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Phosphoryl ligands of the general formula O=PR; (R= Me, OMe, Et, "Bu, Ph,

Pr, NMe,) were coordinated to  [Nd(TriNOx)] (TriNOx> = [(2-

BuNO)CgH4CH,]3N)?) and the resulting complexes were characterized. Solution

equilibrium constants for each complex were determined, demonstrating a large

range for phosphoryl ligands Lewis basicity. Thermogravimetric analyses

provided evidence for the qualitative thermodynamic preference of phosphoryl

ligands for [Nd(TriNOx)] over the dysprosium analogue. These findings were

exploited for the separation of binary mixtures of neodymium/dysprosium and

lanthanum/neodymium. Implementation of phosphoryl ligands in the TriNOx

separation system expands its scope and demonstrates a fundamentally

different mode for separating rare-earth cations based on adducts with neutral

donors.

INTRODUCTION

Urban mining of spent materials has been proposed as a sustainable

approach to exploit secondary sources of critical elements. Such a strategy

should allow for reduction of the environmental impact of mining while
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diminishing the strategic dependence on primary producers.! In fact, some

metallurgical industries have already transitioned to a larger incorporation of

recycled scraps into their supply chains. For example, 36 % of gold, 25 % of

silver and 35 % of copper are obtained from recycling today.! On the other

hand, rare earth elements (RE) have become ubiquitous in modern technologies

but, as recently as 2011, only 1% of were recovered from end of life

materials.24 As summarized in Table 1, RE production from natural ores has

detrimental impacts on the environment and the surrounding populations.5’

Therefore, there is a clear need and opportunity to develop a circular RE

economy through recycling* & as determined by several life-cycle

assessments.9-11

Table 1. Selected data for the production of 1 kg of Nd,O3; from Bayan Obo

(China) adapted and averaged from references.5 7. ?

Raw Global o Eutrophicatio Human Radioactiv
Item _ Acidification o
ore warming n toxicity e dust
. kg CO; kg 1,4-DCB
Units kg kg SO, eq kg PO4 eq g
eq eq
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Valu
330 58 0.5 0.1 69 20

Flowsheets have been proposed for the preconcentration of REs from

scraps,'¢13 however REs are generally recovered as variable mixtures of the

elements, which prevents their direct reintroduction into the supply chain.

Refinement of these recovered RE blends is currently achieved by solvent

extraction,’ an effective but solvent- and energy-consuming method.5-6

In recent years, progress has been made in developing alternative methods

for targeted RE separations such as ionic liquid-based separations systems,!5-17

selective  crystallization®2" or photochemical reduction.2223  |mmobilized

extractants such as bacteria2426 or functionalized materials have also shown

promising capabilities.?’-32 Recovery of RE from end of life materials actually

provides simplified mixtures of REs with relative ratios very different from the

natural ores. Such mixtures provide an opportunity for simpler operations than

those used in a solvent extraction separation plant. In this contribution, we

focus on non-adjacent pairs of REs of technological relevance, such as Nd/Dy
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found in hard permanent magnets or La/Nd found at the anode of nickel metal-

hydride (NiMH) batteries.!3. 33-34

Our group recently demonstrated the separation of early/late RE combinations

using the self-association/complexation properties of RE-compounds bearing a

tripodal anionic ligand, ([(2-BuNO)CgH4CH3]3N)3 (TriNOx?).3%-37 The chelation of

three hard, anionic donors to a RE center led to the formation of complexes

bearing a size-sensitive molecular aperture that was responsible for large

differences in the self-association equilibria (Kyme, See Scheme 1) based upon

small changes in ionic radii across the lanthanide series. Solubility differences

