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Abstract

We present a study of the solvation of lanthanoid(III) ions in liquid dimethylsul-
foxide (DMSO) using molecular dynamics simulations employing a newly developed
polarizable force field. The van der Waals (vdW) parameters were obtained for La3*
and Lu®t (the first and the last in the lanthanoids(III) series) using ab initio data.
The parameters of the other ions can be extrapolated based on physical considerations
without additional (and costly) quantum chemistry calculations. This extrapolation
procedure has been successfully applied to Gd*t. The outcomes of our simulations
turn out to be in agreement with both the experimental data available in the literature
and the ab initio results. A small adjustment of the vdW parameters further increases
the agreement with experiments and has allowed us to provide structures, geometrical
parameters and coordination numbers. For heavy lanthanoids (Gd and Lu) we obtain
clearly an 8-fold coordination, with a distorted square anti prism (SAP) geometry in
agreement with EXAFS and XANES experiments; for the La3t ion, our force field
predicts a mixed situations with both the 8-fold SAP and 9-fold geometry where the

SAP structure is capped by a ninth molecule added over one face.
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Introduction

Lanthanoid(IIT) (Ln3") ions form an almost unique chemical series whose elements bear
the same oxidation state and are soluble in different polar solvents, from water! to organic
solvents? and ionic liquids.® When an ion is dissolved in a polar solvent it generally structures
the molecules around itself forming relatively stable structures whose shape and size depend

on the charge of the ion, on its radius and on the polar properties of the solvent.*® The Ln3*



series forms a unique example to investigate the solvation behavior along a chemical series
in which each element bears the same charge but with changing ionic radii (they decrease
as the atomic number increases), and thus experimental studies have often investigated how
the solvation properties vary when moving from light to heavy elements in the series. »2671%

Theory represents an invaluable help in understanding from a microscopic point of view
the changing of these properties, as it has been the case, for example, for the hydration of
Ln3* ions. 16723

While hydration of Ln3* ions has been explored by many experimental and theoretical
studies, ! the solvation in organic solvents remains much less investigated. The study of Ln?*
in organic solvents is important because they can be involved in separation/decontamination
applications so that, by understanding the molecular basis of solvation in non-aqueous sol-
vents, it may be possible to devise new solvent extraction techniques. Polar organic solvents
like dimethylsulfoxyde (DMSO) were used in some experimental studies, investigating the
structure of DMSO around the Ln®* ions?!® also in presence of additional ligand molecules
as, for example, the complexation of Ln®* ions by different polyamines.?+27

Recent experimental determinations!'®2?® have proposed that the DMSO forms a regular
shell of eight oxygen atoms surrounding the central ion for all the lanthanoid(III) series.
The spectroscopic and crystallographic studies of lanthanoid(I1I) iodides revealed that lan-
thanoid(III) ions have an eight-coordinated configuration in liquid DMSO that is similar to
the solid state.?'12* These works, in particular, have shown that the coordination number
does not seem to change along the series, although the decrease in the mean Ln—O distances
is greater than expected on the basis of existing ionic radius data for eight-fold structures.!
Anyhow, the coordination state of Ln3* ions in DMSO solution is still controversial, since
EXAFS can have a £+ 1 accuracy in determining the coordination numbers. Furthermore,
other studies have suggested some changes in the average coordination number along the

5

series, 2 as reported in FT-IR studies of lanthanoid trinitrates in the presence of DMSO in

anhydrous acetonirile.?” This result was also confirmed in a very recent investigation dealing



with apparent molar volumes and compressibilities of Ln3* trifluoromethanesulfonates in
DMSO.3% In addition, gas phase ab initio calculations by us3! have shown that, probably,
the first coordination shell is made by a more complex environment where a regular struc-
ture of eight oxygen atoms coexist with a structure with nine oxygen atoms, the latter being
substantially iso-energetic with the former.

