the functional employed, thereby proving the dominant contribution of CN=9 in pure water.

Note that experimental data depends also on the concentration, in particular when Cl− is

used (while it is less concentration-dependent in the case of Br−, see Ref.16). Given that, in

the present study, the Th4+ hydration mainly serves as a benchmark of the force field and

to evaluate its transferability, the best possible comparison is with calculations done in the

ideal conditions of infinite dilution. Furthermore, we should note that in the interpretation

of EXAFS measurements, the CNs depend on the fitting procedure and it is well known

that the associated uncertainty is of the order of ± 0.5. Therefore the value that we have

obtained here (9.2) fits well with the experimental determinations of CN = 9. We also note

that EXAFS based measurements often assume an integer coordination number even when

inter-shell exchange dynamics occurs. As it has been pointed out in several lanthanoid(III)

and actinoid(III) ions hydration studies, taking into account the dynamical exchange pic-

ture as highlighted by simulations, it has been possible to reduce the EXAFS CN uncertainty

and to provide an almost perfect agreement between experiments and simulations. In this

way, some previous integer CNs reported have been revised27,60 and the dynamical exchange

picture of solvation in liquid phase is now the generally accepted one.7 Note also that, for

lanthanoid(III) ions, these results were in agreement with the self-exchange mechanisms of
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water molecules in the first shell of solvation ions, as reported by Helm and Merbach.61 In the

case of Th4+ hydration, unfortunately, there are no experimental data on such self-exchange

kinetics.

Finally, only very few experimental data are reported for the second shell of solvation.

Our results provide a position of the second peak of the RDF at around 4.5 Å which agrees

well with the experimental data of 4.657 Å proposed by Torapava et al..18

We conclude this section, by noticing that, we reported the hydration properties of Th4+

as a mean to prove that our force field parameters, that have been fitted on Th4+:DMSO

clusters, are, nevertheless, transferable also to water. The hydration properties, which have

been largely studied in the recent past, provides us with a perfect benchmark system. The

good agreement between our results and previous studies gives us confidence in the reliability

and transferability of the force field.

Th4+ in pure DMSO

We now move to the description of the simulation data for Th4+ in pure DMSO. Structural

data as obtained by our simulations are compared with the experimental ones in Table 2

while the Th4+-O RDF is reported in Figure 1 (middle panel). The first solvation shell of

oxygen atoms is correctly predicted to lie between 2.4 and 2.6 Å in agreement with the only

available experimental data.35 The second shell appears to lie between 6 and 8 Å and turns

out to be less structured when compared to the water case because of the much larger dis-

tance of the second shell DMSO molecules from the coordinating cation and the consequently

reduced electrostatic interaction between them and the central ion. Concerning the coordi-

nation number, our force field predicts a value of 9 for the DMSO solvation which is also in

agreement with the data reported experimentally.35 The first-shell Th-S average distance is

overestimated by about 0.2 Å with respect to experiments.35 This discrepancy is due to the

inability of the present force field to reproduce correctly the Th· · ·O−S angle. Despite our

efforts in the optimization process of the potential, the force field predicts a coordination
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pattern where the S=O bond lies in line with the O-Th direction. The Th4+@(DMSO)n

cluster ab-initio calculations,47 on the other side, predicts a bent geometry for the Th· · ·O-

−S binding pattern. This problem is probably due to the simplified (electrostatic) potential

model inherent to the force field approach that, very likely, does not take into account the

electronic delocalization effects along the Th· · ·O−S binding motifs that may promote a

bent geometry of the complex.
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Figure 1: Th-O RDF and coordination numbers for Th4+ in pure water (left), pure DMSO
(middle) and 1:1 water DMSO mixture (right) solutions according to our simulations. Water:
black line, DMSO: blue line.