between the resulting early RE dimer ([(RE)TriNOx],, RE = La-Eu) and late RE

monomer ([(RE)TriNOx(THF)], RE = Y, Gd-Lu) complexes afforded good

separation factors by a simple leaching in benzene (Sngpy = 303) or toluene

(Snapy = 30).37 Employing the ability of TriNOx> to undergo ligand-based

oxidation, we also demonstrated the separation of late/late RE pairs by an

electro-kinetic method.38 In both cases, the key contributions were the

elucidation of a molecular basis to achieve separation of RE pairs.
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The factor responsible for the exceptional selectivity for some RE-pairs of this

seminal system, namely selective self-association for early RE pairs, are also

its main limitation for extension to other RE-pairs, especially for early/early or

late/late combinations of REs. A simple option for adjusting the TriNOx3- system

is the use of readily available external ancillary ligands that interact differentially

with the isostructural [(RE)TriNOx(THF)] series. We hypothesized that the

exceptional fine tuning of the molecular aperture observed within the

[(RE)TriNOx(THF)] series could result in different binding affinities across the

RE series for a given ligand, enabling separations. As well-established neutral

ligands for RE cations, with easily tunable electronic and steric profiles,3%-42 we

selected a library of 7 phosphoryl ligands (Chart 1, O=PR3;, R = Me, OMe, Et,

"Bu, Ph, Pr, NMe,) to investigate [(RE)TriNOx] separation mediated by ancillary

ligands. Coordination to [Nd(TriNOx)] and [Dy(TriNOx)] was explored by

solution- and solid-state methods. Separation experiments employing phosphoryl

ligands resulted in good separations factors between Nd and Dy over a single

step. Moreover, implementation of phosphoryl ligands in our separation system

ACS Paragon Plus Environment
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allow for more benign leaching solvents; while permitting the separation of

early/early lanthanide mixtures, separations that were previously not possible.

oNOYTULT D WN =

The current report focuses on simulated pairs of REs in idealized conditions,
14 but, the results contribute to the development of alternatives to solvent

17 extraction for targeted REs separations, especially for urban mining applications.

24 Chart 1. Library of phosphoryl ligands (O=PRj3) investigated in this work.

1 1 I I
30 Me—|~"Me MeO~,~OMe Et—|~Et "Bu~ ~"Bu
31 Me OMe Et "Bu

33 O O

11 11 11
3 Ph—P~Ph iPr—~ipr MeoN~|~NMe,
36 Ph Pr NMe,

40 RESULTS AND DISCUSSION

44 Syntheses and solution behavior of complexes. The neodymium complexes
47 2-8 were synthesized from the parent THF adduct (1tyg) using excess of the

free phosphoryl ligands (Scheme 1). Adducts 2-8 were isolated as crystalline

60 ACS Paragon Plus Environment
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solids in fair to good yields (see Experimental Section and S| for synthetic
details).

[ § R-5-R
I

O —
= OMe (63 %)

B RS PR
N O R~ ~R Bu_y o) t (87 %)

2,R
3,R
Bu~|’ 4R
N R Bu~N’ 5, R = "Bu (32 %)
N - THF @\/N 6, R = Ph (60 %)
7, R = Pr (54 %)
11HE 8, R = NMe, (60 %)
+THF \—\THF - Ry =O/R3 =0

(Bu _ Ndimerl[R3 =0)?
AN 0-No f o
Bu SN
S
05 TN ‘Bu i Maimerl[THFP?
N O— ’I\l dimer-1 (el

Bu

Me (48 %)

K dimer-n

&

Scheme 1. Syntheses of complexes 2-8 and dimerization equilibrium constants

Kd/mef—ﬂ (n = 1_8).

TH and 3'P{'H} NMR spectra were recorded for compounds 2-8 in CDClIjs,

demonstrating the coordination of a single equivalent of phosphoryl ligand to

form the monomeric Csysymmetric complexes 2-8 (see Sl). As described by us

previously, adducts 1ty and 2-8 are involved in self-association equilibria to

ACS Paragon Plus Environment
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form the dimeric complex 1gimer (Scheme 1).35 The equilibrium constant Ayimern

(n = 1-8) was defined for the formation of 14imer and measured in CgDg:CDCl3

mixtures to afford solubility of all phosphoryl ligands (Table 2 and Figures S22-

S30).