Molecular dynamics of ions in liquid solvent is the method of choice to understand deeply
the solvation properties at finite temperature.®?32 This method is able to provide a micro-
scopic picture of ion solvation also taking into account dynamical processes that can occur,
and thus also complex solvation situations in which thermal coexistence between two (or

20,3435 Tp this work we have addressed the

more) coordination numbers can be revealed.
question of Ln®** solvation in DMSO by polarizable molecular dynamics simulations. Highly
charged ions such Ln3* should be treated with polarizable force fields, as largely reported in
the case of water. 1”18

To this end we have developed a polarizable potential for La*™ and Lu3* by matching
the geometry of small La3t and Lu?**-DMSO clusters in the gas phase. We then have
obtained the non-electrostatic terms of Gd**-DMSO interaction potential by assuming a
linear dependence of parameters across the series, thus avoiding expensive and complex
(Gd*T is open shell) quantum chemistry calculations. This approach is justified by the well
known fact that many solvation properties directly depends on ionic radii that decrease
almost linearly across the series.'* Results were compared with available experiments on

DMSO structuration around the Ln' ions and microscopic details of solvation are then

provided.

Computational details

Molecular dynamics simulations have been performed by means of the polarizable Amoeba?¢

force field (FF) and the Tinker package.?” Amoeba is a universal and transferable force field



so that, in principle, the new parameters will be easily usable for other studies whereby
the Amoeba force field can be applied to different molecular scales from isolated inorganic
molecules to bio-molecules.3¥ 46 In addition, instead of relying on ”in house” codes and
methods,*” here we tried to adopt a user-friendly well distributed code that could therefore
allow anyone to use and implement the new potentials in different systems. In this work,
we have considered only three ions in the lanthanoid(III) series: La®", the first atom of
the series, Lu?T, the last atom of the series, and Gd3* that is in the middle of the series.
La3t and Lu®* have been used to calculate the potential, while Gd** has been used as test
case to check for the FF extrapolation procedure. By limiting ourselves to two ions and
extrapolating the potentials along the series, we purposely avoid the difficulty of performing
the tricky, open-shell, ab initio calculations that would be needed to create the FF for the
all the other lanthanoid(IIT) ions. As revealed in a number of studies of these ions in water,
such choice is often enough to provide a correct trend of different properties.14-20:21:48

Each ion is immersed in a cubic box containing 68 DMSO molecules and, after an initial
equilibration in the NpT ensemble at room conditions (T = 298 K and p = 1 atm, using the
Berendsen thermostat), a fixed side length of 20.218 A was set for the following NVT sim-
ulations. A cutoff of 9.0 A for vdW interactions was used. Electrostatic has been evaluated
by the regular Ewald method using the same cutoff. The production was carried out for at
least 4 ns in the NVT ensemble (using a Berendsen thermostat and an integration step of
1 fs) for each of the cation/potential combinations that will be presented in the following.
For the La-DMSO case, additional simulations starting from different initial conditions have
been performed for a total of further 8 ns of simulation time.

The FF used in the present work, for which we have developed parameters for Ln3* ions,
is the well known Amoeba potential, that we will briefly recall in the following, in particular
for the non-bonded parameters. In Amoeba the total FF energy is expressed as a sum of 8

terms

U= Ubond + Uangle + Ub—a + Uoop + Utorsion + UVdW + Uele + Uind (1)



where the first 5 terms describe the topologically bonded interactions and the last 3 the long-
range interactions. The bonded interactions are given by a quartic expansion in distance, a
sextic expansion over the angular variable, a linear bond-angle cross term and a quadratic
out-of-plane potential. The usual Fourier 3-term expansion of the torsional energy is also
added. The vdW interaction potential in the Amoeba force field is given by a "soft” 7-14

potential (instead of the traditional Lennard-Jones 6-12 one):
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where p;; is 75/ T%. The vdW parameters are obtained through the following combination
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The centers of the vdW interactions are the atomic centers, with the exception of hydrogens

for which the vdW center is shifted along the X-H bond by a fixed "reduction factor”.

The electrostatic potentials in Amoeba include both permanent and induced multipoles
interaction energies. Each center is associated with a point charge, a dipole and a quadrupole
for a total of 5 distinct multipole components per atom (see®® for details). The induced
multipole at each site is then obtained from the electric field at that site using the Thole
damped interaction method.*® The smearing function in Amoeba is

3a Tij

— 3 ; —
p= Eexp(—au ) with = T 176 (4)

with a universal damping factor a = 0.39 and « the atomic polarizability.

