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ABSTRACT: Efficiently separating the chemically similar lanthanide ions into
elementally pure compositions is one of the greatest scientific challenges of the 21st
century. Although extensive research efforts have focused on the development of
organic extractants for this purpose, the implementation of aqueous complexants
possessing distinct coordination chemistries has scarcely been explored as an
approach to enhancing intralanthanide separations. In this study, we investigate the
lanthanide coordination chemistry of macrophosphi, a novel analogue of the reverse-
size selective expanded macrocycle macropa. Our studies reveal that substitution of
the pyridyl-2-carboxylic acid pendent arms of macropa with pyridyl-2-phosphinic
acid arms of macrophosphi gives rise to a dramatic enhancement in the ability to
discriminate between light lanthanides, reflected by a binding affinity of
macrophosphi for La3+ that is over 5 orders of magnitude higher than that for
Gd3+. Furthermore, upon implementation of macrophosphi as an aqueous
complexant in a biphasic extraction system containing the industrial extractant
bis(2-ethylhexyl)phosphoric acid, separation factors of up to 45 were achieved for the Ce/La pair. These results represent a
remarkable separation of adjacent lanthanides, demonstrating the significant potential of reverse-size selective aqueous complexants
in lanthanide separation schemes.

■ INTRODUCTION
The 15 lanthanides (Ln), comprising the elements lanthanum
(La) through lutetium (Lu), exhibit a diverse range of
photophysical, magnetic, and nuclear properties that render
them uniquely suited for use in a wide range of applications
spanning technology, industry, and medicine.1 They are
employed, for example, as key components of batteries and
permanent magnets for hybrid vehicles and wind turbines, fluid
cracking catalysts for gas production, and imaging and
therapeutic agents for cancer diagnosis and treatment.
Recently, the increasing demand for lanthanides for these
applications, in conjunction with their tenuous supply arising
from China’s near monopoly on Ln production, has led to
growing concern over the availability of these valuable
elements to meet future needs.2−4 This concern has prompted
the designation of lanthanides as critical materials,5,6 spurring
innovative research into more efficient strategies for their
recovery from mineral ores and secondary resources such as
spent technology.7−17 Owing to the similar chemical properties
of the lanthanides,18 however, their separation from one
another into elementally pure streams, which is required for
use in their respective applications, remains notoriously
difficult.
The primary method by which lanthanides are separated

from one another is liquid−liquid, or solvent, extraction.19−21
In this process, an aqueous mixture of lanthanides is contacted
with an immiscible organic solvent containing a lipophilic

extractant such as bis(2-ethylhexyl)phosphoric acid (HDEHP;
Figure 1), which serves to complex the lanthanides and transfer
them into the organic phase.22,23 The extent of partitioning of
lanthanides between the two phases is based on the differential
thermodynamic affinity of HDEHP for different Ln3+ ions. Like
most ligands, HDEHP binds more strongly to the smaller
heavy Ln3+ ions compared to the larger light Ln3+ ions and
therefore is broadly effective at separating these two classes of
lanthanides. Further tuning of separations may also be
achieved by introducing a water-soluble complexant into the
aqueous phase. In this context, the most commonly used
aqueous complexant is diethylenetriaminepentaacetic acid
(DTPA; Figure 1), which has been employed in the
TALSPEAK (Trivalent Actinide−Lanthanide Separation by
Phosphorus reagent Extraction from Aqueous Komplexes)
separation process.24,25 Like HDEHP, however, DTPA also has
a strong binding preference for the smaller Ln3+ ions, with little
ability to discriminate between neighboring or individual Ln3+

ions.26 This redundancy with respect to metal-binding
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preference currently limits the utility of these aqueous
complexants in Ln separation schemes. Thus, the development
of alternative aqueous complexants with Ln3+-selectivity
patterns distinct from those of the organic extractant is of
great value to achieve more efficient Ln separations.
Although most ligands bind more strongly to the smaller,

more charge-dense Ln3+ ions, there have been ongoing efforts
to design ligands that have higher affinity for the larger, more
charge-diffuse Ln3+ ions.27−33 These “reverse-size” selective
ligands have marked potential for use as aqueous complexants
in liquid−liquid extractions in conjunction with conventional
organic extractants. Efforts to implement these ligands in Ln

