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ABSTRACT: Rare-earth elements (REEs) such as neodymium
are critical materials needed in many important technologies, and
rigid neutral bis-lactam-1,10-phenanthroline (BLPhen) ligands
show one of the highest extraction performance for complexing
Nd(III) in REE uptake and separation processes. However, the
local structure of the complexes formed between BLPhen and
Nd(III) in a typical organic solvent such as dichloroethane (DCE)
is unclear. Here, we perform first-principles molecular dynamics
(FPMD) simulations to unveil the structure of complexes formed
by BLPhen with Nd(NOj,), in the DCE solvent. BLPhen can bind
to Nd(III) in either 1:1 or 2:1 fashion. In the 1:1 complex, three
nitrates bind to Nd(III) via the bidentate mode in the first solvation shell, leading to the formation of a neutral complex,
[Nd(BLPhen)(NO,),]° in the organic phase. In contrast, there are two nitrates in the first solvation shell in the 2:1 complex,
creating a charged complex, [Nd(BLPhen),(NO;),]*. The third nitrate was found to be far away from the metal center, migrating to
the outer solvation shell. Our simulations show that the binding pocket formed by the two rigid BLPhen ligands allows ample space
for two nitrates to bind to the Nd(III) center from opposite sides. Our findings of two nitrates in the first solvation shell of the 2:1
complex and the corresponding bond distances agree well with the available crystal structure. This study represents the first accurate
FPMD modeling of the BLPhen—Nd(III) complexes in an explicit organic solvent and opens the door to more atomistic
understanding of REE separations from first principles.

[l Metrics & More | @ Supporting Information

1. INTRODUCTION

Rare-earth elements (REEs) are crucial in many energy
technologies and national security applications, including
magnets, electronics, solar energy, and catalysis.l’2 Neodymium
is a critical REE as it is one of the main elements in permanent
magnets.3 Reducing the size of the electric motors and wind

(TODGA) are considered the state-of-the-art extractants
used to separate light lanthanides.

Recently, rigid structures of ligands have gained attention in
the field of REE separations,1 ~1 with 2,9-bis-lactam-1,10-
phenanthroline (BLPhen) exhibitin% one of the best selectivity
between adjacent light lanthanides."”'® However, the atomistic
details pertaining to the solvation and complexation of REEs

turbines requires high-performance NdFeB magnets. Nd also
has broad uses in colorant for glass, wielding glasses, and laser
crystals.* US Department of Energy has categorized it as a
critical material.®

The ever-increasing demand for REEs makes it necessary to
update the current separation processes from the REE-
containing ores.” The similarity in chemical and physical
properties of trivalent lanthanides makes the separation
processes challenging. A two-phase solvent extraction has
been the main method on the industrial scale to separate REEs
based on the slight differences of their radii,” which lead to
differences in their binding strengths with organic ligands.
Many ligands have been explored for their potentials to
separate REEs including Nd. Ligands such as 2-ethylhexyl
phosphoric acid-mono-2-ethylhexyl ester, also known as
PC88A,° and N,N,N’,N'—tetraoctyldiglycolamideg_11
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with these new organic ligands have been elusive; especially, it
is unclear what is the role of extracted nitrate ions and water
molecules in the first solvation shell of the metal ion in the
organic phase.

Computational studies on REE complexes with organic
ligands in solvents or solutions are typically carried out at the
quantum chemistry level with an implicit solvation model or
with a force field and an explicit solvation model.'”**~** The
former approach can miss important interactions and dynamics
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between the solute and the solvent, whereas the latter depends
on the quality of the force field. First principles molecular
dynamics (FPMD) simulations can nicely fill this gap by
providing an explicit solvation environment and avoiding the
issues of fitting force-field parameters.

The present work aims to resolve the first solvation shell of
Nd(III) ions in the organic phase using FPMD for the first
time. We focus on the dichloroethane (DCE) solvent for two
reasons. First, it is a commonly used organic solvent to
investigate REE separations as it easily solubilizes a variety of
organic ligands that otherwise show limited solubility in non-
polar solvents, such as dodecane and kerosene.'®**™*° For
example, Healy et al.'"® showed efficient extraction of
lanthanides by BLPhen ligands into DCE. Second, being a
small molecule, DCE has much faster dynamics than the many
larger solvent molecules such as octane and heavier hydro-
carbons, which makes it more amenable to FPMD simulations.
The aim of this work is to reveal the binding patterns and
dynamics of the neutral BLPhen ligands and NO;™ ions around
Nd(III) in the DCE solvent. Below, we first explain our
computational method and approach.