A visual representation of the geometry of the first shell in pure DMSO can be obtained

from the density of the atomic positions of the coordinating molecules averaged over 5 ns of

trajectory. This is shown in Figure 2. On the left we can see the ”geometry” of the first shell

of the 9 coordinating oxygen atoms. This shell is rather rigid but the internal conformational

mobility makes the global shape to either that of a tricapped trigonal prism or a monocapped

square antiprism. On the right side of Figure 2 we report together with the oxygen density
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Table 2: Structural data as obtained from our simulations as compared with previous ex-
periments and simulations. EXAFS = extended X-ray fine structure; HEXS = high-energy
X-ray source; MD = molecular dynamics; QMCF = quantum mechanical charge field; DFT
= density functional theory; POL = polarizable; CL = classical; NEMO and Amoeba refer
to the named force fields.

System Method rTh−O (Å) CN(1) rTh−S (Å) Reference
Th4+ in H2O

Amoeba-MD 2.465 9.2 This work
Amoeba-MD 2.40 9 Ref.23

QMCF-MD 2.54 9 Ref.28

DFT-MD 2.50 9 Ref.59

DFT-MD 2.46/2.49 8/9 Ref.22

POL-MD 2.45 9 Ref.22

NEMO-MD 2.45 9.5 Ref.22

CL-MD 2.44/2.47 8.05/8.45 Ref.19

CL-MD 2.54 9 Ref.9

EXAFS 2.45 10 Ref.8

EXAFS 2.45 9 Ref.18

HEXS 2.46 10 Ref.16

Th4+ in DMSO
Amoeba-MD 2.455 9 3.955 This work
EXAFS 2.447 9 3.672 Ref.35

Th4+ in H2O/DMSO
(1:1)
DMSO: Amoeba-MD 2.451 5 3.945 This work
H2O: Amoeba-MD 2.463 4 This work
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(in red) also the average position of the sulfur atoms (yellow) and of the carbon atoms (gray,

transparent color). Similarly to the oxygen atoms, the sulfur atoms are quite localized in

space even though their angular mobility is larger than that of the oxygen. The carbon

atoms density is instead highly delocalized and give rise to a substantially uniform density

sphere surrounding the internal cavity. The conformational freedom of the carbon atoms is

due to the dynamical rotation of the DMSO molecule around the S=O axis.

Another way of looking at the conformational mobility of the solvation shell is reported

in Figure 3 where we have calculated for the 9 molecules of the solvation shell the combined

angular-radial distribution function. The first features on the left, at short range, are the

oxygen atoms localized at around 2.5 Å and with a bimodal angular distribution in the

OT̂hO angle. The first peak at 65° is due to adjacent atoms on an edge of the polyhedra

while the second peak at 140° is due to the atoms that are 2 edges far from each other.

As we can see the same polyhedric structure is preserved when moving from the oxygen

to the sulfur that merely presents the same angular pattern at a larger distance of about

4 Å. A totally different angular map is instead shown by the carbon atoms which have an

unstructured angular distribution and a much broader radial distribution. In this case, the

feature around 30° that we see at the bottom of the plot is due to the almost fixed CT̂hC

angle when the carbon atoms are part of the same molecule. We conclude that, despite the

almost rigid structure of the first shell, the DMSO solvation presents an additional source of

disorder due to the flexibility of the methyl chains around the solvated ion.

Th4+ in a 1:1 mixture H2O/DMSO

We now move to the Th4+ in a 1:1 mixed solution of H2O and DMSO, for which the Th4+-O

RDF is shown in Figure 1 (right panel). We should note that the oxygen atoms of H2O and

DMSO are very close in distances, as detailed in Table 2. Total coordination number is still

9 which results from 5 DMSO and 4 H2O molecules. This mixed solvation clearly stems from

the fact that the main contribution to the total interaction of the first solvation shell comes
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Figure 2: Left (above and below): density map of the average positions of the oxygen atoms
in the first shell from two different points of view to highlight either the trigonal shape
(below) or the square antiprims one (above). A ball-and-stick representation has also been
added to help the identification of the structures. Right: density map of the oxygen (red),
sulphur (yellow) and carbon (transparent gray) atoms around the Th ion. Each iso-surface
has been chosen in order to include 10% of the total density of the atoms.