Table 2. Self-association equilibrium constants Ayme-n (n = 1-8) for complexes

1-8 in CegDg/CDCI3 mixtures.

Ligand THF (17u))  O=PMes (2) O=P(OMe); (3)  O=PEt; (4)

Kaimern (M) 6.3+0.6 45+2.3 x 103 2.0+£0.2 2.910.5 x 102

Ligands O=P"Bus (5) O=PPh;s (6) O=PPr; (7) O=P(NMey); (8)

Kaimern (M) | 1.1£0.1 x 102 1.0£0.1 x 10" 6.9+2.1 x 103 8.7£0.8 x 103

The magnitude of the dimerization equilibria was strongly impacted by the

nature of the ancillary phosphoryl ligand (Scheme 1, Ajmern ranges 2.0 to 4.5

x 103 M). Several Lewis basicity and affinity scales have been described in

the literature and can be compared with the values of AKymern (s€ee Figure

S31).#3 The tabulated Lewis basicity trends are reproduced for Ayne.n: alkyl

phosphine oxides and hexamethylphosphoramide (HMPA) are the strongest

Lewis bases. In comparison, aromatic phosphine oxides, such as O=PPhs, are
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weaker Lewis bases but they are still more basic than organophosphates (e.g.

O=P(OMe)3). Finally, THF ranks as the weakest Lewis base of the series.

These comparisons confirmed a clear correlation between the inherent Lewis

basicity of the phosphoryl ligands and the respective dimerization constants of

complexes 2-8. Within the alkyl phosphine oxide ligand types, small variations

of AKumern Were not reproduced in the Lewis basicity and affinity scales, an

observation that supports a steric contribution that is not present in usual

measurements of Lewis basicity.*3

Having established the solution behavior of neodymium adducts 1-8, the

coordination of phosphoryl ligands was examined for the dysprosium analogue

91r.35 As we previously reported, the self-association of 9ty to form a dimeric

analogue of 1gmer is strongly disfavored on thermodynamic grounds, as

extrapolated from the self-association constants of early lanthanide analogues

(La-Sm).36 This absence of self-association was found to be the main factor

responsible for the high separation factor observed between neodymium and

dysprosium observed in our initial report.3®> Interestingly, over the course of the

ACS Paragon Plus Environment
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present study, we identified the unsolvated complex 9, (Scheme 2). This

complex exhibited C; symmetry in CDCIl; and confirmed the hypothesis that a

dimeric dysprosium analogue of 14mer Would not form to a measurable degree,

even in the absence of an apical, ancillary ligand.

R
R-A5-R
» ;
O
: : P
tBU O @ N tBu O 9 B
B CHZCIZ Bu\ R--R u\N
U\N T N — R
[ } - T TR
, (92 %) 9thr 10, R = Et (44 %)

11, R = Pr (52 %)
12, R = NMe, (65 %)

Scheme 2. Syntheses of the dysprosium complexes 9, and 10-12.

Syntheses of the dysprosium analogues of complexes 2-8 were attempted but,

isolable and analytically pure complexes were only obtained for the phosphine

oxides O=PEt; (10) and O=P(Pr); (11) and the phosphoramidate HMPA (12)

(Scheme 2). As expected, these complexes were determined to be Cs

symmetric in CDCI; with one equivalent of phosphoryl ligand coordinated.

Because of the insolubility of 9ty and 9, in most solvents, it was not possible

ACS Paragon Plus Environment
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to determine meaningful binding constants for complexes 10-12 by NMR

spectroscopy.