2. COMPUTATIONAL METHOD

FPMD simulations were carried out using spin-polarized
density functional theory (DFT) within the Vienna Ab initio
Simulation Package (VASP).””** Projector augmented wave
method was used to represent the ion—electron interac-
tion.””*® Electron exchange—correlation was described by the
generalized gradient approximation of Perdew—Burke—Ern-
zerhof (PBE) functional.®’ It was demonstrated that PBE is a
reasonable choice to get the very reasonable structure of the
metal complexes in a solvent.””>* The kinetic energy cutoff
for the plane-wave basis set was 400 eV.

Two types of complexes were considered for the
simulations: BLPhen—Nd(III) = 1:1 and BLPhen—Nd(III) =
2:1. Figure 1 shows the chemical structures of the BLPhen

2,9-bis-lactam-1,10-phenanthroline (BLPhen) derivative ligand Dichloroethane (DCE)

Figure 1. Molecular structure of the 2,9-bis-lactam-1,10-phenanthro-
line (BLPhen) derivative ligand and the DCE solvent.

ligand and the DCE solvent used in the simulations. Cubic
boxes of 30 and 25 DCE molecules were simulated for 1:1 and
2:1 complexes, respectively. The complexes were placed in the
boxes of DCE molecules. To prepare the systems for FPMD
simulations, equilibration was first carried out using classical
molecular dynamics (CMD) simulations. The OPLS-AA force-
field parameters™ were used for DCE and BLPhen. Nitrate
anion parameters were obtained from Canongia Lopes and
Padua;*® Nd* parameters were obtained from Migliorati et
al.’” GROMACS®*™*' was used for the CMD simulations.
After reaching the constant density from the NPT simulations
for 20 ns, the box was subjected to NVT equilibration for 20
ns. Berendsen barostat*” and v-rescale*” thermostat were used
during the simulations. During CMD simulations, the Nd—
BLPhen complexes were restrained to their gas-phase DFT-

optimized structure, while the nitrate ions were free to move.
After equilibration, simulation box sizes were 17.35 and 17.36
A for 1:1 and 2:1 complexes, respectively. The density of DCE
from our simulation boxes is about 1.29 g/mL, which is close
to the experimental density of 1.27 g/mL.*"

Final structures of the NVT CMD simulations were used as
the initial structures for FPMD simulations, which were carried
out at 298 K in an NVT ensemble. A Nose—Hoover
thermostat was used to maintain a constant temperature. 1 fs
time step was used throughout the simulations. 15 ps
simulations were performed, and the last 7.5 ps of the
trajectories were used to calculate the equilibrium properties.
Visualization of trajectories and some analysis were carried out
using the VMD software package.** TRAVIS software was
used to calculate the radial distribution functions (RDFs) and
their integrals to obtain coordination numbers.*>*°

3. RESULTS AND DISCUSSION

3.1. Structure of Nd(ll)-BLPhen Complexation.
Depending on the relative amount of the ligand to the metal
in the organic phase, BLPhen can bind to Nd(III) in either 1:1
or 2:1 stoichiometries. Representative structures of the first
solvation shells for the 1:1 and 2:1 complexes from our FPMD
simulations are shown in Figure 2. The binding between the

Figure 2. Snapshots of the first solvation shells of the BLPhen—
Nd(NO,), complexes in DCE from FPMD: (a) 1:1 complex; (b) 2:1
complex. Nitrate anions are shown in (a) but omitted in (b) for
clarity. DCE molecules are not shown. Color code: Nd, pink; O, red;
N, blue; C, cyan; and H, white.

BLPhen ligand and Nd(III) is the most important interaction.
There are four main interaction sites in the BLPhen ligand:
two nitrogen atoms and two oxygen atoms (Figure 1). The
space between these interaction sites can be viewed as a
pocket. Capturing Nd(III) into this pocket is essential in
separation processes.