separation schemes, however, have only been scarcely pursued.
For example, the expanded 18-membered macrocyclic ligand
macropa (Figure 1), a well-known reverse-size selective
ligand,33−35 has been applied in Ln and actinide (An)
liquid−liquid extractions.36,37 These studies have shown
promising results, with macropa giving rise to a trans-
lanthanide (Lu/La) separation factor (SF) of 108 and an
average intralanthanide SF of 3.7 when used in a biphasic
system with HDEHP.
Recently, our group has been developing new analogues of

macropa for various applications in medicine and industry that
require the selective chelation of large metal ions.38−42 We
have found that subtle modifications to the core scaffold can be
made to tune the relative affinities of the resulting ligands for
the different Ln3+ ions but preserve the overall trend of reverse-
size selectivity. For example, a rigidified version of macropa,
called CHX-macropa (Figure 1), exhibits an enhanced
difference in binding affinity between La3+ and Lu3+ in
comparison to macropa.40 In this report, we describe a new
diaza-18-crown-6 analogue called macrophosphi, in which the
pyridyl-2-carboxylic acid (picolinic acid) pendent arms of
macropa are replaced with pyridyl-2-phosphinic acid arms. We
show that this modification leads to an augmented ability to
discriminate between the early, but not late, Ln3+ ions, a
feature that is distinct from that of macropa. With this unusual
Ln3+-selectivity pattern, macrophosphi was applied as an
aqueous complexant in liquid−liquid Ln separation experi-
ments. The use of this ligand has allowed us to demonstrate
one of the largest SFs for adjacent Ln3+ ions reported to date.
Collectively, these results highlight the utility of reverse-size
selective aqueous complexants in the recovery of lanthanides
and represent a significant advancement toward achieving the
elusive goal of separating adjacent lanthanides in a single stage.

■ RESULTS AND DISCUSSION
Ligand Synthesis and Characterization. The synthesis

of macrophosphi, a diaza-18-crown-6 macrocycle bearing two
pyridyl-2-phosphinic acid pendent arms, was achieved in four
steps (Scheme 1). A key challenge in preparing this ligand was
the synthesis of the pendent arm synthon ethyl [6-

Figure 1. Chemical structures of the ligands discussed in this work.

Scheme 1. Synthesis of Macrophosphi
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(chloromethyl)pyridin-2-yl](methyl)phosphinate (3).
Although compound 3 has not been previously reported, a
closely related mesylate analogue has been prepared in five
steps starting from 2-bromo-6-methylpyridine.43,44 A key step
in this synthesis is a palladium-catalyzed cross-coupling
reaction to form the C−P bond, which requires rigorous
anhydrous and oxygen-free conditions. In our approach, we
employed a more straightforward synthetic route, requiring
fewer steps and less sensitive reactions.
Our synthesis of 3 commenced from 2-(chloromethyl)-

pyridine-1-oxide (2), which can be prepared on a multigram
scale in high yield by treating 2-(chloromethyl)pyridine with
m-chloroperoxybenzoic acid (mCPBA).45 In the key C−P
bond-forming step of our synthesis, the pyridine-N-oxide 2 was
activated toward an Arbuzov-type reaction with ethyl
chloroformate and then treated in the same pot with diethyl
methylphosphonite to install the phosphinate group, protected
as an ethyl ester. In contrast to the palladium-catalyzed C−P
bond formation, no rigorous drying or degassing of the
reaction mixture was required; only a sieve-dried solvent and a
blanket of N2 were used to exclude excessive moisture from the
reaction. Compound 3 was isolated in 40−50% yield after
vacuum distillation and subsequent flash column chromatog-
raphy. Although this modified Arbuzov reaction is well
established for the synthesis of pyridyl 2-phosphonates,46,47

to the best of our knowledge, this report is the first example of
its use to access the pyridyl-2-phosphinate scaffold. We
anticipate that this alternate synthetic route to form pyridyl-
2-phosphinates, which only requires two steps, will facilitate
the implementation of this underutilized bidentate chelating
moiety in future ligand design efforts.