Figure 3: Combined angular-radial distribution function for the Th-DMSO distances. The
first group on the left is the Th-O distance, far on the right there are the Th-C distances
and in the middle the Th-S ones. The angle on the y-axis is between the two atoms and
centered on Th. The contours are drawn at 8 values of the function from 10 to 20000.
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from electrostatic energy and the two oxygen donor solvents behave in a quite similar way

from the electrostatic point of view.

To compare the pure solvents solvation with that reported for the 1:1 solution, we show

in Figure 4, on an expanded scale, the RDF for the Th-O distance. Few interesting remarks

can be highlighted from this comparison:

1. The water molecules in the first shell essentially have the same Th-O distance both in

the pure and in the 1:1 solution.

2. The second shell of water molecules that can be seen in the pure water simulation

almost disappears when mixed with DMSO.

3. The Th-O average distance in the 1:1 mixture (2.451 Å) is slightly shorter than in pure

DMSO (2.455 Å). See also the inset in Figure 4. The effect is, however, very small

and within the statistical uncertainty of ±0.15 Å, computed as the average standard

deviation (square root of the sum of variances) associated with the Th-O distances of

the 5 DMSO molecules.

4. The DMSO in the 1:1 mixture shows a well defined second shell of DMSO molecules

at 4.7 Å that is completely absent in the pure DMSO case.

The above features of the first solvation shell in the 1:1 mixture are mainly due to the

different molecular sizes of the solvents involved: in particular the diminished steric hindrance

of the water molecules is at the origin of the second shell peak on the RDF of Th-DMSO:

the reduced molecular volume of the 4 coordinated water molecules allows for roughly 6

additional DMSO molecules to bring themselves near the central ion albeit remaining in the

second shell of solvation.

An analysis of the density of the atomic positions for the first shell is reported in Figure 5

where we plot the total density of oxygen atoms in the first shell (cyan, transparent) and its

decomposition into water (red) and DMSO (blue) molecules. As we can see, the geometry of
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the first shell is much less structured than that of the pure DMSO case above. It turns out

impossible to match a clear geometric structure on it, although it is still possible to discern

a trigonal symmetry. While the density of oxygen atoms from the DMSO molecules is quite

localized in space, the water one is broadly delocalized.
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Figure 4: Th-O RDF for Th4+ in water (pure and mixture, upper panel) and DMSO (pure
and mixture, lower panel).

Solvation Dynamics

As we pointed out above, the water molecules are much more mobile than the DMSO ones

which, in turn, are more strongly bound to the central ion owing to their larger dipole moment

(force field values are 4.235 D for DMSO and 1.77 D for water). In order to establish the

dynamics at play in the first solvation shell we have collected in Figure 6 the Th-O distances

as a function of time for an appreciable portion (10 ns) of the trajectory. In the two panels
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Figure 5: Spatial density distribution for the oxygen atoms in the first shell of the
Th4+(H2O)4(DMSO)5 ion. Total density of oxygen atoms in transparent cyan color (the
isosurface contains 5% of the total oxygen density). Water oxygen in red and DMSO oxygen
in blue (both isosurfaces contains 10% of their respective total density).
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above we have plotted the O-Th distances for water (left) and for DMSO (right) in the

mixed, 1:1 solution. In the bottom panels we have reported the pure water (left) and pure

DMSO (right) situations. As we can see from the pure solvent data (bottom panels), the

water mobility in the first shell is much greater than that of DMSO. In the water solution

we can trace many exchanges while no exchange is seen for DMSO. This is a result of (i)

the stronger dipole of the DMSO molecule that makes the interaction with the ion more

favorable, (ii) its larger mass that makes its diffusion slower and, finally, (iii) its larger steric

volume which makes the exchange between the first and second shell much more difficult. In

addition, inter-shell water molecule exchanges correspond to pairs of mutually exchanging

water molecules and are promoted by H-bonding between the first and second shell9 a feature

which is missing in DMSO.

