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Abstract

By using ab initio Molecular Dynamics we investigate the solvent shell structure of
La?* and Lu®* ions immersed in two ionic liquids, Ethyl-ammonium Nitrate (EAN)
and its hydroxy derivative (2-Ethanolammonium nitrate, HOEAN). We provide the
first study of the coordination properties of these heavy metals ion in such highly
charged non-acqueous environment. We find, as expected, that the coordination in the
liquid is mainly due to nitrate anions and that, due to the bidentate nature of the ligand,
the complexation shell of the central ion has a non trivial geometry and a coordination
number in terms of nitrate molecules that apparently violates the decrease of ionic radii
along the lanthanides series since the smaller Lu?* ion seems to coordinate 6 nitrate
molecules and the La3T ion only 5. A closer inspection of the structural features
obtained from our calculations shows, instead, that the first shell of oxygens atoms is
more compact for Lut than for La?* and that the former coordinates 8 oxygen atoms
while the latter 10 in accord to the typical lanthanide’s trend along the series and
that their first solvation shells have a slight irregular and complex geometrical pattern.
When moving to the HOEAN solutions we have found that the solvation of the central
ion is possibly also due to the cation itself through the oxygen atom on the side chain.
Also in this liquid, the coordination numbers in terms of oxygen atoms in both solvents

is 10 for La?t and 8 for Lu?t.
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Introduction

Solvation is the ubiquitous phenomenon that lie at the basis of the chemical behavior and
reaction processes in liquids. The solvation processes control the dissolution and diffusion

of ionic and neutral species and its understanding is crucial for the optimal design of many



industrial and extraction processes. The dissolution and the complexation of lanthanoids(I1I)
ions, Ln3*,1™* may represent a very effective route for the separation of these elements. It
therefore follows that the physical characterization of the structure of their solvation shell is
mandatory to select the best performing solvents.® The separation of Ln3* ions from nuclear
waste is currently done by employing organic solvents to extract them from the aqueous
phases with different techniques and operating conditions. Among the various substances
that can be used in the separation processes, ionic liquids may represent a viable and effective
route®® because of their unique solvating abilities” and their chemical stability.

Tonic liquids (ILs) are one of the most promising class of solvents nowadays available
and one of the most investigated materials of the last decades.®'® The possibility of tun-
ing their physical properties with changes in their chemical structure has motivated the
use of these materials as "tunable solvents” for an impressive range of technical applica-
tions. The complicated relation between the macroscopic properties of these substances and
their nanoscopic structure ultimately depends on the rather entangled interplay between the
molecular ”shapes” of the constituents and the energetic balance between the long-range
electrostatic forces, the short-ranged Van der Waals ones and possibly hydrogen bonding.
The latter is particularly important in the subset of ILs known as protic ionic liquids that
can be prepared ! through an acid-base reaction that leads to the formation of a liquid en-
tirely made of charged species where proton acceptor and donor sites eventually generate an
hydrogen-bonded network (e.g. see refs.!518).

In recent years, the development and the growth of computational power has allowed the
theoretical community to provide a rather accurate nanoscopic interpretation of many bulk
properties of such complex materials. %181 One of the possible approaches which have been
used to tackle the problem of a microscopic description of ionic liquids is ab-initio molecular
dynamics (AIMD),6:20-24 even though these simulations are still limited to very short time

scales and small spatial dimensions due to the poor performance of AIMs with respect to

classical MD.??



In this view we present here a study in which we employ first principle molecular dynam-
ics in order to interpret the structure of the solvation shell of lanthanoid(III) ions immersed
in ethyl ammonium nitrate (EAN, [CH3-CHy-NH4|T[NO3]™) and its hydroxyl derivative
(HOEAN, [HO-CHy-CHo-NHy ] *[NO3] 7). Beside the importance these systems may have
due to the interest in extraction processes, this work allows also to obtain a theoretical char-
acterization of the nitratolanthanate(III) anions that have been seen to be one of the main
complexated species that exists in the chemical environment for the extraction processes
using concentrated HNOj3.20?" Previous studies of the nitrates complexes of lanthanoids(III)
ions have mainly focused on the description of nitrate complexes in acqueous solutions or
in organic solvents (see ref?® and references therein). We provide here, for the first time, a

simulation of these ions in an environment that is a pure electrolyte with no water.

