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Abstract: Preorganized ligands such as bis-lactam-1,10-phenanthroline (BLPhen) offer unique
selectivity trend in solvent extraction of rare-earth ions from their aqueous nitrate solutions, but
due to their lipophilicity it is experimentally challenging to obtain crystal structures of the
corresponding complexes to shed light on the structure of the first coordination shell and the role
of the nitrate ions in the organic phase. Herein we report first principles molecular dynamics
(FPMD) simulations of the complexation of trivalent lanthanide ions (La, Nd, and Eu) with the
BLPhen ligand in the presence of nitrate ions in the dichloroethane (DCE) solvent. We find that
two nitrate anions are present in the first solvation shell and the third nitrate anion is far from the
first solvation shell in all three [Ln(BLPhen),]*" complexes examined. Moving along the
lanthanide series from La to Nd to Eu, the binding pocket formed by the two BLPhen ligands
shrinks in size; as a result, the two nitrates change from one-monodentate/one-bidentate binding
mode for La and Nd to all monodentate for Eu; meanwhile, the total coordination number drops
from 11 for La and Nd to 10 for Eu. More interestingly, the bidentate binding in [La(BLPhen),]**
and [Nd(BLPhen),]3" complexes is highly dynamic, frequently switching to monodentate and back.
The FPMD insights into the differing modes and dynamics of nitrates in the first coordination shell
will be useful for further atomistic understanding of the complex structure, formation, and stability

in the organic phase.
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1. Introduction

Understanding the local structure of lanthanide (Ln) complexes is essential to explain changes in
their distribution ratios across the series during solvent extraction for rare-earth element (REE)
separations [1,2]. The structural and thermodynamical properties depend on the nature of the
solvent, ligand-metal complexation and counterions. Although many ligand-Ln complex structures
have been resolved, such structures have not been available for complexes of some most recently
developed ligands. A clear description of the first solvation shell, ligand-metal association, and
anion approach to the complex would be desirable and molecular simulations can provide atomistic
insights into such description [3—7].

The coordination of lanthanide cations to the ligands and anions is an active area of
research [8—13] and REE separations are usually conducted in the presence of nitric acid. The
modes of nitrate anion binding to the lanthanide cations have been extensively examined in the
aqueous phase [14—18], but less so in the organic phase. When Ln(III) ions in the presence of nitric
acid are extracted in the organic phase by charge-neutral ligands, some nitrate ions will accompany
Ln(III) ions into the organic phase. Dichloroethane (DCE) is a commonly used organic solvent
that performs well in extracting the lanthanides [19]. Therefore, it would be interesting to
investigate the binding of nitrate anions to the lanthanide-ligand complex in the DCE as a typical
organic solvent.

Rigid-structured ligands have recently attracted researchers in the field of REE separations
[20-22]. 2,9-bis-lactam-1,10-phenanthroline (BLPhen) ligand has a rigid structure and showed
one of the best selectivity towards light lanthanides [19,23], while majority of the known ligands
show more selectivity towards heavy lanthanides [24]. For example, Healy et al. found that a
typical BLPhen ligand in DCE can achieve separation factors of 32 for La/Nd, 398 for La/Eu, and
17326 for La/Lu in 0.9 M HNOj; [19]. However, the atomistic description of the first solvation
shell of lanthanide cations is unclear, particularly, the nitrate anion binding to the lanthanides in
the organic phase. Both quantum chemical (QC) calculations with the implicit solvent model and
classical molecular dynamics (CMD) simulations with explicit solvents have been used to examine
REE complexes [4,23,25,26]. Implicit solvent models miss the essential interactions between
complex and solvent, while CMD results highly depend on the quality of the force field and it is
still challenging for the commonly used force fields to accurately describe the Ln-BLPhen

complexes [26]. As such, first principles molecular dynamics (FPMD) simulations can be used to
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fill the gap between QC calculations with implicit solvent models and CMD simulations with
explicit solvents.

The present work investigates the effect of Ln(III) size on the nitrate coordination mode as
part of the Ln-BLPhen complexes in the DCE organic solvent. Because the BLPhen ligands’
preference for light lanthanides, here we focus on three typical light Ln(III) ions, namely, La(III),
Nd(III), and Eu(Ill), given the computational cost of FPMD simulations. Our plan is to obtain a
trend regarding the monodentate and bidentate binding of nitrate anions to Ln(II) and their
dynamics in the DCE solvent by comparing La(III), Nd(III), and Eu(III), and then we can extend
the FPMD simulations to heavier Ln(III)s and the whole series in the future. Below we first explain

our computational approach.