The calculation of free energies has been performed by the umbrella sampling method
where one spatial coordinate (the La-O distance) has been restrained using an harmonic
potential (with a constant of 300 kcal/A?) for 83 increasing values starting from 2.4 up to

7.0 A. One NVT simulation of 10 ps has been carried out at each distance (2 ps were left for



structural relaxation). The free energy profile (Potential of Mean Force) has been estimated
through the Weighted Histogram Analysis Method (WHAM) as implemented in ref.?® and
the code of ref.5! The final free energy profile has been corrected using the entropic term for

spherical systems: %253

TAS(r) = 2kgT log(r/ro) (5)

where 7y is the distance where the PMF is zero yielding the free energy correction with

respect to the minimum of the PMF.

Force field development

The force field parameters of DMSO have been determined by ab initio calculations on
an isolated molecule. Geometric optimization at the HF/6-31G* has been followed by a
frequency evaluation. The parameters (equilibrium distances and forces) obtained in this
way for bonds and angles are substantially the same as those reported in the standard set of
parameters of the amoeba09 FF. The charge distribution, ESP fitting charges and multipole
calculation has been performed at the MP2/6-3114++G(2d,2p) level. The resulting partial
atomic charges are -0.33217 for C, 0.92255 for S, -0.70269 for O and 0.07408 for H. The
dipole moment of the resulting molecule at the MM level is 4.116 D which matches well the
ab initio value of 4.08 D and near the experimental value of 3.96 D.5

In order to test the DMSO model potential, a cell with a side length of 20 A containing
68 DMSO molecules has been equilibrated at room conditions in the NpT ensemble using the
Berendsen thermostat/barostat. The average density of the resulting pure liquid DMSO was
1.074+0.01 g/cm? (that compares well with the experimental value of 1.091 g/cm?3°?) and
the self-diffusion coefficient turned out to be 5.1 - 1071%m?2s~! that compares less favorably
with the experimental value of 9.5 - 1071%n2s~! probably because of the combined effect of

the Berendsen thermostat and the small size of the cell, but is sufficiently accurate to study

DMSO structural properties around highly charged ions.?®% The dipole polarizabilities of



the lanthanoid(I1I) ions have been taken from the fully relativistic calculations of ref.5” and
are 1.13, 0.82 and 0.61 A3 for La’t, Gd*" and Lu®* respectively.

The parameters of the short range non electrostatic (vdW) interaction potential €;; and
r% for La*" and Lu" have been obtained by a trial and error procedure starting from a
reasonable ansatz reported by OPLS force field®® and optimizing the "homonuclear” vdW
parameters of the Ln®*" ion in order to reproduce geometry of Ln3*(DMSO),, clusters ob-
tained by the ab initio calculations in the gas phase. This procedure leaves unchanged the
original Amoeba vdW parameters for the Oxygen atom therefore preserving the transfer-
ability of the resulting FF.

The ab initio data (La-O distances and interaction energies) for the La®™ have been taken
from the calculations reported in ref.?! For Lu®*" we have optimized the clusters with 1, 4,
6 and 8 DMSO molecules using the B3LYP/6-31+G(d) combination and the Small Core
ECP and basis % for Lu. No ab initio calculations were performed for Gd** because of the
difficulty in converging HF /DFT solution on such a high spin system. The vdW parameters
were refined in a trial and error procedure using only the Ln3*-DMSO, Ln**(DMSO), and
Lo (DMSO)g ab initio results, while the Ln*"(DMSO)g has been used as a reference test of
the goodness of the derived potential. The La-O distances and their ab initio counterparts
are reported in Table 1 along with the best fitting potential parameters. We notice that we
have a set of parameters that reproduces the Ln3"-DMSO systems and another that is able
to reproduce both Ln**(DMSO), and Ln*"(DMSO)g systems. The latter is then used for
the n = 8 clusters (to check the robustness of the parameters) and for the liquid phase.

Using these potentials for the above mentioned clusters, the Ln3"-O distances resulting
from the ab initio geometries were reproduced within 0.03 A of accuracy and the ab initio
interaction energies (defined as the difference between the energy of the complex and the
energy of the separated molecular constituents) of the Ln-DMSO complex were reproduced
to roughly 10%. As shown in the Table 1, our Amoeba force field is able to grasp both the

geometric and energetic feature of the La’*(DMSO)g cluster even though it was not used in



the refinement of the force field parameters.