Solid-state crystallography. Neodymium complexes 2-8 and dysprosium

complexes 9,, 10-12 were crystallized (Table S2) and characterized by X-ray

diffraction crystallography. As indicated by '"H NMR spectroscopy, all phosphoryl

adducts were observed to contain only one equivalent of ancillary ligand. All

complexes exhibited the expected coordination mode of the TriNOx3 ligand

observed for rare-earth cations (e.g. tridentate k2-(N,O)). As representative

examples, thermal ellipsoid plots of complexes, 2, 5, and 9, are depicted in

Figure 1 (see Figures S32-S39 for remaining complexes).

ACS Paragon Plus Environment
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Figure 1. Thermal ellipsoid plots (50 % probability) of 2 (a), 5 (b), 9, (c) and

oNOYTULT D WN =

space-fill models comparison of 8 (left) and 12 (right) (d).

1 With solid-state structures of neodymium adducts 2-8 and the previously

reported 1rye in-hand, effects of the coordination of phosphoryl ligands were

18 examined and compared with the solution-state dimerization constants pAyimern

21 (n = 1-8) (Figure 2).

1801 P(1)-O(4)-Nd(1)

- x I

1604

Angles (°)

244 '—-*—"/*
—- Nd(1)-0(4) e

Bond Lengths (A)
»

43 W P < $@®q’ 128N OQQ) ,ng
45 Substituents / Ligand

>0 Figure 2. Bond lengths, angles, and pAymer comparison between neodymium

54 complexes 2-8 and 14e (d). Bond lengths and angles refer to the left axes,

60 ACS Paragon Plus Environment
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PKgimer Values refer to the right axis. Connecting lines are provided only as a

guide for the eye.

Coordination bonds Nd(1)-Nno and Nd(1)-Ono were statistically equivalent for

compounds 2-8 (see Table S5 for key metrical parameters of complexes 2-12)

demonstrating similar equatorial coordination environments. Larger variability was

observed for the apical coordination bonds Nd(1)-N(4) and Nd(1)-O(4), as well

as the angle of coordination P(1)-O(4)-Nd(1) of the phosphoryl ligands. The

latter parameter indicated two preferential coordination modes for the phosphoryl

ligands: bent (2 and 5) or linear (3, 4, 6, 7 and 8), as also observed in the

Cambridge Structural Database (see Figure S53). Notably, complexes exhibiting

a nearly linear coordination mode - which minimize the inter-ligand steric

repulsion - demonstrated a positive correlation between the Nd(1)-O(4) bond

lengths and the magnitude of their respective dimerization constants: weaker

ligands relative to the monomerization process (larger Aume) were observed to

possess longer Nd(1)-O(4) bonds.

ACS Paragon Plus Environment
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A solid-state comparison between complexes 1-8 allowed us to draw a

tentative qualitative correlation between key metric parameters (the Nd(1)-O(4)-

P(1) angles and Nd(1)-O(4) bond distances) and solution-state dimerization

constants. Having established the influence of different phosphoryl ligands of

varying electronic and steric properties on [Nd(TriNOx)], the impact of a more

Lewis acidic center, namely dysprosium, was examined (see Figure S40). As

previously observed in the [(RE)TriNOx(THF)] series (RE = Y, La-Lu),3¢ the

lanthanide contraction results in the expected decrease in coordination bond

lengths RE-Nno, RE-Ono and RE-O(4) with RE = Nd, Dy. Effects of the

coordination of phosphoryl ligands and of the lanthanide contraction were also

observed in the percent buried volume (%V,,) of each complexes (Table 3).44

Table 3. Calculated %V, of complexes 1tur, 4, 7, 8, 91hr, 95, 10, 11 and 12

%Vour | O=P(NMe); O=P(Pr); O=PEt; THF*® g

Nd 78.7 78.2 78.3 79.9 /

Dy 80.3 79.6 79.4 81.3 87.0

In comparison with their THF analogues, both neodymium and dysprosium

phosphoryl adducts exhibited a more open molecular aperture to accommodate

ACS Paragon Plus Environment
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the shorter observed RE-O(4) bonds. Besides this, the closure of the molecular

aperture upon the contraction is observed to be similar for any considered

ancillary ligand. Finally, the %V, of the “naked” complex 9, was significantly

higher in comparison with the previously reported THF-solvates where the

highest %V, was obtained for the lutetium complex (82.6 %).36 This effect is

also highlighted by the Dy(1)-N(4) bond length in 9, which is the shortest

observed for all RE complexes of the TriNOx3 framework (see Figures 1d and

S41-S52 for space-fill views).