If we now look at data when mixing water and DMSO (top panels), we see that the situa-

tion has changed in the mixed solution: in particular the many exchanges of water molecules

have disappeared and we clearly see the growth of a second shell of DMSO molecules that is

forming by substitution of water molecules and that completes at 4 ns (see also Figure 4).

This dynamical configuration is due again to the different characteristics of the two solvents.

During the analyzed time in Figure 6, we see a progressive dehydration of the second shell

of solvation in favor of DMSO. The latter, in fact, owing to its greater dipole moment, while

it is unable to remove the tightly bound water molecules from the first shell, progressively

substitutes the water molecules of the second shell. When the second shell is crowded of

DMSO molecules (last 6 ns in the top panels of Figure 6) the water in first shell is no more

surrounded by other water molecules and has no chance to leave the (first) shell. This is

plausible since inter-shell water exchanges are promoted by the water-water interaction that

is based on H-bonds.9 In other words, the formation of this second shell of DMSO molecules

segregates the water molecules in first shell from the other ones and makes impossible for

water to form H-bonds with the surrounding molecules and prevents them from undergoing

the dynamical exchanges that we have seen in the pure water simulation.

17



0 2 4 6 8 10
ns

0
1
2
3
4
5
6
7
8

Water

0 2 4 6 8 10
ns

0
1
2
3
4
5
6
7
8

DMSO

0 2 4 6 8
ns

0
1
2
3
4
5
6
7
8

0 2 4 6 8 10
ns

0
1
2
3
4
5
6
7
8

50
:5

0
Pu

re

Figure 6: Th-O distance as a function of time. See text for details. For pure solvents
(lower panels) Initially all the first shell ligands are reported in black and the others in gray.
The color code black/gray has been chosen in order to highlight the exchanges. For the
1:1 solvation (upper panels) the color are set through the following convention: first shell
molecules are in black, second shell ones are in red and gray is used for all others.
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Conclusions

We have explored the solvation of Th4+ in three different liquids: water, DMSO and an

equimolecular mixture of them. In order to study the structure and the dynamics of the

solvent environment around the highly charged central ion, we have tailored a polarizable

force filed within the Amoeba framework and used it in molecular dynamics simulation of

the liquid phase. The use of a polarizable force field is mandatory given the highly energetic

polarization phenomena that take place in the immediate surrounding of the ion. The force

field van der Waals parameters for the Th4+ ion have been obtained from an adaptation

procedure which is based on the comparison of the minimum geometries and energies of the

[Th(DMSO)8,9]
4+ clusters obtained with the force field with those obtained from rigorous ab-

initio methods. The simulations in pure water and pure DMSO have provided a picture of the

local nanoscopic solvation structure which is in agreement with the most recent experimental

and simulation results, showing that the force field is transferable, making us confident in

using it to mix the two solvents. The average coordination number of first shell ligands

is near 9 for both pure solvents and the average oxygen-ion distance is 2.46 Å for water

and 2.45 Å for DMSO. While, the structure with 10 first shell ligands appears to be a

possible, albeit only slightly populated, geometric configuration in water, in DMSO, owing

to its steric hindrance, the system seems unable to accommodate the tenth molecule in the

first shell. When Th4+ is solvated by a 1:1 water:DMSO mixture, the first shell is still made

by 9 molecules and composed by both solvents although the number of coordinated DMSO

molecules (5) seems to be slightly larger than water (4). The average oxygen-ion distances

remain similar to those detected in the pure solvation cases: 2.46 Å for water and 2.45

Å for DMSO. In conclusion, we can say that in an equimolecular mixture of water and

DMSO, we have not found hints of a preferential solvation for Th4+. What we have seen,

however is the formation of a well structured situation that presents 9 ligands in the first

shell, roughly half of which are water molecules that partake to the first solvation shell. The

DMSO molecules, in addition to partially solvate directly the ion, arrange themselves in a
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second shell of solvation that contains 8 molecules and no water.
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The solvation shell of Th4+ in DMSO. Left: atomic density of oxygen
atoms as obtained from polarizable MD. Right: ”ball-and-stick” repre-
sentation of the first cordination shell.
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