Figure 3a shows the RDFs between Nd and the N atom in
BLPhen [N(BLPhen)]. One can see the strong coordination
bonds between Nd(III) and nitrogen atoms of the ligand. The
average Nd(III)—N(BLPhen) distance is 2.69 A for the two
Nd—N bonds in the 1:1 complex and 2.72 A for the four Nd—
N bonds in the 2:1 complex. The 2:1 complex has longer Nd—
N distances than does the 1:1 complex. This is likely due to the
steric hindrance between two ligands in the 2:1 complex
(Figure 2b). Figure 3b displays RDFs between Nd(III) and the
O atom of the BLPhen ligand. Nd(1II)—O(BLPhen) distances
are shorter than Nd(III)—N(BLPhen) distances in both 1:1
and 2:1 complexes. Hard soft acid base theory categorizes the
lanthanides as hard electron acceptors, which tend to have a
high affinity toward hard O donors."” Similar to the Nd(III)—
N(BLPhen) distances, Nd(III)—O(BLPhen) distances are also
longer in the 2:1 complex than that in the 1:1 complex.
Integration of RDFs in Figure 3b shows that there are two
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Figure 3. Atom—atom RDFs, g(r), between Nd(III) and the BLPhen
ligand for the BLPhen—Nd(NO;); complexes in the DCE solvent: (a)
Nd—N(BLPhen); (b) Nd—O(BLPhen). Solid lines represent g(r)
(left axis); dashed lines (right axis) represent their number integration
(NI), that is, coordination number.

BLPhen oxygen atoms around Nd(III) in the 1:1 complex and
four BLPhen oxygen atoms around Nd(III) in the 2:1 complex,
as the snapshots in Figure 2 indicate.

3.2. Dynamics of Nd(lll)-BLPhen Complexation.
FPMD provides not only structure but also dynamics, and
we have tracked the dynamics of the first solvation shell in the
two Nd(III)—BLPhen complexes by monitoring the evolution
of Nd—N(BLPhen) and Nd—O(BLPhen) distances with time.
As one can see from Figure 4, the first solvation shell of the 1:1
complex is very stable and tight with much smaller fluctuations
in Nd—N and Nd—O distances: Nd—N varies from 2.50 to
2.75 A (Figure 4a); Nd—O varies from 2.3S to 2.70 A (Figure
4c). In contrast, the first solvation shell of the 2:1 complex is
more dynamic and less stable with much greater fluctuations in
Nd—N and Nd—O distances (Figure 4b,d).

3.3. Nd(lll)—Nitrate Interactions. When a neutral ligand
such as BLPhen extracts Ln(IIl) into the organic phase, the
complex is usually charge neutral. In other words, anions such
as the three nitrates will be brought together with Ln(III) into
the organic phase. Therefore, nitrate coordination with
Nd(III) in DCE is as important as that of BLPhen with
Nd(III) in DCE. Figure S shows RDFs between Nd and
nitrate. One can see that the average distance between Nd(III)
and O(NO;) is similar in 1:1 and 2:1 complexes at ~2.55 A
(Figure Sa). The peak at 4.25 A is due to the third distant
oxygen of the nitrate anion. There are six oxygen atoms in total
around Nd(III) in the first solvation shell of the 1:1 complex;
in other words, the three nitrates coordinate to Nd(III) all in a
bidentate mode (Figure 2a). This is further confirmed in the
RDF between NA(III) and the nitrogen atom of the nitrates
(Figure Sb), where one can see that the coordination number
of N around Nd is indeed three in the 1:1 complex. In the 2:1
complex, there are ~2.5 O atoms from nitrates in the first
solvation shell of Nd(III) (Figure Sa, with a cutoff of ~3.0 A),
and they are from two nitrates (Figure Sb); in other words, one
nitrate is monodentate with Nd—N distance of ~3.5 A, while
the other nitrate is switching between monodentate and
bidentate (Nd—N distance of ~3.1 A).

Because nitrate and nitric acid are very commonly used in
solvent extraction of Ln(IIl) ions, the metal—nitrate
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Figure 4. Change in Nd—N and Nd—O distances between Nd(III) and the BLPhen ligand with time for the BLPhen—Nd(NO;); complexes in the
DCE solvent: (a) Nd—N in 1:1 complex; (b) Nd—N in 2:1 complex; (¢) Nd—O in 1:1 complex; (d) Nd—O in 2:1 complex. Different line colors

