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We assembled metal—organic cages by combining rare-earth
metals with an alkene-terminated ligand (L), allowing for subse-
quent thiol-ene polymerization of the cages to yield rare-earth-
binding polymer networks. Mixed-metal self-assembly experiments
with ligand L show that the size ratio of the respective rare-earth
metals dictates the metal composition of the cages.

The rapid development of clean-energy technologies, such as
electric vehicles and wind turbines, has created an urgent
need for rare-earth metals."” Recycling rare-earth metals from
electronic waste can offset supply chain vulnerabilities for
countries without natural rare-earth deposits, as the major
rare-earth deposits are concentrated in Asia.>* However, since
electronic waste typically contains various rare-earth metals
with similar chemical and physical properties, isolating indivi-
dual rare-earth metals is an ongoing challenge.’

As metal-organic cages (MOCs) have garnered increasing
interest due to their porosity and processability,®” rare-earth-
containing cages have emerged as a supramolecular approach
to rare-earth extraction and separation.””® Recently, Sun and co-
workers reported a highly selective self-sorting process for
mixtures of rare-earth metals, using a C;-symmetric ligand with
three tridentate binding sites.® The components were self-
assembled into tetrahedral cages of M,L, geometry in which
all four metal binding sites were occupied by the same rare-
earth element. Such homo-metallic cages were selectively
formed even from mixtures of highly similar rare-earth ions.
The authors were able to use this self-sorting behavior in a
liquid-liquid extraction to separate lanthanide ions.

In a separation process, the ion-adsorption capacity of cages
is limited by the number of binding sites within each cage, and
the recyclability is constrained by the disassembly of the cages
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after metal removal. These challenges could be addressed by
linking the rare-earth-binding cages into a solid-state network,
as was recently achieved through copolymerization with
divinylbenzene.” However, due to divinylbenzene’s ability to
self-polymerize, this route limits control over both the distance
between the cages and the degree of cross-linking. We aimed to
develop a route to polymerizable cages that instead react via
step-growth polymerization, which would offer improved con-
trol over polymer morphology and composition.

To this end, we developed a novel Cs;-symmetric ligand (L)
with three tridentate arms, featuring three terminal alkenes
connected to a rigid core via flexible alkyl chains (Scheme 1).
Ligand L assembles with rare-earth ions to form supramolecular
cages with ML, geometry, where M = Y**, Eu**, Tb*", Dy*", or Ho>".
(The complete formula for the complexes is MyL,(OTf);,, which we
denote M,L,; OTf = trifluoromethanesulfonate). The Y,L, cage
was then polymerized with various di-thiol co-monomers, and the
resulting morphologies were studied using scanning electron
microscopy (SEM). Since the cage networks are insoluble in com-
mon solvents, the selectivity of the rare-earth binding sites was
examined at the molecular level by performing mixed-metal self-
assembly experiments with the ligand L. The results show that the
formation of homo-metallic versus mixed-metal cages depends on
the ionic radius ratio of the two rare-earth metals.

The ligand L was synthesized by appending three tridentate
arms to a rigid, three-fold symmetric core (1,3,5-tris-(4-
aminophenyl)benzene, TAPB). The tridentate arm was synthe-
sized through a series of four steps: (1) Williamson ether
synthesis,'® (2) reductive amination,'® (3) amide formation,
and (4) saponification.’ In the first step, 4-bromobut-1-ene was
reacted with 4-hydroxybenzaldehyde to form an ether through
nucleophilic substitution (Sx2). Reductive amination was then
carried out to convert the aldehyde to an amine, which was
used in amide formation with 6-(methoxycarbonyl)picolinic
acid to install the rare-earth binding site. Finally, the ester
group was saponified to yield the carboxylic acid-containing
tridentate arm. The three-fold symmetric core, TAPB, was
synthesized by slightly modifying the well-known synthetic
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Scheme 1 Top: The reaction of ligand L with rare-earth metal ions leads to the formation of metal-organic cages, which can be polymerized through
thiol-ene reactions with the terminal vinyl groups on L. Bottom: Mixed-metal self-assembly experiments lead to cages containing either one metal or a
mixture of metals, depending on the size difference between the metals. Light blue spheres represent the smaller rare-earth metal ion and dark blue

spheres represent the larger rare-earth metal ion in a given mixture.

procedure.'” The carboxylic acid-containing tridentate arm was
then reacted with TAPB through amide formation,"" yielding
the tridentate C;-symmetric ligand L with three terminal alkene
groups. The chemical structure of L was confirmed by "H NMR
(Fig. 1a), "*C NMR, HSQC, and COSY spectra; complete syn-
thetic details and characterization for all materials is provided
in the (Schemes S1, S2 and Fig. S1-S21, ESI¥).