Subsequent alkylation of diaza-18-crown-6 with 3 in
acetonitrile at reflux resulted in the formation of 4 as a single
diastereomer in approximately 63% yield (Scheme 1).
Following purification of 4 by reverse-phase semipreparative
high-performance liquid chromatography (rp-HPLC), the ester
groups were hydrolyzed in 6 M HCl to afford macrophosphi as
a crystalline hydrochloride salt (81% yield). Novel compounds
3, 4, and macrophosphi were fully characterized by 1H,
13C{1H}, and 31P{1H} NMR spectroscopy, analytical HPLC,
high-resolution mass spectrometry (HRMS), and elemental
analysis (Figures S1−S15).
The crystal structure of macrophosphi was determined by X-

ray diffraction of a single crystal grown from slow evaporation
of a methanol (MeOH) solution of the ligand (Figure S16).
Under these conditions, macrophosphi crystallizes in the P1̅
space group as a dihydrochloride salt, [H4macrophosphi]Cl2.
The macrocycle sits on a crystallographic inversion center, and
several regions of the structure exhibit disorder, reflecting some
conformational flexibility of this compound (see section 1.2 in
the SI for more details). The pendent arms are positioned
above and below the plane of the macrocycle, with the pyridyl-
2-phosphinate groups pointing away from the center of the
diaza-18-crown-6 core. Crystallographic parameters for
[H4macrophosphi]Cl2 are provided in Table S1.

Solution and Solid-State Characterization of La3+

Complexes of Macrophosphi. To probe the Ln coordina-
tion chemistry of macrophosphi, we first investigated its
complexation with La3+, the largest Ln3+ ion. Initial efforts to
synthesize the La−macrophosphi complex were carried out in
isopropyl alcohol using La(ClO4)3 as the La3+ source and
triethylamine as a base (Procedure 1 in section 1.1 in the SI).

Figure 2. Synthesis and crystallization of La3+ complexes of macrophosphi. Top: 1H NMR spectrum of the precipitate isolated from the reaction of
macrophosphi with La(ClO4)3 in an organic solvent and X-ray crystal structure of the N-oxide dimer [La2(macrophosphi-N-oxide)2(OH2)2]-
(ClO4)2·10H2O obtained from crystallization of this precipitate from water/dioxane. Bottom: 1H NMR spectrum of the precipitate isolated from
the reaction of macrophosphi with LaCl3 in aqueous NH4HCO3 and X-ray crystal structure of the monomeric, unoxidized complex [(La−
macrophosphi)(CO3/OH2)]·2.5H2O obtained from crystallization of this precipitate from MeOH/Et2O. The structure is shown here with the
CO3

2− anion occupying the axial position (see the text). Ellipsoids are drawn at the 50% probability level. Hydrogen atoms attached to carbon
centers, counteranions, and outer-sphere water molecules are omitted for clarity.
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We have previously demonstrated that these reaction
conditions are suitable to obtain Ln and alkaline-earth
complexes of macropa.38,39 The white precipitate isolated
from this reaction was poorly soluble in all common NMR
solvents, including DMSO-d6, CD3OD, and CDCl3. Analysis of
a slightly more soluble solution of the complex in D2O by 1H
(Figures 2, top, and S17) and 31P{1H} (Figure S18) NMR
spectroscopy revealed the presence of multiple species.
Although the identities of these species could not be
conclusively verified from this spectrum, several of these
resonances were suggestive of La−macrophosphi complex
formation (vide infra).
Single crystals suitable for X-ray diffraction were sub-

sequently obtained via slow evaporation of an aqueous solution
of the isolated powder within a closed vial of 1,4-dioxane after
7 months. Surprisingly, the crystal structure revealed a La2L2
dimer, where each half of the dimer is related by a
crystallographic inversion center. In this structure, only one
of the pyridyl-2-phosphinate pendent arms of macrophosphi
binds to the La3+ center along with the other donors of the
macrocycle. The other pyridyl-2-phosphinate pendent arm acts
as a bridging ligand by binding to an adjacent La3+ center
(Figure 2, top). Additionally, significant residual electron
density was located between the La3+ center and the tertiary
macrocyclic nitrogen atom bearing the bridging pendent arm.
On the basis of the magnitude of this electron density, it was
modeled as an oxygen atom. The distance between the tertiary
nitrogen atom and this oxygen atom refined to a value of 1.371
Å, which is consistent with other N−O distances within N-
oxide functional groups.48 Furthermore, HRMS analysis of the
crystals shows molecular-ion peaks that reflect the presence of
an additional oxygen atom in these macrocycles, providing
further support for our assignment (Figure S19). Although
these data conclusively demonstrate that one diaza crown
nitrogen atom of each macrophosphi ligand in the dimer is
oxidized, it is unclear whether oxidation occurred during the
synthesis of the complex or over the course of its
crystallization.
Further analysis of this structure shows that the La3+ centers

