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ABSTRACT: The critical metals niobium (Nb) and tantalum (Ta) coexist in mineral sources, requiring a separation step to purify
the elements from one another. The industrial separation process by solvent extraction uses stoichiometric hydrofluoric acid to
manifest differences in the speciation of these otherwise chemically similar elements. The identification of alternative methods to
separate Nb/Ta is desirable for fluoride waste reduction. In pursuit of this goal, the novel complexes [Na(CH;CN);(Et,0)][M((S)-
BINOLate);] [M = Nb (1-Nb), Ta (1-Ta)] were synthesized and characterized. In electrochemical studies, a reduction event at the
potential —2.04 V versus ferrocene/ferrocenium was observed for 1-Nb, whereas 1-Ta exhibited no metal-based waves in the
electrochemical window. In addition to the inherent 4d/Sd orbital energy differences between Nb/Ta, density functional theory
calculations suggest a larger degree of 7 donation from the ligands to the metal cation in 1-Ta compared to 1-Nb, destabilizing the
lowest unoccupied molecular orbital. This phenomenon contributes to a calculated reduction potential difference of ca. 0.75 V,
allowing for the selective reduction of 1-Nb and separation of the reduction product through leaching with diethyl ether for a
separation factor of 6 + 2.

he growing need for consumer electronics continues to chromatography with free base resins to deliver Nb/Ta
spur production of associated raw materials. The separations, reporting separation factors, SNb/Ta,S between 9.5
demands for tantalum (Ta), which is used in capacitors, and and 11.5 using a phosphoric acid eluent in place of the typical
its chemical twin, niobium (Nb), which is widely used in steel fluoride environment.'>'*
alloys," have exploded over the last 20 years, with global Given the interest for developing sustainable methods of
production doubling for Ta and quadrupling for Nb since Nb/Ta separations that reduce the use of fluoride, we
2000. Nb prices have similarly doubled over this period as the considered the problem from a coordination chemistry
construction of pipelines and aviation alloys increases. perspective. Accordingly, we report the synthesis and
Because of their importance in technology in combination characterization of isostructural anionic complexes [Na-
with a lack of diversification of their supply chains, both metals (CH,CN);(Et,0)][M((S)-BINOLate);,] [M = Nb (1-Nb),
have been classified as critical by the National Research Ta (1-Ta)] and describe a novel electrochemical method for
Council, and Ta has been classified as a conflict metal.’ separating these molecular compounds (Sypm, = 6 + 2).
Nb and Ta are primarily sourced from the minerals Racemic tris(BINOLate) complexes, charge-balanced with
columbite [(Mn,Fe)][(Nb,Ta)O,] (Nb,O5 = 38—80%) and ammonium counterions, were reported previously.15 However,
tantalite [(Mn,Fe)][(Nb,Ta)O4] (Ta,05 = 40-86%)" and are that report lacked structural and NMR characterization data.
invariably found together in their mineral matrices. As such, a Herein, electrochemical studies on 1-M reveal differences in
separation step is required to purify the two elements from one the MYV redox potentials, which are rationalized through
another. However, Nb and Ta exhibit fundamentally similar computational studies in the context of ligand—metal 7
chemical properties, with essentially identical ionic radié,i interactions. Although the current work does not address
reactivity, and hardness, making their separation challenging.” fluoride-free beneficiation of columbite/tantalite, these results

The current industrial separation process requires fluorination
of the mixed-metal oxides using stoichiometric hydrofluoric
acid (HF), with associated challenges of toxicity, corrosivity,
safety, and cost, but affords separation factors, Syp/s of
>3500.” Current efforts to develop fluoride-free separation
techniques have been met with limited success.'”'" Nete and
co-workers demonstrated that, given a mixture of niobium/
tantalum pentafluorides, Nb can be selectively precipitated
from the aqueous mixture with the chelating agent p-
phenylenediamine (Syy/r, = 100). However, the use of
fluoride is still required in this protocol.'” Notably, Nete and
co-workers also demonstrated the use of ion-exchange

indicate that electrochemical separations of Nb/Ta mixtures
can be realized with tailored chelating ligands, supported by
computational design and assessment. The results are
reminiscent of work from Wang and Stiefel, wherein olefins
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were separated through the use of redox-active nickel
complexes,'® and previous work from our group, wherein
rare-earth complexes were separated electrochemically.'”