Table 1: Average Ln*"-O distances from ab initio and Amoeba geometric opti-
mization with the vdW parameters sets (with potential (2) results reported in
parenthesis). We have also reported the interaction energies as computed by
MM (with potential (2) results reported in parenthesis) and QM methods.The
parameters reported in bold are those that have been used for the simulation of
the liquid phase (with potential (2) parameters in parenthesis)

La3*[DMSO] La3*[DMSO], La*[DMSO]s La3*[DMSOJs

La-O average distance in A

DFT 2.01 2.29 2.41 2.52
Amoeba 2.04 2.31 (2.26) 2.41 (2.36) 2.52 (2.48)
Cluster interaction energy in kcal/mol
DFT -219 -539 -645 -729
Amoeba -178 -488 (-509) -656 (-688) -692 (-714)
vdW parameters in A and keal /mol
70 4 4 (3.9) 4.0 (3.9) 4.0 (3.9)
1.2 2.5 2.5 2.5

Lu**[DMSO] Lu*[DMSO]; Lu3*[DMSOJs Lu®*[DMSO]s

Lu-O average distance in A

DFT 1.88 2.09 2.22 -
Amoeba 1.88 2.09 2.22 (2.20) 2.37 (2.32)
Cluster interaction energy in kcal/mol
DFT -257 -607 -700 -730
Amoeba -210 -580 =707 (-729) =778 (-797)
vdW parameters in A and keal /mol
70 4 3.67 3.62 (3.53)  3.62 (3.53)
1.68 1.7 2.5 2.5

As we shall show in the following, the potentials that have been determined so far by
comparison with the ab initio structural data slightly overestimate the Ln-O distances in
solution when compared to experiments. Since for La?" this is the key factor in determining
also the shell structure, we have also tested the same potentials above with a small (2.5%)

reduction of the effective radius r° (see Table 1 where the values for the "rescaled” potentials



are given in parenthesis). While these "rescaled” potential models are unable to reproduce
exactly the structural features of the gas-phase clusters above, nevertheless we report the
results stemming from them because they turn out to be more accurate in reproducing the
solution structure in liquid DMSO. We will have thus results for the original potentials and
for the "rescaled” ones (labeled (1) and (2) respectively in the following).

The potential parameter r° for Gd*>T has been interpolated using the ones obtained for
La** and Lu®* based on the well known linear decrease of the ionic radii of lanthanoids
ions.% In this respect the simulations of Gd** have been used as a test case in order to
prove that, using the above procedure, we have parametrized a "universal” Amoeba force
field for all the lanthanoid ion series. The force field parameters for Gd®* turned out to be
r0 =377 A (r° = 3.67 in potential (2)) and ¢ = 2.5 kcal/mol. A tinker configuration file (a

template example for the La®" ion in DMSO) is reported in the supporting information.

Results

As an expected result, the DMSO solvent molecules are well structured around the ion,
due to the strong electrostatic forces exerted by the ion and the sizable dipole moment of
DMSO. By taking the trajectory for La®" as an example and putting the positive ion in the
center, we can easily represent the average density of the solvent’s oxygen atoms, as shown
in Figure 1, where the density is cut at about 75% of its maximum value. An almost regular
structure stems from the dynamics and it clearly emerges that the first solvation shell is
strongly localized around the central ion. Very similar situations are obtained in the case of
Lu*t and Gd*" ions.

In Figure 2 we report the radial distribution functions (RDF) of the Ln3*-O distances
within the first 3.5 A and the corresponding integral as to give the coordination number
(CN). This data has been collected on 4 to 6 ns of trajectory depending on each ion. We can

see that the CN for La3* is between 8 and 9 while those arising from the Lu** and Gd3* are

10



precisely 8. This change is clearly due to the diminished ionic radii of Lu*" and Gd3* with
respect to La®*T. Only for La3" we report RDFs of both potential(1) and (2), because, as we
will see, there are interesting differences. While for Lu®* and Gd3* the differences in the Ln-
O RDF is minimal by changing potential (1) with (2) and we see only a slight adjustment of
the peaks position to lower distances (see Table 2), the situation is different for La3*. Upon
changing the potential (1) with (2) we see that the RDF not only shifts at smaller distances,
but also substantially changes its shape by becoming more compact. Accordingly, the CN
diminishes from 8.6 to 8.4 thereby signaling a somewhat different shell structure for the very
first solvating oxygen atoms. It is important to remark that while for the two ”smaller”
lanthanoid ions we obtain a purely 8-fold coordination, for La3* with both potential models
we get a mixed coordination due to the coexistence of 8 and 9-fold coordination shells. This
interesting result confirms our previous findings from accurate gas phase calculations®' that
have shown how the free energy difference between a cluster containing 9 DMSO molecules
directly bound to the central ion and one made by 8 DMSO molecules directly bound and

one DMSO in second shell is very small and comparable to RT at room temperature.