are 9-coordinate, with an N2O7 coordination sphere that is
provided by the N-oxide oxygen atom, three ether oxygen
atoms and the unoxidized nitrogen atom of the macrocycle,
two deprotonated phosphinate oxygen atoms, one pyridyl
nitrogen atom, and one inner-sphere water molecule. As noted
above, one of the two coordinated phosphinate oxygen atoms
(O8) originates from the adjacent ligand in the dimer. The
pyridyl nitrogen atoms (N4) of the bridging pyridyl-2-
phosphinate groups do not engage in metal coordination.
Additionally, one ether oxygen atom of the macrocycle (O4) is
omitted from our consideration of the coordination environ-
ment of the complex because of the large La1−O4 interatomic
distance of 3.267 Å, which precludes any significant interaction
between these two atoms. Two disordered perchlorate
counteranions balance the charge of the 2+ dimer, and 10
molecules of water are present in the outer coordination
sphere, giving rise to a complex of the formula
[La2(macrophosphi-N-oxide)2(OH2)2](ClO4)2·10H2O (Table
S1).
The unexpected dimeric crystals of the La3+−macrophosphi

complex prompted us to find alternative synthetic and
crystallization methods to obtain the intended 1:1 complex.
The successful synthesis of the monomeric unoxidized La−
macrophosphi complex was achieved in aqueous solution by

mixing LaCl3 and macrophosphi in a NH4HCO3 buffer at pH
7−8 (Procedure 2 in section 1.1 in the SI). The resulting
complex was purified by rp-HPLC using an NH4HCO3-
buffered mobile phase, followed by lyophilization to afford a
white powder. Analysis of the isolated powder by 1H, 13C{1H},
and 31P{1H} NMR spectroscopy (Figures 2, bottom, and S20−
S25) and HRMS (Figure S26) reveals the presence of key
spectroscopic signatures of the monomeric complex. However,
two species are detected by NMR spectroscopy and are
presumed to be different diastereomeric forms of the complex.
For example, two distinct signals are observed for the
phosphinate CH3 groups, with one signal appearing as a
sharp doublet at 0.46 ppm and the other as a broad singlet at
1.32 ppm. These two diastereomers arise from coordination of
the phosphinate group to the metal center, which gives rise to
chirality (R or S) at the phosphorus center. Notably, upon
heating of the sample to 80 °C, all of the peaks sharpen and
coalesce, indicating that fast interconversion between diaster-
eomers occurs at this temperature (Figures S21 and S25). This
observation is consistent with the phosphorus atom chirality
being enforced by metal coordination because higher temper-
atures will increase the on−off rate of these pendent donors,
enabling them to racemize. At 80 °C, the NMR spectra show a
single set of signals that reflect an effective C2 symmetry of the
complex in solution, providing further support for the fact that
this complex exists as a simple monomeric species in solution.
Also noteworthy in the 13C{1H} NMR spectrum of the
complex at 80 °C is the presence of a resonance at 160.57 ppm
(Figure S22). The chemical shift of the signal matches that of
NaHCO3 in D2O (Figures S27 and S28), suggesting that the
isolated complex contains the HCO3

− anion. This finding is
consistent with the use of aqueous NH4HCO3 in its synthesis
and indicates that this species may be a counterion of the La−
macrophosphi complex.
The solid-state structure of monomeric La−macrophosphi

was obtained by X-ray diffraction of a single crystal grown from
the vapor diffusion of diethyl ether (Et2O) into a MeOH
solution of the complex (Figure 2, bottom). In this structure,
the La3+ ion is coordinated by all 10 donor atoms of the ligand,
with both pyridyl-2-phosphinate arms oriented in a syn
conformation above the plane of the macrocycle. Additionally,
residual electron density was found at the axial coordination
site of the metal center. This feature was also observed in the
crystal structure of the La3+ complex of macropa, which
showed that a water molecule coordinated from below the
macrocycle.38 In the case of La−macrophosphi, the arrange-
ment of the electron density looked like a trigonal-planar
CO3