Thermogravimetric analyses. Bond length comparisons of neodymium (1-8)

and dysprosium (9-12) complexes allowed for a deeper understanding of the

coordination chemistry of the phosphoryl ligands. To gain more insight into the

relative  metal-phosphoryl ligands bond strengths, differential scanning

calorimetry/thermogravimetric analyses (DSC/TGA, 10°C min', N, flow) were

conducted on complexes 2-8 and 10-11 (Figure 3 and S55-S64).

ACS Paragon Plus Environment
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100

coNOULT A WN =
'

— 1 \ / Tdecomp
9 80 \ /

diss

150

o
Weight (%)

17 =25

®
(Mw) moy yesH

19 40 ?Exo up 10

) )
23 100 200 300 400
24 Temperature (°C)

28 Figure 3. DSC (---, right axis) and TGA (-, left axis) thermographs of Nd (4)
31 and Dy (10) adducts of O=PEt;. Tgss and Tgecomp Were determined as the

maxima of the first derivative of the TGA measurements (not depicted).

39 Table 4. Dissociation temperatures (Tgss) Of phosphoryl ligands observed by

42 DSC-TGA.

46 Tdiss (OC) O=P(OMG)3 O=PMe3 O=PEt3 O=P(‘Pr)3 O=P(NM62)3

49 Nd 152.0 181.0 196.2 217.4 211.8

o1 Dy / / 126.2  134.1 152.5

60 ACS Paragon Plus Environment
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All complexes depicted similar TGA profiles: an endothermic ancillary ligand

dissociation (Tgiss, €xcept for 5 and 6) followed by an exothermic decomposition

of the TriNOx*> framework (Tgecomp)- Representative examples of the

thermographs obtained for neodymium (4) and dysprosium (10) adducts of

O=PEt; are presented in Figure 3. TriNOx3® decomposition was observed at

about 234 °C for all neodymium complexes 2-8 while dysprosium adducts 10-12

experienced degradation around 283 °C (Figures S55-S64). This observation

supports an increased Lewis acidity from Nd to Dy.3® Converse to that

expected trend, dissociations of ancillary phosphoryl ligands were observed at

much lower temperatures (ATgss = 59 to 83 °C, Table 4) for dysprosium

complexes 10-12 than their respective neodymium congeners 4, 7, and 8. This

demonstrates a larger thermal stability for the coordinated phosphoryl ligands in

Nd complexes than their Dy analogues.*® Therefore, assuming similar lattice

energies for pairs of complexes before and after the thermal dissociation of the

phosphoryl ligands, and approximately identical rates of dissociation, the main

contribution in ATy is the difference in the enthalpy of coordination AAHcoorg =

ACS Paragon Plus Environment
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AHcoord(Nd) = AHcoordpy), Where AHcoorgrey iS the enthalpy of reaction associated

with the formation of the RE-O=PRj3; coordination bonds. These observations

establish a qualitative thermodynamic difference for the RE-O=PR3; bond

strengths between RE = Nd and RE = Dy. Recognizing the thermodynamic

preferences of phosphoryl ligands for the [Nd(TriNOx)] fragment over their

dysprosium congeners, the possibility of separating [Nd/Dy(TriNOx)] mixtures by

leaching was next examined.