represent different O—N atoms in the BLPhen ligands.
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coordination is important in the organic phase when charge-
neutral extractants are used to bring Ln(NO;); into the
organic phase. To put our findings of Nd(III) —nitrate binding
in DCE in a broader perspective, here we compare them with
the literature for the popular extractants, such as tri-n-alkyl
phosphates, amides, diglycolamides, and malonamides. Digly-
colamides tend to form 3:1 ligand-to-metal complexes with
Ln(III) ions,” leading to a total CN of 9, where nitrates are
found to be not present in the first coordination sphere; this is
supported by both extended X-ray absorption fine structure
(EXAFS)* and single-crystal X-ray diffraction.’” In the case of
the bidentate malonamides, classical MD simulations showed
that three nitrates are coordinated to Eu(IIl) in the first
coordination shell of the 3:1 complex,”’ and EXAFS data
suggested that they are about half monodentate and half
bidentate.”> This scenario resembles our 2:1 complex case
where nitrates can dynamically switch between monodentate
or bidentate. The presence of nitrate in the inner coordination
of a general amide extractant around Ln(III) will depend
strongl;r on its denticity and the stoichiometry of complex-
ation.”” In the case of tri-n-alkyl phosphates or phosphine
oxides, the binding mode of nitrates also depends on the
stoichiometry. For example, in a 2:1 complex of tri-tert-
butylphosphine oxide, the three nitrates bind to Lu(IIl) in a
bidentate mode, while in a 3:1 complex of tricyclohexylphos-
phine oxide, two nitrates bind to Yb(III) in a bidentate model
and the third nitrate in a monodentate mode.’* From the
comparison of the literature cases and our present findings, one
can conclude that the total coordination number is the key

Figure 6. Evolution of the Nd—O(NO;) distances around the
BLPhen—Nd complexes in the DCE solvent: (a) 1:1 complex; (b) 2:1
complex.

beginning, one nitrate coordinates to Nd in a bidentate mode
(01/02) and two nitrates in a monodentate mode (O4 and
0S5); then, the second nitrate also becomes bidentate (O3) at
~1 ps, followed by the third nitrate (O6) at ~7.5 ps.
Completely different behavior of nitrate anions is observed in
the case of the 2:1 complex (Figure 6b): the two nitrate anions
are mainly in the monodentate state via O1 and O3 in the first
S ps; then, one nitrate (O3/04) becomes bidentate at S ps and
changes to monodentate again at 10 ps, while the other nitrate
(01/02) is monodentate for most of the time occasionally
become bidentate. In other words, nitrate binding to Nd is
more dynamic in the 2:1 complex.

Only two nitrate anions are observed in the first solvation
shell of Nd(III) in the 2:1 complex. We have tracked down the
third nitrate and found it to be freely moving about in the DCE
solvent at a distance about 10 A away from Nd (Figure 7). To
test whether this is indeed a dynamic feature of the third
nitrate, we have performed the FPMD simulation of 2:1 Nd—
BLPhen complex starting with all three nitrate anions bound to
Nd(II). Still, we found that the third nitrate anion comes out
of the solvation shell and moves away from the complex. Now
a complete picture of the first solvation shell and the nitrate
distribution emerges in the 2:1 complex, which is shown as a
snapshot in Figure 8. One can see that the two nitrate anions
fit quite well into the gap of the binding pocket of Nd(III) with
the two rather rigid and planar BLPhen ligands. Figure 8 also
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Figure 7. Distance between Nd** and N atom of the third nitrate in
the BLPhen—Nd 2:1 complex in the DCE solvent.

Figure 8. Snapshot of the two BLPhen ligands (licorice) and the three
nitrate anions (CPK representation) in relation to Nd(III) of the 2:1
complex in the DCE solvent (line).

shows the positions of the DCE solvent molecules and the
third nitrate.

3.5. Comparison with the Single-Crystal Experimen-
tal Data in the Solid Phase Regarding the Key Distances
and the First Coordination Shell. An advantage of our
FPMD results is that they provide both structure and dynamics
of the Nd(III)-BLPhen complexes in the DCE solvent.
Although the experimental solution-phase structure is not
available for such systems yet, the corresponding single-crystal
structures of the metal ion complexes in the solid state are
available in many similar cases, which can shed some light on
the first coordination shell. Figure 9a shows the available
single-crystal structure of a 1:1 Nd(III)~BLPhen complex that
is compared with our FPMD simulations (Table 1). One can
see that the key average bond distances for the 1:1 Nd(III)—
BLPhen complex in DCE agree very well with the experiment
in the solid state, suggesting that the DCE solvent here can be
considered “non-interacting” as it does not seem to perturb the
1:1 solvation structure of the complex. This observation is in
line with the FPMD results that show robustness of the first
solvation shell of the 1:1 complex (Figure 4).

All attempts to isolate crystals of the 2:1 Nd(III)-~BLPhen
complex suitable for X-ray diffraction studies were unsuccess-

Figure 9. Crystal structures of the complexes from the Cambridge
Structural Database (CSD): (a) 1:1 Nd(III)—BLPhen;'” (b) 2:1
La(HI)—DAPhen.47 Color code: Nd, pink; La, yellow; O, red; N,
blue; C, cyan; and H, white.