2− anion. Its magnitude, however, was too low to be
satisfactorily modeled as such. Only the electron density
directly coordinated to the La center could be refined as a full-
occupancy oxygen atom. However, refinement of the other
atoms in 50% occupancy was satisfactory. As such, we
tentatively assigned this structure as [La(macrophosphi)-
(OH2)]/[La(macrophosphi)(CO3)] with disorder over the
axial water and carbonate positions. This assignment gives a
satisfactory charge balance within the crystal, with the 1+
charge of the water complex complementing the 1− charge of
the CO3

2− complex. However, it also precludes confidence in
the axial La−O interatomic distances. A detailed discussion of
the refinement procedure can be found in section 1.2 in the SI.
Crystallographic parameters for [La(macrophosphi)(CO3/
OH2)]·2.5H2O are provided in Table S1.
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Macrophosphi can adopt several different conformations
upon binding to a metal ion. Its absolute configuration in a
complex can be assigned using R or S to denote the chirality of
each of the two phosphorus atoms of the pyridyl-2-
phosphinate arms, Δ or Λ to designate the direction of the
pendent arm helical twist, and δ or λ to indicate the tilt of each
five-membered chelate ring.49 In the crystal structure of
[La(macrophosphi)(CO3/OH2)]·2.5H2O, the ligand attains
the conformation SS-Δ(δλδ)(δλδ), present in an amount equal
to that of its enantiomer RR-Λ(λδλ)(λδλ). Notably, the
Δ(δλδ)(δλδ) conformation is also observed for macropa
complexed with La3+ and other large metal ions,35,38,39

suggesting that changing the pendent arms from pyridyl-2-
carboxylate to pyridyl-2-phosphinate groups does not impact
the preferred configuration of the ligand. The metal−ligand
interatomic distances for [La(macrophosphi)(CO3/OH2)],
however, vary significantly in comparison to those of
[La(macropa)(OH2)]

+. For example, the interatomic distances
between the La center and ether oxygen atoms of the
macrocycle (O2−5) are, on average, 0.13 Å longer in the
macrophosphi complex. In addition, the interatomic distances
between La and the phosphinate oxygen atoms (O6 and O8)
are approximately 0.13 Å shorter compared to those between
La and the picolinate oxygen atoms in the macropa complex.
Furthermore, the interatomic distances between the La center
and the pyridyl nitrogen atoms of macrophosphi are
approximately 0.08 Å longer than the corresponding distances
in the La−macropa complex. Collectively, these results show
that the overall conformation of [La(macrophosphi)(CO3/
OH2)], Δ(δλδ)(δλδ), is the same as that of [La(macropa)-
(OH2)]

+, but the actual interactions between the donor atoms,
as reflected by interatomic distances, vary significantly by
replacing the pyridyl-2-carboxylate arms of macropa with the
pyridyl-2-phosphinate arms of macrophosphi.
Thermodynamic Solution Studies. To further inves-

tigate the impact of modifying the pendent arm donors
appended to the diaza-18-crown-6 scaffold on the coordination
properties of the ligand, we determined the protonation
constants of macrophosphi and the pH-independent stability
constants of its complexes with the Ln3+ series (except Pm3+)
by pH-potentiometric titration in 0.1 M KCl at 25 °C. To our
knowledge, this is the first time that the thermodynamic
binding constants of a chelator bearing the pyridyl-2-
phosphinate group have been measured. The results are
compiled in Table 1 and Figures S29−S31. For comparison,
the protonation and stability constants for macropa34 and
CHX-macropa40 are also provided. From potentiometric
titrations of macrophosphi in the absence of metal ions,
three ligand protonation constants (log Kai; eq 1) were
determined. The first two protonation constants of 8.13 (log
Ka1) and 6.77 (log Ka2) are assigned to the amine nitrogen
atoms of the macrocycle. The third protonation constant, log
Ka3, is assigned to the protonation of a phosphinate oxygen
atom. Its value of 1.97 is substantially lower than the
corresponding protonation constants assigned to the picolinate
groups of macropa (3.32 and 2.36 for log Ka3 and log Ka4,
respectively). This lower value is expected based on the greater
acidity of simple aminophosphinic acids compared to amino-
carboxylic acids, which reflects the stronger electron-with-
drawing properties of the −P(CH3)O2