Figure 1: Density of the oxygen atoms in the unit cell cut at about 75% of the maximum
value

In Table 2 we report the average Ln-O distances for the three different ions as it stems

11
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Figure 2: Radial distribution functions for the Ln3"-O distance (left) and relative integral
or coordination number (right).
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from 4 ns trajectories, as well as the maximum of the Ln-O radial distribution functions.
First we comment results obtained by potential (1) that is directly derived from ab initio
calculations. As we can see, the simulation distances obtained are in fairly good agree-
ment with the corresponding experimental data with an average error of no more than 3%.
Note that the difference between the average and the maximum of the distribution is about
0.02 A for Lu*t and Gd**, while is significantly larger for La®t because of the coexistence
of 8-fold and 9-fold structures that, in turn, gives rise to a sizable broadening of the RDF.
This is due to the fact that the La® ion is able to accommodate 9 molecules of DMSO in
the first solvation shell while the experimental data would tend to exclude this case.?® We
also note that Persson et al.? have analyzed the data from the EXAFS experiments using
a non-symmetric distribution so that we can compare the differences between the average
and the maximum of the distributions: less then 0.02 A is reported, thus suggesting that
the solvation shell is probably more compact than our findings with potential model (1).
Nevertheless, considering that the employed force field has not been fitted on these experi-
mental observables but, instead, obtained by purely ab initio considerations the result and
the agreement between the distances reported in Table 2 is remarkably good.

In Table 2 we have also reported the results arising from the second model potential,
labeled (2), that has a reduced van der Waals radius by 2.5%. The "rescaled” potentials
provide results that, in turn, better fit the experimentally determined Ln?>T-O profiles and
geometries. It is worth noting that in the case of La®*", though using the potential model (2),
that gives a much better agreement with experimental data, we still obtain a mixed 8/9-fold
coordination shell. Obviously, such a reduced-radius model is not able to fit correctly the
gas-phase structures of the cluster reported in Table 1 where it produces distances that are
too short by about 3% with respect with the ab initio results. Assuming that the coordinated
oxygen "radius” is the same adopted in ref.,'* i.e. 1.35 A, we can easily calculate from the
potential (2) data Table 1 in the ionic radii of the Ln®* ions that are 1.15, 1.03 and 0.98 A for

La’t, Gd*" and Lu®" respectively. In water the following effective radii for the same atoms
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were reported™ 1.250 A; 1.050 A and 0.995 A. The values we obtained for Gd*" and Lu?*+
are very similar, while for La?* in DMSO we have a smaller value. This is not surprising
since, for the latter, only the 9-fold structure is populated in water, while in DMSO we have

a coexistence of 8- and 9-fold geometries and it is known that an 8-fold geometry corresponds

to smaller ionic radii.?*%°

Table 2: La-O distances, in A, as obtained by the simulations using the ab
initio adjusted van der Waals parameters, Potential(1), and the rescaled ones,
Potential(2). EXAFS K-edge and Ls-edge data of ref? and XANES data of ref'®
are reported for comparisons. In the case of simulation and EXAFS data we
report the barycenter and, in parenthesis, the maximum of the distribution

System | Potential(1) Potential(2) EXAFS K-Edge? EXAFS L-Edge? XANES'!