Separations experiments: neodymium/dysprosium. First, homogeneously

dispersed equimolar solid-solutions of the two elements were synthesized and

coordinated to the H3TriNOx ligand (see Sl). Two phosphoryl ligands were then

targeted to optimize the separation conditions: trimethylphosphine oxide and

tri(/+butyl)phosphine oxide. O=PMe; was observed to be the strongest ligand of

the series while O=P("Bu); afforded very large solubility to its adducts in alkane

solvents. After an initial screening of solvents, diethyl ether (Et,O) and 7+

hexane were selected for performing the leaching separation experiments using

O=PMe; and O=P("Bu);, respectively. According to several metrics, simple

ACS Paragon Plus Environment
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ethers, such as Et,0, or linear alkanes (rhexane, rheptane) have been

recognized as potential green organic solvents thanks to their low production

and incineration costs.*6-4’ An initial optimization of the separation conditions

prompted us to design two different protocols: method A was employed for

direct leaching experiments with O=PMe; in Et,0; while method B (with

O=P("Bu); in mhexane) required an initial equilibration step in CH,Cl, (Figure

4).
Method B:
Method A: Solid mixture
- [(Nd/Dy)TriNOX(THF)]
Solid mixture + x equiv. O=P("Bu)s
[(Nd/Dy)TriNOx(THF)]
+ x equiv. O=PMe; l CH,ClI,
Et,O Evaporation under
2 reduced pressure
Suspension in Et,0: ln—hexane
2+ 9@
Stirred for 30 min. Suspension in Et,0:
5+ 9@
Filtration Stirred for 30 min.
l l Filtration
Filtrate: Solid
Nd-enriched -enriched Y
(2) (95) Filtrate: Solid:
Nd-enriched -enriched
() 9,)
[
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Figure 4. Schematic description of the separation experiments using O=PMe;

(Method A) and O=P("Bu); (Method B).

Compositions of each fraction (solid and filtrate) were determined by

inductively  coupled plasma-optical emission  spectroscopy (ICP-OES)

measurements. The purity of each portion was evaluated by the respective

enrichment factors (Dsoig = (Npy/Nng); Drirate = (Nna/Npy)). The quality of the

separation was estimated through the separation factor (Snapy = Dsolia*Driltrate)-

Following the optimization of experimental procedures, optimal volumes of

solvent required for the leaching were also determined (Figures S65-S66) and

kept constant for further experiments.

Finally, the influence of the amount of ancillary ligand was examined in

duplicate; results for each method are reported on Figures 5 and 6.

ACS Paragon Plus Environment
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100- ~20
— SNd/Dy
80+ -
=15
M
=)
- o
) 60 Dsoiig g
3 10 S
7)) -
40- ?’._)..
o
i 7
=5
20+
I:)Filtrate
C T v v v T v v v ] v v v ) 0
0 1 2 3

Equiv. O=PMe; (vs. Nd)

Figure 5. Impact of the amount of O=PMe; on the separation properties of

method A. Dsgig and Drirate (-—-, right axis) and Sngpy (- left axis) were

determined by ICP-OES (average of two independent runs).

ACS Paragon Plus Environment

22

Page 22 of 38



Page 23 of 38 ACS Sustainable Chemistry & Engineering

150+ =50

oNOYTULT D WN =

DFiItrate -20

SJ0joE} JUBWIYOLIUT

DSolid

N =

)
1
25 Equiv. 0=P("Bu), (vs. Nd)

N
~
O =

29 Figure 6. Impact of the amount of O=P(”Bu); on the separation properties of

method B. Dsgig and Driae (-, right axis) and Snapy (-, left axis) were

36 determined by ICP-OES (average of two independent runs).

