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ABSTRACT: Lanthanides complexes are widely used as contrast agents in magnetic resonance
imaging (MRI), and are involved in many fields as organic synthesis, catalysis and nuclear waste
management. The complexation of the ion by the solvent or an organic ligand and the resulting
properties (for example the relaxivity in MRI) are mainly governed by the structure and dynamics of
the coordination shells. All the MD approach already carried out for the lanthanide (III) hydration
failed due to the lack of accurate representation of many-body effects. We present the first molecular
dynamics simulation including these effects that account for the experimental results from a

structural and dynamic (water exchange rate) point of view.

MANUSCRIPT TEXT:
The interest in Lanthanides (III) ions increased in many fields over the last decade. The main

applications cover medical diagnosis (contrast agents in Magnetic Resonance Imaging, luminescent



probes for protein), catalysis and organic synthesis, nuclear waste management. The study of the
coordination of lanthanide (III) ions and the water exchange in aqueous solutions is of particular
importance for the understanding of the chemical processes in which these ions are involved. A
consensus started to emerge from experimental data in aqueous solution about the change of the
coordination number from nine to eight along the series (see ref. 1 and references therein). At the
gadolinium break (actually from Sm’* to Gd**), where the coordination number (CN) is close to 8.5,
a maximum of the water-exchange rate is observed.' There are not many experimental values and
only with a limited precision. From a theoretical point of view and with respect to the experimental
values, Floris and Tani obtained a constant CN of 9 and an opposite residence time behavior along
the series.” They performed Molecular Dynamics (MD) simulations using periodic boundary
conditions (PBC) and effective ion-water pair potentials based on ab initio calculations with
polarizable continuum model. Merbach and coworkers® succeeded in predicting the CN experimental
trend by scaling the permanent dipole moment of a water molecule as a function of the ion-water
distance to incorporate some polarization effects. Unfortunately, they obtained much shorter water
residence times for the heavier lanthanides. These failures highlight the importance of many-body
effects for highly charged ions in polar solvents as water. This could be easily understood from ab
initio calculations on Ln’*-H,0. The coordination energy partitioning method (CEP),* derived from a
modified reduced variational space method, allows us to estimate the energetic contribution of the
polarization to the interaction energy: 63 % for La** and 54 % for Eu™. Ab initio MD, while
attractive, cannot be used as mean residence times for the hydration of lanthanides are at least one
order of magnitude larger than the possible simulation time (few ps). Moreover, classical MD
simulations with high-level model potentials (for example taking into account polarization and back-
polarization) can still remain too much computing time expensive if periodic boundary conditions
are used.

We present here the first results obtained with a new approach based on a molecular dynamic
simulation of an Ln**-(H,0), cluster (Ln**=La’* & Eu’*) with spherical boundary conditions and

taking into account many-body effects. This work is based on the AMOEBA force field.”” The
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electrostatic model is built from atomic multipoles in contrast to conventional force fields that only
include atomic partial charges. They are obtained from a Stone’s distributed multipole analysis
protocol through the GDMA program.® Electronic many-body effects are described using a self-
consistent dipole polarization procedure. Repulsion-dispersion interactions between pairs of
nonbonded atoms are represented by a buffered 14-7 potential. The AMOEBA parameters for the
ions were obtained from ab initio calculations at MP2 level on several geometrical configurations of
the “dimer” Ln**-H,O. All 1 ns MD simulations were carried out at 300K with a 1 fs time step.

The first peak position of the radial distribution function g(r) show the very good agreement

obtained for the Ln**-O distance with respect to the experimental data (Figure 1 and Table 1).
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Figure I: radial distribution function (RDF) g, ,, (r), g, (r) and integration curve for La’*



La3+ Eu3+
Mean CN (1% shell) 8.9 (=9.1) 8.4 (=8.3)
Ln*"-O distance
2.56 A (=2.54-2.58 A) 2.44 A (=2.43 A)
(1* shell)
CN=9 91.6% 36.8%
CN=8 7.7% 63.2%
CN=10 0.7% 0.0%
n H,O (2nd shell) 15.9 15.7
Ln*"...O distance
4.68 A (=4.63 A) 4.64 A
(2nd shell)
Residence time
980 ps 300 ps
(1* shell)

Table 1I: summary of theoretical results (with experimental data in parentheses)

Water dipoles in the first coordination shell are strongly radially oriented with a tilt angle
(between the HOH bisector and the O-La™ axis) smaller than 20° and nearly identical for the two
cations.