2. Computational method

Vienna ab initio simulation package (VASP) was used to conduct FPMD simulations using spin-
polarized density functional theory (DFT) [27,28]. Ion-electron interaction was represented by
Projector augmented wave (PAW) method and standard PAW potentials were used for all the
elements [29,30]. 400 eV kinetic energy cutoff was used for the plane-wave basis set. Generalized
gradient approximation (GGA) of Perdew, Burke and Ernzerhof (PBE) functional was used to
describe electron exchange-correlation [31]. Previous studies showed that PBE functional could
well describe structure of the metal complexes in solvents [32—38]. Moreover, the PBE functional
has been shown to give reliable geometries for phenanthroline derived ligands [39]; being a pure
functional it is much less computationally expensive than the hybrid functionals. That is why we
chose the PBE functional here, but we do note that other methods such as hybrid functionals and
higher quantum chemistry methods have been used as well for phenanthroline-based ligands for

metal-ion separations [35,38,40].
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Figure 1. Molecular structure of the 2,9-bis-lactam-1,10-phenanthroline (BLPhen) derivative ligand.

The BLPhen ligand in Figure 1 can form both 1:1 and 2:1 ligand-to-metal complexes in
the organic phase and recent X-ray absorption fine structure spectroscopy experiments suggest that
the 2:1 complex is the dominant form [41]. So the 2:1 BLPhen:Ln(III) complexes in the DCE
solvent were simulated for Ln(IIT) being La®*, Nd**, and Eu?*. 25 DCE molecules were filled in a
cubic box that contained one Ln(BLPhen),(NOs3); complex. The chemical structure of the BLPhen
ligand employed is shown in Figure 1. Following a previous work [6], the simulation box was first
equilibrated with CMD with the complex structure restrained to their DFT-optimized gas-phase
geometry and then the equilibrated structure was used as the initial structure for FPMD simulations
at 298 K in an NVT ensemble. During FPMD simulations, the temperature was controlled by a
Nose-Hoover thermostat; 1 fs time step was used and 15 ps simulations were carried out. We
started the FPMD simulations with Nd(BLPhen),(NOs); first and then repeated the simulations by
replacing Nd with La and then Eu. VMD software package was used to visualize the trajectories
and perform some analysis [42]. RDFs and running number integrals were calculated using

TRAVIS software [43,44].

Figure 2. Snapshots BLPhen-La(Ill) complex in 2:1 stoichiometry in dichloroethane (DCE). DCE

molecules are not shown for clarity. Color code: O, red; N, blue; Nd, pink; C, cyan; H, white.

3. Results and discussion
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3.1 BLPhen-Ln interaction in the Ln(BLPhen),(NO;3); complexes

Figure 2 shows a representative structure of the BLPhen:Ln 2:1 complex in the DCE solvent.
Overall, the 2:1 coordination geometry is stable for all the three complexes, with two nitrates in
the first coordination shell and the third one far away from the metal center. Radial distribution
functions (RDFs) and number integrals between Ln(I1I) and the N atom in BLPhen were computed
and shown in Figure 3a. The average Ln-N distances are 2.83, 2.78 and 2.70 A for La3", Nd** and
Eu®* ions, respectively. The decreasing distances are consistent with the decreasing radii from La
to Eu. The Ln-O(BLPhen) distances follow the same trend (Figure 3b), and are about 0.21 A
shorter than their Ln-N counterparts (Figure 4). Lanthanides are hard electron acceptors and show
a higher affinity for hard donors such as O atom than the soft donors such as N [45]. Overall, the

two BLPhen ligands form eight coordination bonds with the metal center.
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Figure 3. Atom-atom radial distribution functions (RDFs), g(r), between Ln(III) and the N/O atoms of the
BLPhen ligand for the Ln(BLPhen),(NOs); complexes in the DCE solvent: (a) Ln-N(BLPhen); (b) Ln-
O(BLPhen). Solid lines represent RDFs (left Y-axis) and dashed lines represent their number integration

(right Y-axis), i.e., coordination number (C.N.).
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Figure 4. Average Ln-N and Ln-O distances between Ln and the

Ln(BLPhen),(NOs); complexes in the DCE solvent, with Ln = La, Nd, and Eu.

e — La-O(NO,)
T Na-O(NOy)
— Eu-0(NO,)