Computational details

The CPMD code? has been used for the calculations. The initial liquid cells have been
created by means of classical molecular dynamics employing the OPLS3Y force field and a
suitable choice of the Ln(ITI) Lennard-Jones parameters'. NPT (298 K and 1 atm) classical
molecular dynamics has been performed to provide a sufficiently equilibrated initial config-
urations that turned out to have densities of 1.21 and 1.34 g/cm?® for EAN and HOEAN
respectively (these densities compare well with the experimental values reported in our pre-
vious work on the same RTILs®'). The initial cells have a side length of 15.53 and 15.60
A for EAN and HOEAN respectively and contain 24 ionic couples plus the Ln®** ion.
Car-Parrinello molecular dynamics has been performed employing the BLYP functional and
Troullier-Martin®? pseudopotentials (PP) for first row elements. The La®" pseudopotential
has been taken from ref.3® and that for Lu®** from ref.?* The energy cutoff on the plane

waves have been set to 120 bohr and the fictitious electronic mass to 350. Starting from

1We have used the parameters reported in the standard OPLSAA force field that are 0=3.75 A and
€ = 0.06 kcal



the classical configuration we have performed a geometric minimization followed by an equi-
libration of about 6-7 ps (depending on the system) using a simple ion velocity re-scaling
technique for temperature control. The production part of the MD has been propagated with
3 a.u. time-step in the NVT ensemble (298 K) with the Nosé-Hoover thermostat for a total
simulation time ranging from 30 to 60 ps depending on the systems. The deuterium atom
has been used instead of hydrogen to ensure a proper propagation with the chosen time-step
and to reduce zero point energy inaccuracy due to the quantum nature of the bond involving
hydrogen. The total propagation time is certainly sufficient to provide a relaxed shell con-
figuration albeit not long enough to allow us to see ligand exchanges which is a process that
can take place on timescales of the order of ns especially when highly cohesive liquids such
as ILs are involved. Some of the post-processing analysis has been done using the Travis
program.3?

The parameter selection and a test on the usability of the PP has been performed by opti-
mizing the cell structure of the tris(1,3-dimethyl-1H-imidazol-3-ium) hexanitrato-lathanum ¢
whose crystal structure is known experimentally (CCDC Number 910702). The crystal cell
of this solid contains one La®" ion, three imidazole cations and six nitrate anions that are
coordinating the central charged ion. The crystallographic structure has been fed into the
geometry optimization module of the CPMD code. The geometric optimization has been
performed in 63 step up to a convergence of 0.001 on the total gradient. The total final
RMSD deviation between the initial and final structure was very small and equal to 0.06 A.

Therefore we expect the chosen PP to be sufficiently accurate in determining the geometrical

structure of the La?t ion in our simulations.



Results and discussion

La’t and Lu?*t in EAN

We begin by showing the radial distribution functions of the two Ln3* ions in the EAN IL in
Figure 1. The main coordinating ligand is obviously the nitrate ion and therefore we show
the Ln®T-O distance. The RDF has two clear distinct peaks owing to the fact that, once
the nitrate has bound to the ion trough one or two oxygen atoms (the peak around 3 A),
at least one of the other oxygen atoms remain free and points far from the ion (the smaller
peak at 4 A). As we can see from the data on the right, where we report the integral of
the RDF i.e. the coordination number (CN) of the Ln* ion, the total number of oxygen
atoms coordinated up to 5 A is 15 for La®" and 18 for Lu®*t therefore indicating that La3*
is coordinating 5 nitrate anions while the Lu®" is coordinating 6. The total number of " first
shell” La-O contacts is slightly below 10 for La®* while it is about 8.5 for Lu®** in accord
with the decreasing ionic radium along the lanthanoids series.

In order to understand the exact geometric configuration of the ion we report in Figure
2, in the same fashion as in Figure 1, the relevant data taken with respect to the N atom.
As we can see the number of nitrate molecules in the first shell is 5 and 6 for La** and
Lu" respectively. This means that in the case of La®" all of the 5 nitrate molecules act as
bidentate ligands with a total of 10 La-O well defined contacts, while for Lu®*" the situation
is more complex as only about 2 or 3 of the 6 molecules seems to act as bidentate ligand
with a total oxygen CN of 8.5. The preference of La* for a bidentate complexation has
been noticed before as well as the tendency of an increase of monodentate configurations in
the "smaller” cations as Lu®*.3" This behavior is clearly shown by the asymmetry of the
first solvation shell of the Lu®*" ion that produces two distinct peaks in the Lu-N RDF as
indicated by the data in the left panel of Figure 2.