− group of pyridyl-2-
phosphinate compared to the CO2

− group of pyridyl-2-
carboxylate.50 The remaining three protonation constants of
macrophosphi were too low to be accurately determined by

potentiometric titration. Collectively, the overall basicity of
macrophosphi, expressed as the sum of its three log Kai values,
is 16.87, which is 4.76 log units less than that of macropa and
3.53 log units less than that of CHX-macropa.
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Following the determination of the protonation constants of
macrophosphi, the stability constants, or log KML values (eq 2),
of its complexes with the Ln3+ ions were measured by carrying
out potentiometric titrations in the presence of 1 equiv of La−
Tb or 0.5 equiv of Dy−Lu. A ligand-to-metal ratio of 2:1 was
used in titrations of macrophosphi containing Dy−Lu to
suppress the formation of insoluble lanthanide hydroxide
species under basic conditions. These species arise from
displacement of the ligand in the Ln complex by hydroxide
ions, which is thermodynamically favored in the presence of
Ln−L complexes of low stability. Additionally, no log KMHL
values (eq 3) could be reasonably refined from our titration
data with macrophosphi. This result contrasts that of macropa,

Table 1. Protonation Constants of Macrophosphi and
Thermodynamic Stability Constants of Its Ln3+ Complexes
Determined by pH Potentiometry (25 °C and I = 0.1 M
KCl)a

macrophosphi2− CHX-macropa2−b macropa2−c

log Ka1 8.13(1) 7.77(1) 7.41
log Ka2 6.77(1) 6.95(1) 6.85
log Ka3 1.97(8) 3.17(4) 3.32
log Ka4 2.51(7) 2.36
log Ka5 1.69
log KLaL 12.94(6) 14.54(1) 14.99
log KLaHL 2.28
log KCeL 11.92(3) 14.38(3) 15.11
log KCeHL 2.07
log KPrL 11.12(4) 13.89(1) 14.70
log KPrHL 2.96
log KNdL 10.44(6) 13.57(5) 14.36
log KNdHL 2.08
log KSmL 9.34(2) 12.79(1) 13.80
log KSmHL 2.70
log KEuL 8.68(2) 12.25(3) 13.01
log KEuHL 1.97
log KGdL 7.82(2) 11.53(2) 13.02
log KGdHL 2.48
log KTbL 7.24(3) 10.98(4) 11.79
log KTbHL 2.91
log KDyL 6.83(4) 10.34(3) 11.72
log KDyHL 2.42
log KHoL 6.69(3) 9.67(5) 10.59
log KErL 6.73(1) 8.96(6) 10.10
log KTmL 6.76(2) 8.19(3) 9.59
log KYbL 6.78(3) 7.44(4) 8.89
log KLuL 6.67(3) 6.70(1) 8.25

aData for CHX-macropa and macropa provided for comparison.
bReference 40. cReference 34.
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for which monoprotonated (MHL) complexes have been
reported with the large Ln3+ ions.34

The smaller log KML values of macrophosphi across the
entire Ln3+ series, as shown in Table 1 and Figure 3, indicate
that this ligand forms complexes of lower thermodynamic
stability in comparison to macropa and CHX-macropa.
Generally, metal-ion affinity scales with the overall basicity of
a ligand. This trend is apparent because the basicity can often
be correlated to the ligand donor strength. Thus, the lower

stability of Ln3+ complexes of macrophosphi was expected
based on the lower basicity of macrophosphi in comparison to
macropa and CHX-macropa. Despite this decrease in affinity
for the lanthanides, macrophosphi retains reverse-size
selectivity, showing a thermodynamic preference for large
over small metal ions. Specifically, the difference in log KML
values of La−macrophosphi and Lu−macrophosphi is 6.27,
nearly identical to that of 6.74 for macropa. Thus, as expected,
the diaza-18-crown-6 macrocycle maintains this unusual
reverse-size selectivity pattern even in the presence of different
pendent donors. Upon further analysis of the plot of log KML
versus ionic radius, however, it is apparent that there are
important differences in the selectivity patterns of macro-
phosphi and macropa (Figure 3). For the late Ln3+ ions (Gd−
Lu), there is a span of 4.77 log K units for macropa but only
1.15 log K units for macrophosphi. By contrast, across the early
Ln3+ ions (La−Gd), the log KML values of macrophosphi vary
significantly (Δlog K = 5.12) but are relatively static for
macropa (Δlog K = 1.95). These results show that more subtle
trends and differences in thermodynamic stability of Ln3+