With respect to the currently accepted experimental behavior in the first coordination shell, we
obtained from the g(r) a decrease of the coordination number (CN) from 8.9 for La** to 8.4 for Eu**
(middle of the lanthanide series). The experimental data in Table 1 are from X-ray diffraction
studies.”'’ More recent EXAFS studies are not useful to distinguish unambiguously between a CN of
8 or 9 for Ln** ions as concluded by the authors. "

A second coordination shell is clearly identified with about 16 water molecules. Experimental data
for this shell are very scarce with large uncertainties. The number of water molecule in this shell is
distributed over the range 13 to 20 because of deficiencies of the majority of the methods." The
most reliable experimental data are obtained from Large Angle X-ray Scattering (LAXS) which

gives 18 water molecules for La** and a bond distance La™...O of 4.63 A."” Our calculated results
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for La™ are in very good agreements with this data (see Table 1). For Eu™, there is no experimental
data and we propose the values given in Table 1. Water dipoles in the second shell still remain
strongly oriented by the ion. In the first and second shell, the ion-water interaction is much stronger
than the water-water one as already observed for the hydration of some +2 ions (see ref. 14). It is
only beyond the second shell that we observe a competition between these two types of interactions.

The coordination number is generally determined experimentally by the static structure of the first
coordination shell. A dynamic analysis of the system (solvent exchange reactions, etc.) gives a more
realistic picture of the ion hydration as pointed out by Impey et al.."” They introduce the notion of
persisting coordination which measures the average number of water molecules n,,,(f) which remain
longer than a time ¢ in a given hydration shell. This statistical approach gives much more
quantitative information than a direct count of the exchange events. We have estimated the mean
residence time of a water molecule in a shell fitting the time correlation function n,,(f) with a
Weibull stretched exponential function.'®

An analysis of the MD trajectories shows that an arrangement with CN=9 is the most frequent for
La™, namely =~ 92%, whereas an equilibrium value between 9 and 8 is the preferred arrangement for
Eu’ (37% for CN=9 and 63% for CN=8). We note that an arrangement with CN=10 is never
obtained. So the water exchange mechanism must therefore be dissociative (an intermediate of
reduced coordination number occurs during the solvent exchange reaction) for La®™ in agreement
with the expectations of Helm and Merbach.'” For Eu**, our MD simulation results make it possible

to conclude to the coexistence of associative and dissociative pathways. The figure 2 shows the

water migrationbetween first and second hydration shell.
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Figure 2: part of a MD trajectory (La’* hydration) after filtering with Daubechies D, wavelets

Experimental values of residence time (the reverse of the exchange rate) of Ln’* are scarce with
often large uncertainties. The most accurate experimental technique, namely "O-NMR fails to
analyze lighter lanthanides because very high field measurements should be needed. Only an upper
bound of 2.5 ns is known for Pr’*,' while the value that should correspond to La™ is expected to be
longer. An alternative technique, namely ultrasonic absorption, yields a residence time of 4.8 ns for
La®."® There is no experimental value concerning Eu**. We can suppose an order of magnitude close
to NMR values obtained by Helm et al. for Gd** and Eu** (isoelectronic to Gd™) i.e. ranging between
833 ps and 227 ps (CN=8)."” We obtain a 300 ps value for Eu’* with a CN of 8.4 (Table 1).

With respect to the experimental uncertainties, our values are in good agreement with

experimental data. It should be pointed out that only an explicit high-level treatment of polarization

effect leads to agreement with experimental results. The values predicted if polarization is neglected,



or if a simple model is used thereof, are in error by several orders of magnitude, particularly for the
exchange rate.

It is the first time that a theoretical chemistry approach is able to simulate simultaneously the
structure and dynamic of lanthanides (III) hydration shells. We have shown that MD simulations
with an accurate polarizable force field and a cluster approach could be a valuable alternative

without losing information in the description of this microscopic system.
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