In pursuit of Nb/Ta complexes with strong donor ligands
and potentially different electrochemical properties, the metal
tris-(S)-(—)-1,1"-bis(2-naphthol) (BINOL)ate pinwheel com-
plexes were synthesized through the addition of 3 equiv of (S)-
BINOL to Nb/Ta(NMe,); and 1 equiv of sodium amide in
benzene (Figure 1). Both complexes formed with sodium
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Figure 1. (Top) 1-M synthetic scheme. (Bottom) Solid-state
structures of 1-M. Thermal ellipsoids are depicted at 50% probability,
and counterions and hydrogen atoms are omitted for clarity.

counterions and were recrystallized through the vapor diffusion
of diethyl ether (Et,0) into acetonitrile (CH;CN) solutions to
form X-ray-quality crystals in 50—80% yield (Figure 1).
Elucidation of the solid-state structures for 1-M via X-ray
crystallography indicated six-coordinate geometries at the
metal cations and no significant differences in the bond
lengths or angles between 1-Nb and 1-Ta. Both structures
display C;-symmetric geometries, and the Nb—O [1.977(3)
and 1.976(3) A] and Ta—O [1.974(3) and 1.975(3) A] bond
lengths (per asymmetric unit) are consistent with Nb/Ta in
the 5+ oxidation state.'®

Density functional theory (DFT) geometry optimizations
were performed on 1-M (B3LYP'’/Def2-SVP*’) and closely
reproduced their experimentally determined bond lengths and

angles, vide supra [see the Supporting Information (SI) for
details]. These compounds display different chemical shifts in
their respective "H NMR spectra (by ca. 0.05 ppm), allowing
for the use of NMR spectroscopy as a means of differentiation
(Figure S10).

To further characterize 1-M and investigate differences
between the two complexes, ultraviolet—visible (UV—vis)
spectra were collected (Figure S6, solid traces). The UV—vis
spectra show similar wavelengths of maximum absorption for
1-M (Apex = 231 nm), with 1-Ta absorbing more strongly in
the UV region. Time-dependent density functional theory
(TD-DFT) calculations on 1-M (B3LYP/Def2-SVP) were
performed, providing spectra that qualitatively reproduced the
experimental spectra of 1-M (Figure S6, dashed traces). The
two lowest-energy states calculated for 1-M are composed
primarily of highest occupied molecular orbital (HOMO)—
lowest unoccupied molecular orbital (LUMO) and HOMO—
LUMO+1 transitions (55—68% composition; see the SI for
details). A difference in the energies of these states was
predicted, with features corresponding to 1-Nb (2.872 and
1.904 eV) calculated to be red-shifted compared to those of 1-
Ta (3.390 and 3.437 eV). Because of the use of the
enantiopure (S)-BINOLate proligands and in contrast to the
complexes reported by Andri,'> 1-M are enantiopure
complexes, and circular dichroism spectroscopy was employed
to characterize their chiroptical properties (see the SI for
details).

Electrochemical studies were undertaken to further assess
the electronic structures of 1-M and to identify the differences
in their associated electron-transfer processes that could be
used to develop 1-Nb/1-Ta separations. Cyclic voltammo-
grams (CVs) of 1-M display irreversible oxidation features
between 0.5 and 0.8 V versus ferrocene/ferrocenium (Fc/Fc*),
which, given the 5+ metal oxidation states, must correspond to
BINOLate-based oxidation events (Figure 2A,B). These
ligand-based oxidations are shifted anodically by ca. 0.13 V
for 1-Ta compared to 1-Nb. The CV for 1-Nb was found to
display a reversible redox wave (E,,, = —2.04 V versus Fc/Fc*)
that we assign as the Nb*/" redox couple. This value is
consistent with values of —1.87 to —1.97 V versus Fc/Fc*
reported for Nb(OAr); (OAr = 4-Me-ArO, 3,5-Me,-ArO, 2,6-
Me,-OAr) by Rothwell and co-workers.”" A reversible metal-
based reduction feature was not observed in the CV of 1-Ta in
the electrochemical window. Owing to 4d versus 5d orbital
energy differences, Nb" complexes reportedly exhibit more
thermodynamically accessible Nb"/"V redox couples than their
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Figure 2. (A) CVs and (B) square-wave plots of 1-M (see the SI for details). (C) Calculated and experimental redox potentials of 1-M (error

associated with the experimental 1-Ta oxidation event = 0.5 V).
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isostructural Ta" congeners, and the chemistry of low-valent
Nb is more developed.””**

To probe the nature of these electron-transfer events, DFT
geometry optimizations were performed on the singly oxidized
and reduced forms of 1-M ([1-M]* and [1-M]~). These
calculations corroborated the assignments postulated above
and closely reproduced the experimentally determined redox
potentials (Figure 2C). Of note, the putative Ta"/"V redox
couple for 1-Ta is predicted to occur at —3.24 V versus Fc/Fc*,
which is cathodically shifted by 0.75 V from the Nb"/" couple
calculated for 1-Nb (—2.49 V vs Fc/Fc*). Given the close
agreement between the calculation and experiment for the
experimentally observed BINOLate and Nb"/" redox couples,
the predicted potential suggests a reasonable explanation for
the absence of a reversible Ta"/"V feature in the experimental
CV of 1-Ta. Examination of the computed 1-M valence
manifolds revealed differences in the compositions of the
LUMOs between the complexes (Figure 3A). The 1-Nb
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Figure 3. (A) LUMO orbitals (canonical) for 1-M indicating the
relative degrees of metal—ligand 7 interaction in 1-Nb/Ta (isovalues
= 0.04). (B) Qualitative MO diagram describing the impact of ligand
& donation on 1-M valence manifolds. (C) Quantitative (DFT-
derived) 1-M MO diagram depicting HOMO—HOMO-2 and
LUMO-LUMO+4 orbitals.