The ligand L was then reacted with rare-earth metals to form
supramolecular metal-organic cages. When 1.0 equivalent
of L was treated with 1.1 equivalents of yttrium(i)trifluoro-
methanesulfonate (Y(OTf);) at 80 °C for three hours, the turbid
suspension gradually turned clear and yellow. A single set of
signals with noticeable chemical shifts relative to the free
ligand was observed in the "H NMR spectrum of the Y4L,

b,c i
d efgla 1 Kk S , DMSO-ds
s i
@ % mj i LLLU | L

|
R e rih ly o5
D =3.44 X 10" m2/s
r=19.0A -9.0

(c) I

11.0 10.0 9.0 8.0 7.0 5.0 4.0 3.0 20

6.0
5 (ppm)

(d) [YsLa(OT)120.m-mH]™

n=7,m=0-6

5+
| | ‘ ‘ | | Smulated
n=6m=0-5 n=5m=02 : 1

7300.8352 o
1] observea

1300 1301 1302

il i

700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800
m/z

Fig. 1 H NMR spectra of (a) ligand L (DMSO-dg) and (b) the Y4L, cage
(CD3CN). Different NMR solvents were used due to the differing solubilities
of the two species. (c) DOSY spectrum of the Y4L4 cage. (d) ESI-TOF-MS
spectrum of the Y4L4 cage with insets showing the observed and simulated
isotopic patterns corresponding to [Y4L4(OTf);1°*.

This journal is © The Royal Society of Chemistry 2025

complex (Fig. 1b). Through comparison with "H-'H correlated
spectroscopy (COSY) spectra of L and the Y,L, complex (Fig. S14
and S22, ESI¥), all the signals in the "H NMR spectra were fully
assigned. The formation of a single species was further con-
firmed by 'H diffusion-ordered spectroscopy (DOSY), which
showed that all the signals from the protons of the Y,L,
complex have the same diffusion coefficient of 3.44 x
107" m” s, corresponding to a dynamic radius of 1.90 nm,
as calculated using the Stokes-Einstein equation (Fig. 1c). The
composition of Y,L, was further determined by electrospray
ionization time-of-flight mass spectrometry (ESI-TOF-MS),
and the MS spectrum was analyzed based on the equation [Y,L,-
(OTf)12-nemH]™ (Fig. 1d)." The spectrum exhibits a series of
peaks with charge states ranging from 4" to 8, resulting from
the successive loss of OTf anions from Y,L,(OTf);,; the MS
results show that the Y,L; complex consists of four Y** ions, four
L molecules, and 12 OTf™ counterions. For example, a peak with
m/z equal to 1300.8352 was assigned to the charged molecular
formula [Y,L4(OTf);]>". Detailed peaks assignment is provided in
Fig. S23 (ESI). The charges of the peaks were verified by the
finely resolved isotopic distribution in the MS signal, as shown
in the inset of Fig. 1d.

Additional self-assembly experiments were conducted between
L and various rare-earth triflate salts, namely La(OTf);, Eu(OTf)s,
Tb(OTf);, Dy(OTf);, and Ho(OTf);. The ESI-TOF-MS spectra
(Fig. S23-S28, ESIY) indicate that L forms M,L, cages with Eu®*,
Tb**, Dy**, and Ho*". The M,L, complexes reported here are
analogous to previously reported tetrahedral cages, due the Cs-
symmetric arrangement of tridentate arms that combine to occupy
the nine coordination sites of four rare-earth ions.>'* In contrast,
no M,L, complex was observed to form when L was reacted with
La(OTf);, the largest rare-earth ion tested. This finding suggests
that L exhibits selective binding toward smaller rare-earth ions.

Although rare-earth complexation with ligands such as L can
accomplish rare-earth separations via liquid-liquid extraction,
these solution-state approaches generate large volumes of
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Fig. 2 (a) Solid-state *C NMR spectra and (b) SAXS curves of the Y4L4
cage, the network of Y4L4 cages polymerized with a 1: 1 alkene : thiol ratio,
and the network of Y4L4 cages with polymerized with a 1:10 alkene : thiol
ratio. SEM images of (c) the Y4L4 cage, (d) the network of Y4L, cages
polymerized with a 1:1 alkene:thiol ratio, and (e) the network of Y4L4
cages polymerized with 1:10 alkene: thiol ratio.