In general the RDF of the Ln®*-O distances are expected to have peaks a lower distances

when moving from La?™ to Lu®* owing to the decreasing ionic radius of the Ln3" ions
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Figure 1: Left: RDF for the Ln(III)-O distance. Right: integral of the RDF i.e. the
coordination number of La®*with respect to O.
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Figure 2: Left: RDF for the Ln(III)-N distance. Right: integral of the RDF i.e. the
coordination number of La* with respect to N.



along the series. This decrease in the average Ln3"-O distance is clearly shown by the
data in the left panel of Figure 1 where the average Ln-O distance moves from 2.65 A in
La*t to 2.37 A in Lu®t. For other solvents such as water®® or DMSO?% the decrease in
ionic radius naturally leads to a corresponding decrease in the average coordination number.
However due to the bidentate nature of the nitrate ligand, here we see the opposite effect: the
coordination number when we count the number of anions directly connected to the central
ion is increasing along the lanthanoid(III) series despite the reduction in the average Ln3t-O
distance. The results are summarized in Table 1 where we report the average (weighted)
Ln?T-O and Ln®*"-N distances and the coordination numbers.

Table 1: Average, maximum and coordination number of the Ln*"-O and Ln3*-N
distance distributions as obtained by our calculations

System Ln?T-O Ln?T-N
Average(Maximum) CN | Average(Maximum) CN
LaGEAN 2.65(2.60) 10 3.11 (3.07) 5
LuQEAN 2.37(2.32) 8.5 3129 6
La@HOEAN 2.62 (2.58) 10 3.08 (3.02) 4
Lu@HOEAN 2.37 (2.32) 8 3.25° 5

@ The distribution is bimodal with two peaks (with maxima at 2.86 and 3.32 A).
b The distribution is bimodal with two peaks (with maxima at 2.87 and 3.37 A).

In order to elucidate this effect and therefore the innermost shell structure, we have
calculated the spatial distribution function (SDF) of the N and O atoms of the first 5 or 6
nitrate molecules by fixing the reference frame on the Ln3* central ion and two oxygen atoms
of one nitrate molecule. The results are reported in Figure 3 where we show the iso-surface of
the spatial distributions for O and N atoms around the central ion cut as to include roughly
5% of the total atom density.

What we get from Figure 3 is a very clear geometrical information. The La3* ion coordi-
nates 5 nitrate anions in a slightly irregular triangular bipyramidal shape (see first row, left
panel of Figure 3 where only the N atoms density is reported). All the 5 nitrate molecules be-

have as bidentate ligands with two La-O contacts for a total coordination number of Oxygen
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Figure 3: First row, left: SDF relative to N atom surrounding the La3*t ion. First row, right:
sdf of N and O atoms around the La3" ion. Second row: same as above but for the Lu3"
ion.
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atoms in the first shell of 10. The Lu®* ion, instead, coordinates 6 anions in a octahedrical
shape where only 3 of these act as bidentate ligands so that the oxygen coordination number
in the first shell is really reduced from 10 to 8.5 accordingly to the sizable reduction of ionic
radius of Lu®T with respect to La®>*. Therefore what it might initially appears as a incon-
sistency in the coordination number is really due to the more complex docking geometry
of a bidentate ligand with respect to simpler situation such as those in water and DMSO.
The shell of oxygen atoms around La®** does not have a clear geometric shape but due to
the mobility of the ligands (see below) is rather disordered. The oxygen atoms around Lu?*
are also disordered and we were unable to identify a simple geometric pattern. Two snap-
shots have been extracted from the simulations and are reported in Figure 4 as examples to

illustrate the behavior described above.
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Figure 4: Selected snapshots of the MD trajectory: left, La’*@EAN, right Lu**@QEAN. The
atoms whose distances is within 4 A from the central ion are opaque while the rest of the
system is rendered transparent. The bonds between the central ion and the oxygen atoms
have been added for ease of interpretation.