40 When 1 equivalent (molar equivalent vs. Nd) of phosphine oxide extractant

was employed, both procedures demonstrated the expected thermodynamic

47 preference and resulted in separation factors Sngpy of 56+2 and 321 for

50 method A and B respectively. Larger amount of extractants (> 1 equiv vs. Nd)

resulted in a drop of the separation factor. This can be explained by an

60 ACS Paragon Plus Environment
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increased coordination of the extractant to the [Dy(TriNOx)] fragments causing a

decrease of the filtrate enrichment factor (Driwate — 1) which was not balanced

by the increasing purity of the solid (Dseig up to ~13). Sub-stoichiometric

amounts of ancillary ligands resulted in an opposite effect: low amounts of

extractant amplified the thermodynamic preference for neodymium, originating in

high filtrate enrichment factors (Drgijyate = 13.4%£0.9 and 37.8+2.5 for method A

and B respectively, when 0.25 equiv. of phosphine oxides were employed).

Conversely, the solid fractions were found to be relatively impure as a result of

the lack of extractant. Despite these poorly enriched solids, the quality of the

filtrate (Driwate = 37.8 is equivalent with > 97 % purity in Nd) resulted in

appreciable separation factors of 90+3 and 13616 for method A and B

respectively (when 0.25 equiv. of extractant was used). Notably, mass balance

was conserved through the separation and the recovery rates were generally

good (Table S7-S8).

Separations experiments: lanthanum/neodymium. After confirming the ability

of phosphoryl ligands to participate in neodymium/dysprosium separations, we

ACS Paragon Plus Environment
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wondered if phosphoryl ligands could be employed for early/early rare earth

separations. Such separations were not possible with our previous systems

because of the dimeric nature of all early RE complexes (La-Eu).3%-3/

Acknowledging the large solubility of O=P(”Bu); adduct 5 in nhexane while all

dimeric compounds 14imer-nre (HRE = La-Eu) proved to be mostly insoluble in

alkane solvents, we targeted the separation of lanthanum and neodymium pairs

as a proof of concept of this new strategy. We first examined the binding

constant of O=P("Bu); with [La(TriNOX)]> (1dimer-La), giving rise to a Aymeria =

3.0 £ 0.1 x 102, While small, the difference with Aymers (1.1 £ 0.1 x 102)

suggested the preferable coordination of O=P(”Bu); with [Nd(TriNOX)]2 (1dimer)-

Separations experiments were conducted using a similar procedure as method

B (Scheme 3, see SI for details). In this situation, the solid portion was

enriched with 1gimerLa, While the filtrate had an enhanced proportion of 5

(Scheme 3).
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As previously performed, we examined the influence of the amount of tri(/-
butyl)phosphine oxide extractant on the separation performances (Figure 7).
Control experiments in the absence of O=P("Bu) demonstrated no level of
separation. As expected and observed for Nd/Dy separations, increased amount
of extractants led to improved solid purity (Dseig) While decreasing the quality of

the filtrate (Driwate). EXxcessive amounts of O=P(”Bu) (2.5 equiv. vs. Nd) resulted
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in unappreciable amounts of recovered solid, reducing the separation

performance of the system. The overall best separations were observed for

oNOYTULT D WN =

slight excess of extractant, with S ong = 10. Although moderate, these results
14 demonstrated the ability of the TriNOx3 system to separate pairs of early/early

17 RE with the introduction of an external ligand.

I:)Solid

27 Dritrate

SJ0j0B} JUBWIYOLUT

»
O=
N
N =

42 Equiv. O=P("Bu), (vs. Nd)

Figure 7. Impact of the amount of O=P(”Bu); on the separation properties of

50 method B’ for equimolar [(La/Nd)TriNOx] mixtures . Dsoiqg and Derigrate (---, right
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axis) and S gng (—, left axis) were determined by ICP-OES (average of two

independent runs).

Finally, THF solutions of oxalic acid (1.5 equiv) were added to isolated

solid and filtrate portions. After drying, the resulting solid could be extracted

first with m-hexane, releasing O=P("Bu); in ca. 90 %. Further leaching with Et,O

allowed recovering H3TriNOx (86 %) leaving RE-oxalates as the solid portion;

confirming the recyclability of the separation system.