[OR:J Network of Y,L, cages
(1:10 alkene:thiol)

hazardous waste, making them costly and inefficient."> In pur-
suit of a solid-state material that incorporates supramolecular
rare-earth binding, we used thiol-ene reactions to polymerize the
Y,L, cages into an extended network. This cage was selected
because Y** is diamagnetic, allowing the cross-linked cages to be
characterized by solid-state NMR (ssNMR; Fig. 2a and Fig. S29,
S30, ESIT). The Y,L, cage was reacted with 1,4-butanedithiol at
two different alkene: thiol ratios (1:1 and 1:10) at 70 °C under
an inert atmosphere. The alkene carbon peaks in the Y,L, cage
were identified at 117 and 135 ppm (Fig. 2a), based on the HSQC
NMR spectrum of the Y,L, cage (Fig. S31, ESIt). Following the
thiol-ene polymerizations, the alkene peak at 117 ppm disap-
peared, and a broad peak appeared at ~28 ppm, indicating the
conversion of alkenes to alkanes. The peak at 135 ppm in the
Y,L, spectrum is comprised of overlapping aromatic and alkene
signals, which explains its incomplete disappearance after the
thiol-ene reactions. A control experiment in which an alkene was
reacted with a 10-fold excess of thiol confirmed that the excess
thiol groups do not form disulfide bonds under these polymer-
ization conditions (Fig. S32, ESIY).

Small-angle X-ray scattering (SAXS) was used to further
investigate the structure of the materials, as shown in Fig. 2b.
The curve for Y,L, shows a peak centered at 0.45 A, corres-
ponding to a d-spacing of 1.4 nm. This peak is attributed to the
scattering of the cages, which should be dominated by the
contribution from the relatively massive nucleus of yttrium;
this result suggests the average Y-Y distance in the crystal
structure is 1.4 nm. The same 0.45 A~! peak is present, but
broadened, in both cage networks, indicating that the cages are
not closely packed after polymerization but maintain an aver-
age Y-Y distance of 1.4 nm. The peak in the 1:1 alkene: thiol
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network is broader than in the 1:10 alkene:thiol network,
suggesting the grain size of the 1: 1 network is smaller than the
grain size of 1:10 network, based on the Scherrer equation.

The morphologies of the cages and cage networks were
studied by SEM. The Y,L, cages appear as aggregates composed
of well-defined, smooth blocks at the micrometer scale, but after
polymerization, the microscale block-like aggregates are frag-
mented into fibrils and rods (Fig. 2c-e). The SEM images
indicate that when the Y,L, cage is polymerized with an alkene:
thiol ratio of 1:1, cage-cage linkages are favored, preventing
aggregation into large chunks as seen for the Y,L, cages and
instead forming nanoscale fibrils. In contrast, with a 10-fold
excess of thiol, cages terminating in excess thiol are favored,
resulting in a lower degree of cross-linking and yielding 1D
micron-scale rods due to cage aggregation. These thiol-ene
polymerization reactions demonstrate that varying the ratio of
alkene to thiol can produce different morphological structures.
While the Y,L, cage is soluble in polar organic solvents, includ-
ing acetonitrile and methanol, the cross-linked cages are inso-
luble in common solvents, making them potential candidates for
solid-state adsorbents in future rare-earth separations.

Driven by our curiosity about the selectivity of rare-earth
binding in the cages, and given that the networks of cages are
insoluble in most common solvents, we performed a series of
small-molecule binding studies to investigate metal ion selec-
tivity. We combined L with binary mixtures of ions to test
whether the cages self-assemble to yield homo-metallic or
mixed-metal cages. When ligand L (1.0 equivalent) was com-
bined with an equimolar mixture of La(OTf); (1.0 equivalent)
and Ho(OTf); (1.0 equivalent), L selectively assembled with
Ho(OTf); to form the Ho,L, cage, while no La,L, or mixed-
metal cages were observed in the ESI-TOF-MS spectrum
(Fig. 3a). Similar behavior was observed in the reaction of L
with La(OTf); and Eu(OTf);: Eu,L, cages were exclusively
formed, with no La,L, or mixed-metal cages observed
(Fig. 3b). Thus, reaction with L leads to metal self-sorting
behavior, in which only the smaller metal ion is incorporated
into the cage. This result is consistent with previous reports of
cooperative binding within tetrahedral cages®® and is a promis-
ing finding for lanthanide separations.