complexes manifest upon appropriate tuning of the pendent
arm donors of this class of ligands. Furthermore, this
observation is significant because it shows that these ligands,
which are both reverse-size selective, would be optimally used
for discriminating between different types of Ln3+ ions when
employed for chemical separations.

Ln3+ Separation Using Liquid−Liquid Extraction.
Following the thermodynamic stability studies described
above, we sought to demonstrate the utility of macrophosphi
as an aqueous complexant in liquid−liquid extraction schemes
for the separation of light lanthanides. Extraction experiments
were conducted at room temperature using an organic phase
comprising HDEHP in o-xylene and an aqueous phase

Figure 3. Comparison between the Ln stability constants (log KML
values) of macrophosphi (blue circles) and macropa (red diamonds)
as a function of the 6-coordinate ionic radius of each Ln3+ ion.

Figure 4. Equilibrium distribution of Ln3+ ions (La−Eu, excluding Pm) in a system comprising an organic phase of HDEHP in o-xylene and an
aqueous phase of macrophosphi or macropa (1 mM) in 0.05 M sodium lactate/1 M NaNO3 at various pH values. (a−c) Plots of conditional
extraction constants (Kex) as a function of the 6-coordinate ionic radius for liquid−liquid extractions carried out at pH 3.0, 4.0, and 4.6, respectively.
(d−f) SFs for adjacent light Ln3+ pairs (except for Sm/Nd, which are separated by Pm) from liquid−liquid extractions carried out at pH 3.0, 4.0,
and 4.6, respectively. Conditional extraction constants and SFs are defined in the main text.
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comprising macrophosphi in 0.05 M sodium lactate/1 M
NaNO3 at equilibrium pH values of 3.0, 4.0, and 4.6. For
comparison, extraction experiments at pH 3.0 and 4.0 were
also carried out using macropa. This extraction using macropa
at pH 3.0 was previously reported, and the values obtained in
our study are consistent with this prior report, validating our
experimental procedures (Figure S32).36,37 The aqueous phase
was loaded with a mixture of Ln3+ ions (0.01 mM each of La−
Eu, excluding Pm), and the samples were rotated end over end
for 24 h, unless otherwise noted. This period of time was found
to be sufficient for samples to reach equilibrium, although
extractions containing macropa were notably slower to reach
equilibrium than those containing macrophosphi (Figures
S33−S36). The equilibrium concentrations of Ln3+ ions in the
aqueous phase of each sample were measured by inductively
coupled plasma mass spectrometry (ICP-MS), and the Ln3+

distribution ratio (DM), expressed as [M]org/[M]aq, was
subsequently calculated from mass-balance equations. Because
the stabilities of light lanthanide complexes of macrophosphi
and macropa span several orders of magnitude, it was necessary
to use a range of HDEHP concentrations in the organic phase
to achieve measurable distributions for each Ln3+ ion. To
account for this sample-to-sample variation in the HDEHP
concentration, DM values were normalized as described in
section 1.4 in the SI to arrive at conditional extraction
constants (Kex), which can be directly compared across
samples. These equilibrium constants scale with the concen-
tration of the Ln3+ ion extracted into the organic phase by
HDEHP, with larger values signifying greater transfer of Ln3+

ions into o-xylene than smaller values. From the ratio of Kex
values of two Ln3+ ions (KexLn1/KexLn2), the separation factor
(SF) can be calculated. The SF is a measure of the selectivity
of the system for one Ln3+ ion over another, reflecting the
coordination chemistry of the aqueous complexant and
nonaqueous extractant. All data from these experiments have
been compiled in Tables S2−S14, and the results are
summarized in Figure 4.
Moving across the lanthanide series from the large La3+ ion

to the smaller Eu3+ ion, a monotonic increase is observed in
the extraction of metal ions into o-xylene from the aqueous
phase, irrespective of the pH or aqueous complexant (Figure
4a−c). This trend is expected based on the well-known
preference of HDEHP for binding smaller over larger Ln3+