La®™ | 257 (252) 250 (248)  2.507 (2.484) 2.486 (2.465) 2.49
Gd3t | 242 (241) 238 (2.37)  2.388 (2.381) 2.388 (2.381) 2.40
Ludt | 2.36 (2.34) 233 (2.32)  2.297 (2.287) 2.288 (2.282) 2.29

Concluding, we should remark that experiments report a decrease in Ln-O distances be-
tween La®t and Gd3* of about 0.1 A and between Gd3* and Lu®* in the 0.05-0.07 A range
and the two potentials reproduce this quantity relatively well (with small deviations), pro-
viding about 0.1 A in both cases. While both potentials provide that 8 DMSO are in the first
coordination shell of Lu** and Gd®*, in the La®** case both potentials lead to a fractional
coordination number arising from the coexistence of an 8-fold and a 9-fold geometry for

30 accumulated so

the first solvation shell. Since the contradictory experimental evidence?
far is not sufficient to unambiguously determine a unique structure characterizing the first

solvation shell we report in the following the geometrical features of both the possibilities.

La’t@DMSO solvation structure

As reported previously (see the coordination numbers plot in Figure 2), the two model
potentials, (1) and (2), provide for La*" both CN=9 and CN=8 solvation structures. We
now analyze in more details such simulations to characterize the two possible coordination

structures. From the dynamical point of view we can see from the time dependent La-
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Figure 3: La-O distances as a function of simulation time in the La?*"-DMSO system

O distances reported in Figure 3 calculated with potential (1) that there is a dynamical
exchange between the configuration with CN=8 and that with CN=9. In this figure, only
the La-O distances smaller than 4 A are reported. The first eight molecules are shown in
black and the ninth molecule that moves from second to first shell is shown in red. The
two insets show the RDFs calculated on two different portions of the dynamics: one (A)
calculated on the portion going from 1 to 1500 ps (characterized by a shell of 8 molecules)
and the second (B) calculated on the portion ranging from 2500 to 5000 ps. When the
ninth molecule is part of the first coordination shell we can see that the distribution of La-O
distances broadens and its barycenter shifts to larger distances from 2.53 A to 2.59 A.

In order to check the sensitivity of our calculations to the initial conditions, we have run
two additional dynamics (of approximately 5 ns each) starting respectively from a configura-
tion with 9 and 8 oxygen atoms in the first shell. In both cases we have obtained a dynamical

behavior where the dominant structure turned out to be the configurations with 9 atoms in
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the first shell and coordination numbers around 8.9. We conclude that the dynamics carried
out using potential (1) tend to have a net preference for a 9-fold solvation shell of La3*.
We show in Figure 4, in a similar fashion to what we did in Figure 3, for potential (1)
the evolution of the coordination shell for potential (2). As we can see, even with a potential
that has a smaller vdW radius for the central ion and that produces a radial distribution in
very good agreement with experiments, we have a coexistence of 9 and 8-fold coordination
motifs. In Figure 4 we see (in green and in red) molecules moving from the solvation shell

to the bulk and from the bulk to the first coordination shell.
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Figure 4: Upper panel: La-O distances as a function of simulation time in the La?*"-DMSO
system. Lower panel: coordination number as a function of time. See main text for details.

We now describe the shapes and geometry of the two coordination models that we have
found in our simulations. We shall use the data coming from potential (1), but those coming
from potential (2) are quite similar in terms of geometric shape and we shall not present them
for sake of brevity. It is well known that one of the most common shapes in complexes with

1,11,28,61

8 ligands is the square antiprism, in particular for lanthanoid(III) ions. The question
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whether or not the first shell maintains a regular shape when coordinating 8 molecules can
be partially answered by examining the geometric distribution around the ionic center. This
is done in Figure 5 where we show the O-O RDF (on the left), and the angular distribution
function between two vectors pointing from the central La" ion to two oxygen atoms (on
the right). The data on the left is presented as an average over the entire trajectory of Figure
3 (black), an average over the trajectory portion where La** is 8-fold coordinated (red) and
finally and average over the part of trajectory where the ion is 9-fold coordinated (blue).
Apart of the "intensity” of the first peak, the profiles of the RDFs are very similar thereby
leading us to conclude that the distances between the oxygen atoms remain substantially the
same during the dynamics regardless of the local structure of the first coordination shell. On
the other hand the data reported in the right panel of Figure 5 show a much more interesting
behavior. In the upper right panel we show (solid red line) the angular distribution of all the
possible O-La-O angles in the first coordination shell as obtained on the portion of trajectory
which sees 8 molecules in the first shell. We also report the same angular distribution in a
model cluster that has a square antiprism shape (dashed red line). We can see that the main
features of a square antiprism are present in the simulation although the conformation in the
liquid seems to be less structured. In particular the distribution of the liquid phase shows
two peaks around 70° and 140°. The former corresponds to the angles between adjacent
oxygen atoms in one of the two squares or between atoms on two different squares but joined
by an edge. The latter instead is the angle formed by atoms located on different squares, but
not connected by an edge. Further inspection of Figure 5 shows that in the liquid we do not
see the peak centered around 120° which corresponds to angles between atoms located on
the same square ring but in opposite positions (i.e. those joined by a diagonal of the square).
This effect is probably due to a sizable distortion of the antiprismatic structure during the
dynamics. The situation is different for the CN=9 structure that is shown in terms of its
angular distribution in the bottom-right panel of Figure 5. This CN=9 structure is that of