10 ,.",':’
0 . 7’ )
1.5 2 2.5 3 3.5 4 4.5 5
r(A)
b . . :
' ' Monodentate
80+
60— 77
= Bidentate
B 40| — La-N(NO,)
— Nd-N(NOJ)
— Eu-N(NO,)
20
0 ; 7 LA\~ S —
1.5 2 2.5 3 3.5 4 4.5 5

r(A)

BLPhen ligand for

the

Figure 5. Atom-atom radial distribution functions, g(r), between Ln(Ill) and nitrate O/N atoms, for the

Ln(BLPhen),(NOs); complexes in the DCE solvent: (a) Ln-O(NO3); (b) Ln-N(NO3). Solid lines correspond

to g(r) (left axis); dashed lines (right axis) correspond to their number integration (NI), ie., coordination

number (C.N.).
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3.2. Ln(IIl)-nitrate interaction

Nitrate anions are also part of the complex as indicated in Figure 2. Interactions between the metal
center and the two nitrates in the first-coordination shell are shown in RDFs of Ln-O (Figure 5a)
and Ln-N (Figure 5b). One can see from Figure 5a that the Ln-O distances between Ln(III) and
nitrate decrease from La to Eu, displaying the same trend as the distances between Ln(III) and
BLPhen. More interestingly, the coordination number (C.N.) of O atoms from the two nitrates
around Ln(III) at a distance cutoff of 3.0 A clearly indicates the all-monodentate binding mode of
nitrates in the Eu(Ill) complex (C.N.=2, meaning one atom from each nitrate) and the mixed
monodentate-bidentate mode in the La(Ill) and Nd(III) complexes (C.N.=3, meaning one
monodentate and one bidentate). This insight is further confirmed by the Ln-N RDF (Figure 5b):
the all-monodentate binding mode of the two nitrates in the Eu(III) complex shows up as a single
peak at 3.5 A, while the mixed monodentate-bidentate mode of the two nitrates in the La(III) and
Nd(III) complexes manifests as two different peaks at 3.2 and 3.5 A. The 3.2-A peak corresponds
to the bidentate mode where the N center of the nitrate is closer to the metal center than that of the
monodentate binding mode. One can see also the difference between the La(Ill) and Nd(III)
complexes regarding the relative distributions of the monodentate and bidentate modes: the La(III)
complex has more bidentate while the Nd(III) complex more monodentate. We quantified the
distributions by the trajectory analysis: as shown in Figure 6, the bidentate mode accounts for 44%

for the La(III) complex, 29% for Nd(III), and zero for Eu(III).

B Monodentate ® Bidentate

Percentage
B [=2]
o o

N
o

La Nd Eu

Figure 6. Percentage of monodentate and bidentate modes of the two nitrate anions in first coordination

shell of the Ln(BLPhen),(NO;); complexes in the DCE solvent.
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The analysis of Ln(Ill)-nitrate binding from Figures 5 and 6 suggests that the
[La(BLPhen),]*" and [Nd(BLPhen),]** complexes in the DCE solvent allow the bidentate nitrate
anions but not [Eu(BLPhen);]*". In other words, the C.N. of the first coordination shell around the
metal center is 11 for the [La(BLPhen),]*" and [Nd(BLPhen),]** complexes but decreases to 10
for [Eu(BLPhen),]** complex. One explanation is that the binding pocket around the metal center,
formed by the two BLPhen ligands, becomes smaller from La to Eu due to the decreasing ion radii,
forcing the two nitrates to become monodentate and further away from the metal center. This
implies that the two nitrate anions will become more dynamic and labile from La to Eu. To examine

this implication, we analyze the nitrate dynamics next.

[
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Figure 7. Time evolution of the Ln-O distances between Ln and the two nitrates in the first solvation

shell of the Ln(BLPhen),(NOs); complexes in the DCE solvent.
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3.3 Dynamics of the nitrate anions in the first coordination shell