LUMO is best described as a metal d-orbital (58% d-orbital
character), whereas that of 1-Ta was calculated to contain less
d-orbital contribution (22% d-orbital character) because of the
larger ligand-based contribution to the LUMO. The difference
in the orbital contribution between the complexes provides an
added degree of 7 donation from the (S)-BINOLate ligands in
1-Ta compared to 1-Nb, which would be expected to
destabilize the LUMO, making 1-Ta more difficult to reduce
(Figure 3B), in addition to inherent energy differences
between the 4d/5d orbitals between these complexes. Indeed,
upon a comparison of the quantitative (DFT-generated)
valence orbital manifolds for 1-M, substantial increases in the
LUMO and LUMO+1 energies were observed for 1-Ta
compared to 1-Nb (Figure 3C). This analysis is consistent
with the TD-DFT-predicted HOMO—-LUMO and HOMO—
LUMO+1 transition energies being greater for 1-Ta than for 1-
Nb (vide supra).

25

The difference in the MY/ redox couples for 1-Ta versus 1-
Nb provides an exploitable property for the development of
proof-of-concept chemical separations of the two complexes.
Bis(pentamethylcyclopentadienyl)cobalt [(C;Me;),Co] was
selected as a reducing agent for effecting the selective
reduction of 1-Nb because its redox couple (E;, = —1.91 V
vs Fc/Fc* in CH;CN) makes it unlikely to reduce 1-Ta.
Accordingly, a homogenized mixture of 1-Ta and 1-Nb was
treated with 10 equiv of (CsMe;),Co in CH;CN (Figure 4).

1-Nb + 1-Ta

(CsMes),Co (10 equiv)
CH,CN
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Figure 4. Nb/Ta separation flowsheet (Syp 1, = 6 + 2).

An excess of reductant was necessary to favor [1-Nb]~™
formation because of the similarity in the relevant redox
couple of 1-Nb versus (C;Me;),Co. After 1 h, volatile
materials were removed under reduced pressure, and the
reduction product(s) and unreacted (CsMe;),Co were
extracted from the resulting solid residue with Et,O, leaving
insoluble 1-M behind (Figure 4). Analyzing the resulting
residues using inductively coupled plasma-optical emission
spectroscopy (ICP-OES) analysis (corroborated by NMR
spectroscopy; see the SI for details) indicated that the
insoluble solid was enriched in Ta (enrichment factor = 1.5
+ 0.1°), while the Et,O extract was significantly enriched in
Nb (enrichment factor = 4 + 0.8). These enrichments are
consistent with 1-Nb being preferentially reduced over 1-Ta to
form a putative, reduction product [(CsMe;),Co][1-Nb] and
results in a modest separation factor, Syy,/r,, of 6 + 2.° This
result is comparable to the nonfluoride separation process
reported by Nete and co-workers (Syp/, = 11.5).*'* Upon the
treatment of CH;CN solutions of 1-M with water, the (S)-
BINOL ligands were recovered in 96—97% analytically pure
yields (see the SI for details), demonstrating a framework for
ligand recycling.

In conclusion, we have identified substantial differences in
the redox properties of Nb/Ta-(S)-BINOLate complexes (1-
M), allowing for the selective reduction of 1-Nb. After
reduction, the niobium product ([(CsMe;),Co][1-Nb]) was
leached from unreacted 1-Ta, resulting in a Nb-enriched
filtrate and a Ta-enriched filtrand (separation factor = 6 + 2).
DEFT calculations closely reproduced experimental spectra and
electrochemical redox features for 1-M, indicating that the ca.
0.75 V cathodic shift in the MY redox couple of 1-Ta,
compared to 1-Nb, is likely due to the inherent 4d/Sd orbital
energy differences, amplified by a greater degree of metal—
ligand 7 bonding in 1-Ta. These results demonstrate a novel
molecular Nb/Ta separation process and provide a framework
for alternative methods of the separation of these critical

https://doi.org/10.1021/acs.inorgchem.1c02976
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metals. The simple redox chemistry approach demonstrated
here is expected to be applicable to a wide range of
coordination compounds. Further work to expand the scope
and efficacy of this strategy, through development of the role of
n-bonded, chelating ligands, is underway to support the
development of sustainable technologies based on these
metals.
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