a distorted square anti-prism with a cap corresponding to the additional oxygen atom. The
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structure in the liquid matches almost perfectly that of the model system.
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Figure 5: Left: O-O RDF on different portion of the trajectory. Right: O-La-O angular
distributions on different portion of trajectory. See text for details.

In order to better elucidate the local geometry around the central ion we report in figure
6 the spatial distribution functions of the oxygen atoms of the first shell taken with respect
to a three atom reference system that includes La®*™ and two of the surrounding oxygen
atoms. The distribution functions have been evaluated on two trajectory portions of similar
lengths where the system clearly shows a unique coordination number. More specifically the
data collected for the coordination number equal to 8 refers to an average over the portion
of the trajectory from 1 to 1500 ps (see Figure 3) and the data collected for the coordination
number 9 stem from an average over the frames from 2500 to 5000 ps. In both cases the
simulation time is enough to have equilibrated and converged structural results, such that
the different time sampled for the two structures should not be relevant in providing spatial
distribution function and other geometrical data (and 1.5 ns is the longest continuous portion

with CN=8 we have in La" trajectories). To allow for a simple comparison we also report
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the model systems from which we have taken the angular distributions above. As we can
see the structure with CN=8 is fairly regular in the dynamic simulation and clearly looks
like the square antiprimastic structure of the model. On the other hand the structure with
CN=9, albeit still very similar to the model, shows a certain degree of disorder due to
increased motion of the oxygen atoms around their equilibrium positions. By comparing the
structures obtained with MD and those arising from the models we conclude that the CN=9
geometry is a square antiprism with a ninth oxygen atom that forms a cap on one of the

square faces.

.
d }u

“’P‘S:

Figure 6: Left panels: spatial distribution functions around the central La3* ion from MD.
Central and right panels: model geometrical systems from two different points of view.

La’*@DMSO energetic

Finally, to better understand the possible coexistence of the 8- and 9-fold solvation struc-
ture, we have performed energetic calculations, both in the gas and liquid phase, using the

potential (2), which better agrees with experiments in terms of La-O distance. In terms of
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total internal energy, an isolated cluster containing 9 molecules directly bound to the central
ion is more stable than the cluster obtained by moving one of the nine molecules in second
shell (a configuration that we shall call 841, see Figure 2 in the supporting informations).
In particular the energy difference between the minima of the 9 and 8+1 structures as com-
puted using potential (2) turns out to be -3.17 kcal/mol (thus in favor of the 9 structure).
If we now let the r0 potential parameter to vary continuously between 3.4 and 4 A and
we calculate the energy difference between the minima of the 9 and 841 structures versus
r? we find that the AE becomes positive (thereby favoring the 8+1 structure) when 70 is
sufficiently small i.e. 3.7 A, a value that falls near the Gd** parameter set (see Table 1).
The energy as a function of 7° is reported in Figure 1 of the supporting informations. These
findings qualitatively justify the coordination numbers and the shapes of the solvation shells
of the elements that we have analyzed above.

The competition between the 8-fold and the 9-fold coordination motifs in solution needs
the calculation of free energy in solution. We have employed umbrella sampling molecular
dynamics using the La-O distance as reaction coordinate to estimate the difference between
the two coordination geometries. In particular, starting from a 9-fold structure, we gradually
removed one DMSO molecule by increasing the La-O distance up to the point of obtaining
an 8-fold structure that is the equivalent of the 841 gas phase structure. The resulting
PMF is shown in Figure 7 where we have chosen r, = 2.55 A in Eq. 5. The final free
energy difference turns out to be in favor of the 9-fold structure of about 1.5 kecal/mol. This
value is less than half of the gas phase value. The qualitative picture emerging from energy

calculation is that both structures are thermally accessible.