We have tracked the Ln(III)-O(NO3) distances throughout the 15 ps trajectory. As presented in
Figure 7, four different oxygen atoms and their O-Ln distances are shown in four different colors.
For the La(IIl) complex (Figure 7a), one oxygen atom stays around 4 A most of the time (black
line), meaning that this nitrate is mostly monodentate; another oxygen atom (green line) stays at
2.5 A mostly and occasionally comes around the 4 A. This oxygen atom represents the bidentate
mode of the nitrate anion, which sometimes changes to monodentate. For the Nd(III) complex
(Figure 7b), two oxygen atoms stay at 4 A most of the time and occasionally one goes to the
distance of ~2.5 A, indicating that the two nitrate anions are monodentate at most of the time, but
one of them changes to bidentate often. One also notices that the monodentate coordination bond
can switch between two different O atoms of the same nitrate, for instance, from O3 (blue) to O4
(green) in the Nd(IIT) complex (Figure 7b). For the Eu(IIl) complex (Figure 7c), one can see that
there are almost always two O atoms from two different nitrates at ~2.5 A, indicating that the two
nitrates are all monodentate in binding with Eu(III) predominantly; of note, transiently, one nitrate

can become bidentate (for instance, at 13 ps mark in Figure 7c).
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Figure 8. Time evolution of the Ln-N distances between Ln and the two nitrates in the first solvation

shell of the Ln(BLPhen),(NOs); complexes in the DCE solvent.

The differing of modes of nitrate binding from La to Eu can be more clearly seen from the
Ln-N distances with time: as shown in Figure 8, the shorter average Ln-N distance (3.1 — 3.2 A,
blue dashed line) is for the bidentate mode, and the longer average Ln-N distance (3.4 — 3.5 A,
green dashed line) for monodentate. The decreasing sampling of the bidentate mode from La to
Nd to Eu is apparent. Of note, occasionally the two nitrates become both bidentate in the La(III)-
BLPhen and Nd(III)-BLPhen complexes, while one becomes bidentate in the Eu(III)-BLPhen
complex, indicating the dynamic nature of the nitrate binding to the metal centers. Snapshots of
the most probable configurations for the three complexes are compared to Figure 9; one can see

that the two nitrates are at the opposite sides of the binding pocket in all three complexes.

10
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Figure 9. Snapshots of the most probable configurations of the Ln(BLPhen),(NOs); complexes in the
DCE solvent. Color code: La, Violet; Nd, pink; Eu, Yellow; O, red; N, blue; C, cyan; H, white.

3.4. Implications to rare-earth separations

While the presented results are entirely based on FPMD simulations, they confirm a recent
experimental spectroscopic and scattering observation of the outer-sphere nitrate binding mode in
the Nd(BLPhen),(NOs); complex formed in the industrially relevant liquid-liquid extraction
system [41]. There it was shown that noncoordinating nitrate anions play an important role in
defining the degree of supramolecular aggregation and assembly of lanthanide complexes in the
organic phase. Recent extended X-ray absorption fine structure (EXAFS) measurements have been
able to confirm the 2:1 BLPhen:Nd coordination structure with four additional O atoms of nitrate
anions located in the first coordination sphere [41], which agrees with the previous studies on
DAPhen ligand [45]. However, X-ray absorption spectroscopy and scattering studies alone do not
have the sensitivity to accurately describe the nitrate binding modes in the inner coordination
sphere of the Ln(BLPhen),(NOs3); complexes. Therefore, the present findings could contribute to
atomistic insights into the complex formation, dynamics, and stability. In a broader context, the
observed bond contraction along the Ln series accompanied by the decrease in coordination
numbers could be correlated with the higher selectivity of the BLPhen ligand toward light
lanthanides. Additionally, switching the nitrate binding mode from bidentate to monodentate
would possibly result in the diminished strength of direct Ln-NOj interactions, hindering the

transfer of nitrate ions from the aqueous to organic phase for charge neutralization. This in turn

11
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might negatively affect the extraction strength of BLPhen for the heavier lanthanides, partially

contributing to the observed selectivity trend.

4. Conclusions

We performed first principles molecular dynamics (FPMD) simulations of the
Ln(BLPhen),(NO3); complexes in the DCE solvent for Ln being La, Nd, and Eu. Two nitrate
anions are found in the first solvation shell: one nitrate is in monodentate binding mode, while the
other is mainly in the bidentate model for La and Nd but changes to monodentate for Eu. The total
coordination number changes from 11 for La and Nd to 10 for Eu, as the binding pocket decreases
in size. The nitrate binding in [La(BLPhen),]** and [Nd(BLPhen),]** complexes is highly dynamic,
frequently switching between bidentate and monodentate. Our work revealed the modes and
dynamics of nitrate binding in the first coordination shell of [Ln(BLPhen),]*" complexes in the
DCE solvent. The insights will help further understanding of the complex structure, formation,

and stability in the organic phase.
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