CONCLUSIONS

The binding of various phosphoryl ligands was examined with neodymium and

dysprosium centers coordinated by the TriNOx3 ligand framework. Solution- and

solid-state behaviors were investigated and allowed us to rationalize the

coordination of ancillary ligands to the [RE(TriNOx)] system. As a result of the

TriNOx3 properties and conversely to general trends, more Lewis acidic RE

were observed to bind weakly to Lewis basic ancillary phosphoryl ligands.

These findings were applied to the separation of Nd/Dy pairs with reasonable

separation factors, while providing access to alternative leaching solvents. We
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also demonstrated proof of concept for La/Nd separation, a combination

inseparable with our original system. Hence, the use of ancillary ligands

provided a more flexible approach for the separation of RE, compared to our

previously reported system, based solely on self-association. In particular,

solubilizing phosphoryl ligands allowed for greener leaching solvents. The

separation results reported here were four to six times better than industrial

solvent extraction systems based on mono-2-ethylhexylester(2-

ethylhexyl)phosphinic acid (HEH(EHP)) or bis(2-ethylhexyl)phosphoric acid

(HDEHP).“¢  More generally, we demonstrated that understanding of the

coordination chemistry of metal-extractant systems allows for improved

separation results through leaching. In this way, connection of coordination

chemistry to separations performance promises to reduce environmental impact

by limiting the number of iterations required for metal separations. In the

context of urban mining, the results presented here help to articulate design

principles for new RE separations opportunities and improve understanding of

synergistic effects in mixed extractant systems.4®
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Finally, the current work was limited to pairs of RE, however we believe that

these findings could enable the separation of complex mixtures (> 2 RE), by

incremental leaching steps. Work in this direction is currently underway in our

laboratory.

EXPERIMENTAL SECTION

Representative synthesis of 2. [NdTriNOx], (135 mg, 98 umol) was suspended

in CH.CIl, (5 mL), O=PMe; (22.5 mg, 0.24 mmol, 2.5 equiv.) was dissolved in

CH,Cl, (2 mL). The two solutions were mixed and stirred for 1 hour to yield a

clear blue solution. Volatiles were removed under reduce pressure. The solid

was suspended in a mixture of Et,O/hexanes (1:1, 5 mL). The suspension was

fitered and washed with pentane (2x 3 mL) to yield 2 as a pale blue solid (73

mg, 93 umol, 48%) after drying. Single crystals suitable for X-ray analysis were

grown by gas-diffusion of hexanes into a 1,2-difluorobenzene solution of the

complex.
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Syntheses of other complexes deviates from these conditions and are detailed

in the Supporting Information. Crystallization conditions for all crystallographically

characterized complexes are detailed in Table S2.

Representative separation experiment. Method A. In 20 mL scintillation vial, solid
[(Nd/Dy)(TriNOx)(THF)] (80 mg) and O=PMe; (x equiv. vs. Nd, x ranges 0 to 3) were
suspended in Et,0O (6 mL). The mixture was vigorously stirred for 30 minutes. The mixture was
filtered over a pre-weighted medium-porosity fritted-glass filter and a pre-weighted filter flask,
the vial was washed with Et,O (2 mL) and the filter cake was washed a second time with Et,O (2
mL). The solid (Dy-rich) and filtrate (Nd-rich) fractions were dried under vacuum and their
respective masses were recorded. The Nd:Dy ratio were estimated by 'H NMR in CDCl; and

further measured by ICP-OES.

Full details of the separation experiments can be found in the Supporting

Information.

ASSOCIATED CONTENT

Supporting Information. Synthetic and separation experiments details,

spectroscopic, thermogravimetric, and crystallographic data (PDF).
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SYNOPSIS. Incorporation of ancillary phosphoryl ligands into a rare-earth (RE)

separation system increased the system’s scope and sustainability aspects.
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