ions.51 Additionally, the Kex values for all Ln
3+ ions studied are

consistently smaller for extractions containing macropa versus
those containing macrophosphi in the aqueous phase (Figure
4a−c), signifying a general reduction in partitioning of metal
ions to the organic phase in macropa-containing systems. This
trend arises from the overall higher thermodynamic affinity of
macropa for all Ln3+ ions in comparison to macrophosphi
(Table 1), which leads to their greater retention in the aqueous
phase.
Upon closer inspection of the distribution plots, however,

significant differences in the shapes of the extraction profiles of
La3+−Eu3+ can also be discerned between ligand systems as the
pH is systematically altered. At pH 3, the Kex values rise more
sharply with decreasing ionic radius of the Ln3+ ion in the
extraction system containing macropa than in the system
containing macrophosphi (Figure 4a), indicating that the
selective holdback of larger over smaller Ln3+ ions is enhanced
for macropa over macrophosphi under these conditions. As
such, larger SFs for adjacent Ln3+ ions are observed for
macropa relative to macrophosphi at pH 3 (Figure 4d). For

example, the Ce/La SF for an extraction containing macropa at
pH 3 is 15.8, favoring La3+ over Ce3+ in the aqueous phase,
whereas the Ce/La SF for an extraction containing macro-
phosphi is only 7.4. Upon increasing the pH of the aqueous
phase to 4.0, however, a remarkable change in the extraction
profiles occurs. At this pH, the Kex values for the largest Ln3+

ions, La3+, Ce3+, and Pr3+, are now fairly similar in the
HDEHP/macropa system, but a significant increase in the
slope of Kex versus ionic radius is evident for these Ln

3+ ions in
the HDEHP/macrophosphi system (Figure 4b). Because of
these changes, the SFs for adjacent Ln3+ pairs now increase as
the ionic radii decrease in the HDEHP/macropa system, in
contrast to our observations at pH 3.0. The SFs for adjacent
Ln3+ ions in the HDEHP/macrophosphi system, however, are
enhanced at this pH. Notably, the SF for the adjacent Ce/La
pair approaches 30. This trend is further augmented by
increasing the pH of the HDEHP/macrophosphi system to 4.6
(Figure 4c). At this pH, a SF of 45 for Ce/La is achieved
(Figure 4f), representing the highest SF for an adjacent pair of
Ln3+ ions reported to date in any separation scheme.
Collectively, these results demonstrate the remarkable utility
of macrophosphi as a reverse-size selective aqueous complex-
ant in biphasic extractions for intralanthanide separations.

■ CONCLUSION

In summary, we have demonstrated that modifying the
pendent arm donors of the diaza-18-crown-6 macrocyclic
scaffold can subtly tune the Ln3+ coordination preferences of
the ligand while maintaining reverse-size selectivity for large
over small Ln3+ ions. Specifically, substitution of the pyridyl-2-
carboxylate groups of macropa with the pyridyl-2-phosphinate
groups of macrophosphi imparts a notable shift in intra-
lanthanide selectivity, marked by a more pronounced
thermodynamic discrimination between the light Ln3+ ions.
Additionally, under conditions previously found effective for
forming soluble Ln3+ complexes of macropa, we instead
obtained a poorly soluble precipitate upon treating macro-
phosphi with La3+ in isopropyl alcohol, from which an N-oxide
dimer was subsequently isolated by crystallization. These
results further highlight the differences in coordination
chemistry between these two ligands and present intriguing
possibilities for the use of macrophosphi in solubility- and
redox-based Ln separation schemes.8,9,11,17 Finally, we applied
macrophosphi as an aqueous complexant in the separation of
Ln3+ ions by solvent extraction. Employing macrophosphi in
conjunction with HDEHP, we achieved the highest SF
reported to date for an adjacent pair of Ln3+ ions. The insight
gained from this study is invaluable for guiding the
development of more efficient separations of Ln3+ ions,
demonstrating the remarkable potential of reverse-size selective
aqueous complexants in liquid−liquid separation schemes.
Furthermore, we have shown that subtle trends in the Ln3+

complex stabilities of new ligands can have significant
ramifications on their implementation in chemical separations.
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