Table 1. Comparison of Key Distances for the 1:1 Nd(III)—
BLPhen Complex between the Experiment (Figure 9a)
Based on the Single-Crystal Structure®” and the Present
Work from FPMD

distances (A) experiment present work
Nd—O(BLPhen) 2.46 249
Nd—N(BLPhen) 2.67 2.69
Nd-O(NO,) 2.53 2.56
Nd—N(NO,) 2.96 3.03

ful.** However, our FPMD finding of two nitrates in the first
solvation shell of the 2:1 complex is in agreement with the 2:1
crystal structure of the complex (Figure 9b) formed between
La(Ill) and a related ligand, N,N’-diethyl-N,N’-ditolyl-2,9-
diamide-1,10-phenanthroline (DAPhen),”” which is a more
flexible analogue of rigid BLPhen. Table 2 compares the key

Table 2. Comparison of Key Distances between the
Experiment for the 2:1 La(III)—~DAPhen Complex Based on
the Single-Crystal Structure (Figure 9b)*” and the Present
Work for the 2:1 Nd(III)-BLPhen from FPMD

distances (A) M = La experiment M = Nd present work

M—-0O(ligand) 2.61 2.58
M-N(ligand) 2.76 2.72
M-0(NO,) 271 2.53
M-N(NO,) 3.13 3.13, 3.53

distances of 2:1 La(III)—~DAPhen from the experiment and 2:1
Nd(III)—BLPhen from the FPMD. One can see that the M—
N/O distances between the metal center and the ligands are
close, despite the differences in the metal center, the ligands,
and the phases (crystal in the experiment vs solution in
FPMD). The greater difference lies in the M—O(NO;)
distances. As can be seen from Figure 9b, the two nitrates in
the first coordination sphere of the 2:1 La(IlI)-DAPhen
complex coordinate to the metal center through a bidentate
mode in the absence of solvent molecules (solid phase). From
our FPMD, we observed a dynamic switch between bidentate
and monodentate nitrate binding in the 2:1 Nd(1II)—~BLPhen
complex simulated in the organic phase. A few factors might
explain the difference, including solvation from the DCE
solvent, the less flexibility of BLPhen than DAPhen, and the
difference in the side chains between BLPhen and DAPhen.
Further FPMD simulations of the 2:1 La(IIl)-DAPhen
complex in the DCE solvent could further shed light on this
comparison.
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3.6. Implications on Solvent Extraction Separations
of REE lons with BLPhen. To be able to directly predict
distribution coefficients of REE ions between DCE and the
aqueous phase with BLPhen as the extractant is our ultimate
goal. The present work is only an initial step to determine the
speciation and structure. Our next step is to use the present
results from first principles as training and validation data to
derive accurate force fields that would allow us to simulate
binding free energies and changes in solvation free energies.
Only after that are we able to predict distribution ratios and to
probe how the local structure and coordination would impact
the separation behavior.

The other important question to answer is the role of water
in the structure and coordination because the solubility of
water in DCE is rather high. We think that nitrate and the
BLPhen ligand bind to the metal center more strongly than
does water. However, water molecules may form a local
hydrogen-bond network in the first coordination shell because
both nitrate and the BLPhen have multiple hydrogen bond
acceptors. We plan to investigate these important points in a
future publication.

4. CONCLUSIONS

To shed light on the local structure of the complexes formed
between BLPhen and Nd(III) in a typical organic solvent such
as DCE, we have performed FPMD simulations to unveil the
structure of complexes formed by BLPhen with Nd(NO,); in
the DCE solvent. We found that three nitrates bind to Nd(III)
via the bidentate mode in the first solvation shell of the 1:1
complex, forming a neutral complex, [Nd(BLPhen)(NO,),]°.
In contrast, only two nitrates are found in the first solvation
shell in the 2:1 complex, forming [Nd(BLPhen),(NO;),]*
with the third nitrate in the outer sphere. The first solvation
shell with its key distances from our FPMD agrees well with
the single-crystal structure of a 1:1 Nd(BLPhen) complex. Our
finding of two nitrates in the first solvation shell of the 2:1
complex is also in line with the available crystal structure for a
similar 2:1 complex of DAPhen with La(IIl); in addition, we
found that the two nitrates are quite dynamic in coordinating
to Nd(III), switching between monodentate and bidentate.
Our FPMD modeling of the BLPhen—Nd(III) complexes in an
explicit organic solvent invites more experimental studies of
their liquid structure and dynamics that, combined together,
would offer more atomistic understanding of REE separations.
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