La’*t and Lu’t in HOEAN

The situation that we have described in the previous section undergoes, perhaps surprisingly,
a significant change when using the HOEAN solvent instead of EAN. What we see is that
the oxygen atom of the cation becomes quickly incorporated into the first solvation shell

substituting partially the nitrate anion. The counter-intuitive possibility of the molecular
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cation to solvate a positive ion is due to its size that allows the positive charge that reside
on the -NH; portion of the molecule to remain far enough (more than 4 A) from the central
cation so that the residual repulsive interaction is small. The results concerning the HOEAN
simulations are summarized in Figure 5 where we report the Ln3*-O and the Ln3*-N RDFs.
We can see that the radial distribution of the oxygen atoms pertaining to the HOEAN
molecule are clearly part of the first solvation shell. The total coordination number of the
oxygen atoms and their shape remains the same as in the EAN case: 10 for La®" and 8
for Lu*. If we look on the right panel of Figure 5 we see that the coordination number of
nitrogen atoms is reduced by one both for La®" and for Lu*" where two HOEAN molecules

have entered in the first shell substituting one bidentate nitrate ligand each.
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Figure 5: Left: RDF for the Ln3*-O distance and relative coordination number. Right: RDF
for the Ln3"-N distance and relative coordination number.

In both cases we have also found that the coordination of HOEAN is probably promoted

12



because of the simultaneous formation of strong hydrogen bonds between the acidic proton

of the hydroxyl terminal and the oxygen atom of the nitrates anions in first shell.

Dynamics
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Figure 6: Time development for the La-O distances in each NO3 molecule bound to the La3*
ion. There are 5 nitrate molecules in the first shell and for each of these we report the three
La®T-O distances in the first 5 panels. The 6th panel (bottom-right) shows all the 24 La?"-N
distances that allow the unambiguous identification of the nitrates that are near the central
ion.

The duration of our simulations does not allow us to see much of the dynamics going on
in the system. The total simulation time of 30 ps is not sufficient to explore the inter-shell
mobility of the ligands surrounding the ions. However it is possible to see a certain degree
of dynamical motion in the first shell that takes place on short time scales. In particular

we can see that during the dynamics the relative positions of the nitrate anions change and
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that some of them are rotating. This effect is shown in Figure 6 for the La*" @QEAN system
where we report the distance of the inner La3*-O and La3*-N contacts in the first solvation
shell. As we have shown above the La?" ion in our simulations is penta-coordinated with 5
nitrate anions. The total number of La-O contacts is 10. For each of the 5 nitrate molecules
we report the 3 possible La-O distances along 30 ps of trajectory. As it is clear from the
data in Figure 6, we see that there is a rapid rotation of two of the 5 nitrate groups at about
16 ps. This rotation is seen as an exchange of two of the distances reported in the 4th and
5th panel of Figure 6. No other exchange processes are to be seen in the limited time span
of our simulations. The results for the other systems are very similar to this one and we do

not report them.

Conclusions

In conclusion, we have analyzed for the first time with ab-initio molecular dynamics the
solvation structure of La3t and Lu®" in two typical ionic liquids with a strong protic envi-
ronment using ab-initio MD. The dynamics have been carried out for a time span of 30 to
60 ps and therefore we have focused this initial effort only on the structural features of the
resulting complexes. The geometry of the first solvation shell is obviously dependent on the
size of the central ion and, as it is well known, Lu** is much smaller than La?* in terms of
its ionic radii. We have determined that the total number of nitrate anions coordinated to
the central ion in LaQEAN and in LuQEAN is 5 and 6 respectively. Despite this apparently
contradictory results, we have also seen that the number of Ln3*-O contacts in the first shell
for the two systems is 10 for the former and 8 for the latter in accord with the decreasing
ionic radii dimension of the La3* ions. What happens is that while for La3* the 5 nitrates
are uniformly distributed around the central ion and all act as bidentate ligands, in the
Lu@QEAN case we have an asymmetric solvation structure where only 3 of the nitrate ions

act as bidentate ligand while the other 3 are able to coordinate the central ion with only

14



one contact each. Unexpectedly, when EAN is replaced by HOEAN the solvation of the
central ion is due to both anions and cations. We have seen that one of the nitrate anions
is substituted by two ammonium cations that coordinate the central ions through their OH
terminals. This peculiar process is driven by the formation of hydrogen bonds between the

nitrate molecules coordinating the central ion and the OH groups on the cation.
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Graphical TOC Entry

The first shell of solvation of La3t in HOEAN ionic liquid (a snapshot
from molecular dynamics).
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