Europium and lanthanum ions differ significantly in ionic
radius, but many critical rare-earth ions are much more similar
to each other, such as Eu**, Tb**, and Dy**."® For example, La**
is 8.57% larger than Eu**, while Eu®" is only 3.42% larger than
Dy*"."” (More detail for the calculation of radius ratios between
metal ions can be found in the ESIt and Table S1) This challenge
prompted us to investigate the limits of the polymerizable ligand
L for separations of lanthanides with similar sizes. We conducted
mixed-metal self-assembly experiments for rare-earth ions with
extremely similar ionic radii: Eu**, Tb**, Dy**, Y*', and Ho®". For
the reaction of L with a mixture of Eu*" and Ho®", the pure Ho,L,
cage was observed, along with mixed-metal cages containing one
or two Eu®" ions (Eu;HosL, and Eu,Ho,Ly; Fig. 3c). For a mixture
of Y** and Ho", all five possible combinations (Ho,Ls, YHO5L,,
Y,Ho,L,, Y;HoL,, and Y,L,) were observed (Fig. 3d). The MS
spectra and simulated isotopic patterns for all mixed-metal

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Selective self-assembly of L with binary mixtures of rare-earth metals M,
and My, where M, is larger in size than My, ESI-TOF-MS spectra for reaction of L
with (a) La/Ho, (b) La/Eu, (c) Eu/Ho, and (d) Y/Ho (black), above simulated isotopic
patterns corresponding to [(MaaLy(OTAA>" (red), [(Ma)sML4(OTHI>* (green),
(MM LsOTA 1" (blue), [(M)MpsLaOTA 1" (pink), and [(Mp)ala(OTR,>
(purple). (e) Summary of the results of mixed-metal self-assembly experiments.

self-assembly experiments are in Fig. S33-S56 (ESIt), and the
results are summarized in Fig. 3e.

Taken together, the results of the mixed-metal self-assembly
experiments provide several general conclusions about the self-
sorting (or cooperative binding)® of metal ions in cages formed
with L. For the combinations of metals studied here, complete
self-sorting to yield homo-metallic cages occurs when the larger
metal ion has an ionic radius at least 8.57% greater than that of
the smaller ion. Although minor La;Y;L, forms when the ionic
radius difference is 13.12%, this may be attributed the similar
electron configuration between La*" and Y**. When the differ-
ence in radii is only 4.48-2.15%, metal self-sorting occurs to a
more limited extent, yielding cages with formulas (My)4Ly,
(Ma)(Mp)sLy, and (M,)»(Myp),Ly, where M, is larger than M.
When the difference in radii is less than 1.86%, assembly with
L does not lead to any differentiation between the two metals,
and cages of all possible metal combinations are formed. These
findings show that small changes to the size ratio of two rare-
earth ions can dictate their self-sorting behavior. To test the
potential of the cage networks for rare-earth separations, we
removed the Y*' ions from the Y,L,-based networks and sub-
jected the demetallated networks to ion adsorption experiments.
While the networks show a modest preference for La** ions over
Y*" ions in single-ion experiments, Y*>* adsorption significantly
exceeds La®" adsorption in mixed-ion experiments, suggesting
that the networks preserve cage-templated binding sites even
after demetallation (Fig. S57, S58 and Table S2, ESIt).

In summary, we designed a polymerizable ligand L and
combined it with rare-earth ions to yield a series of metal-
organic cages. We found that these cages can be polymerized
through thiol-ene click reactions to yield cross-linked networks
of cages. SEM images show that the network made with a 1:1
ratio of alkenes to thiols forms nanoscale fibrils, while the
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network made with an excess of thiols exhibits 1D micron-scale
rods, suggesting the morphologies of cage networks can be
adjusted by the ratio of alkene to thiol. The ESI-TOF-MS results
from mixed-metal experiments show that ligand L selectively
binds smaller rare-earth ions and rejects larger ones when the
difference in their ionic radii exceeds 8.57%, but the selectivity
of L becomes limited when the difference in radii is less than
4.48%. In future work, we will test the performance of these
polymer networks for batch separations of lanthanide ions.
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