Lu?t@DMSO and Gd3*T@DMSO solvation structure

In the case of heavier lanthanoid(IIl) ions the CN=8 coordination motif is the only one
observed. In addition, we did not record any exchange between the first solvation shell and

the bulk during the 4 ns dynamics. We now analyze in details such structures to clearly
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Figure 7: Free energy profile (PMF) for the extraction of one DMSO molecule from the
La3+@DMSO configuration with 9 molecules in the first shell. Raw data are shown as
points and a smoothing interpolation is also shown as a guide for the eye.
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define the arrangement of DMSO molecules around the central Ln3* ion. The radial and
angular distributions for the O-O distance and O-Ln-O angles for both Lu®* and Gd3* ions
are reported in Figure 8. In this figure we have collected only data coming from the oxygen
atoms of the first shell without including those atoms which are farther than 3.5 A from the
ion. In a model cubic antiprism we have four sets of possible O-O distances that, in order
of their lengths from the smallest to the largest, are: (i) those that connect atoms on two
different square faces along an edge, (ii) those that connect two adjacent atoms along the
side of the square faces, (iii) those that connect two opposite atoms across the square faces
(along their diagonal) and (iv) those that connect atoms in two different square faces and non
connected by and edge. We therefore expect to find 4 peaks in the (intra-shell) RDF of the
oxygen atoms. In our simulation we find only two: the first peak (that is the more intense of
the two) is actually made by the recurring distances that pertains to the (i) and (ii) groups
above and the second peak is made by the recurrences of the (iv) group of distances. The
group (iii) is missing. This is analogous to what we have noticed in the angular distribution
functions reported above for La*"(DMSO)s in Figure 5 where the angular peaks expected
for the angles between oxygen atoms on two different squares but not connected by and
edge was missing. Again, in the case of the other Ln* ions we have a fairly regular square
antiprism structure where however, internal motions distorts the two square faces thereby
suppressing the occurrence of certain angular or distance recurrences between the oxygen

atoms.

Conclusions

We have studied how DMSO molecules are arranged around Ln3* ions by means of polar-
izable molecular dynamics simulations. To this end we have derived new vdW potential
parameters for the Amoeba force field from quantum chemistry calculations on La3t and

Lu?* clusters. Through an extrapolation procedure, taking advantage of the ionic radius
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Figure 8: Left: O-O RDF for Lu*™ and Gd3" in the first solvation shell. Right: O-La-O
angular distributions. See text for details.
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linear decrease across the series and similarly to what has been done for lanthanoids(III) in

1421 it was possible to successfully determine the Gd3* force field parameters without

water,
additional quantum chemistry calculations. This ab initio based force field was able to cor-
rectly describe the distance decreasing across the series, although, in order to improve the
ion-DMSO distance to match EXAFS and XANES data,*!%%2 we had to slightly alter one of
the potential parameter. For that, we had to pay the price of loosing accuracy with respect
to cluster ab initio results.

Concerning the coordination number, in the case of heavy lanthanoids (Gd** and Lu®")
we obtain an 8-fold coordination, in agreement with EXAFS and XANES experiments. 21562
In the case of La®", the situation seems to be less clear: both with the ab initio based and
with the rescaled potential we obtain a mixed first shell configuration that includes a SAP
8-fold structure and a mono-capped SAP, 9-coordinated structure. Since the experimental
determination of CN is not always very easy and free from uncertainty, the question weather
a 8-fold or 9-fold structure is present when La®" is immersed in DMSO is still open. It
is therefore likely that, similarly to what observed in Ln3* hydration,% there can be a
dynamical coexistence of the two coordination schemes. Our free energy calculations also
leave the possibility of a thermally induced oscillation open.

Finally, we have clearly determined that the 8-fold structures are thermally distorted
square anti-prism structures, and the 9-fold structures are a square anti-prism to which
a ninth molecule is added on one of the square faces. This picture is in agreement with

the possible statistical coexistence of the two structures and with the difficulty of clearly

determine the presence of such a ninth labile molecule in EXAFS and XANES experiments.
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