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MOFs based on hexanuclear rare-earth (RE) clusters with reduced
connectivity (<12) are rare. The co-assembly of RE clusters with
distinct reduced connectivity provides access to novel structures.
We report a new family of MOFs denoted as RE-stc-MOF-1, dis-
playing a unique (3,3,3,3,6,10)-connected network, based on 6-c
and 10-c RE hexanuclear clusters.

As a distinct class of porous materials, metal-organic frameworks
(MOFs) have been rapidly expanding in the last few decades. The
versatile and tunable chemistry of these hybrid inorganic/organic
materials offers unparalleled control and design opportunities,
leading to structures with specific features, topologies, pore char-
acteristics and associated properties. In this context, the choice of
suitable building blocks is clearly crucial in rational MOF design
and synthesis.> Recently, there has been increased interest in
synthetic approaches that employ uncommon or seemingly incom-
patible building units.? In terms of ligand selection and engineer-
ing, particular emphasis has been given in the utilization of linkers
with reduced symmetry.**> Conceptually, such linkers can be
designed by modifying selected features of perfectly symmetric
ligands, including their shape®” (partially extending or shortening
specific parts of the ligand) or connectivity® ' (insertion, removal
or displacement of selected coordination groups). While these
strategies can introduce structural complexity and unpredictabil-
ity, they have also provided a platform towards novel frameworks
and topologies that cannot be obtained otherwise.'"?

The potential of low-symmetry linkers in MOF synthesis can
be even more appealing when combined with an appropriate
inorganic secondary building unit (SBU). Rare-earth (RE)
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metals have recently gained significant traction as an excep-
tional choice for generating unique frameworks. Their rich
coordination chemistry (in terms of coordination number and
geometry) can dictate the formation of diverse, highly con-
nected SBUs, such as polymeric chains or clusters with varying
nuclearity.’® At the same time, the resulting materials can have
exciting and tailorable application potential, owed to the dis-
tinct properties of the RE metals."* A combination of such an
inorganic building block with non-symmetric ligand systems
could therefore offer a unique opportunity to develop truly
novel materials with advanced properties. Initial research on
this concept has already shown that the resulting RE-MOFs can
display traditionally unattainable networks with metal nodes of
lower connectivity (e.g., IxI,"* jun,"* pek"® and thc'®), as well as
peculiar gas storage/trapping capabilities."”'® Generally, the
existence of unsaturated metal sites in RE-MOFs remains a
challenge due to associated stability issues, however it makes
them much desired for various applications or further
functionalization."®*® Therefore, more efforts are necessary to
fully explore and harness the capabilities of low symmetry RE-
MOF systems.>"

Herein, we report the discovery of a new series of RE-MOFs
using the tetratopic carboxylate-based linker H,L, a ligand with
two benzoic and one isophthalic acid groups, designed by
lowering the symmetry of the analogous C; linkers to C,
(Fig. 1). The resulting frameworks are based on two different
RE, clusters of 10- and 6-connectivity. The latter inorganic
building block, as well as the resulting network, denoted as
ste (six and ten connected) are reported for the first time. The
results, as detailed below, validate this synthetic approach as a
powerful method to gain new insights in MOF design and
particularly in frameworks based on RE elements.

Colourless polyhedral crystals of the RE-ste-MOF-1 family
were afforded after an extensive synthetic screening of
several parameters, also detailed in Table S1 (ESIt). The opti-
mized protocol required a solvothermal reaction of H,L
with rare earth nitrates at 120 °C, in the presence of
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Fig.1 Conceptual design of the reduced symmetry HyuL linker used in
this work.

N,N’-dimethylformamide (DMF), H,O and the organic modu-
lator 2-fluorobenzoic acid (HFBA) (Pages S8 and S9, ESIt). This
method led to the synthesis of the Y**, Sm**, Eu**, Tb*" and
Dy’" isostructural analogues (Fig. 2 and Fig. S12, ESIt). On the
other hand, amorphous material was formed when other types
of co-modulating ligands (e.g., formic, acetic or benzoic acid)
were used instead. The result confirms the multiple function of
fluorinated modulators towards the formation of polynuclear
RE-cluster SBUs. As established in other studies, these hydro-
phobic carboxylic acids delay the crystallization process, pro-
hibiting fast polymerization into extended RE chain SBUs."* At
the same time, the presence of fluorine in the modulator also
affects the chemical composition of the bridging anions within
the inorganic node itself, resulting in the formation of fluori-
nated RE-clusters.?? Utilization of a DMF/H,O solvent mixture
was also found to be critical for the formation of phase-pure
material. Several RE-cluster based frameworks have been
reported to be anionic, with the charge balance completed by
dimethylammonium cations derived from the hydrolytic
decomposition of DMF at high temperatures.” In accordance,
a 20:1 ratio of DMF to H,O was found to provide optimal
conditions for this effect, while small changes in the ratio led to
mixtures also containing non-crystalline solid.

After a series of single-crystal X-ray diffraction (SCXRD)
studies on the Eu and Sm analogues, it was determined that
RE-stc-MOF-1 crystallize in the triclinic P1 space group (unit
cell parameters for the Eu analogue: a = 24.354 A, b = 25.255 A,
€=26.050 A, 0 =79.367°, f§ = 88.674°, 7 = 62.912°, V= 13985.9 A®).
Evidently, desymmetrization of the linker also translates to a low
symmetry space group, in contrast to the vast majority of
reported RE-MOFs based on polynuclear clusters, which crystal-
lize in crystal systems such as orthorhombic, tetragonal or
cubic.”® The framework features a unique 3D network that
contains two crystallographically independent L*~ organic lin-
kers, denoted as L, and Ly, and two different types of hexa-
nuclear RE clusters (Fig. 2) as the inorganic building units. Both
clusters are based on a main [RE¢(u3-X)s]'*" core, where X = OH™
or F. The presence of either or both of these bridging anions in
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MOFs based on polynuclear RE clusters has been already
detailed in previous reports by us and others.>”>* In agreement
with these data, the existence of p;-F species was verified
through 'F-NMR experiments on representative analogues
(Fig. S4 and S5, ESIt). The corresponding spectra showed a
singlet peak at approximately —165 ppm, consistent with the
presence of inorganic F~ anions.

More importantly, both types of RE¢ clusters display reduced
connectivity to carboxylate groups of bridging ligands, acting as
6-c and 10-c SBUs respectively. These structural features are
highly uncommon in MOF chemistry: to the best of our knowl-
edge, the RE-stc-MOF-1 series represents the first ever example
of such a combination of inorganic SBUs. Using the more
optimal crystallographic data of the Eu analogue, the MOF
structure was further studied in order to completely understand
the unique features and coordination environment of these
building blocks. Viewing the framework along the ab plane, a
sheet-like architecture is observed, formed by the benzoate
groups of L*. The network also extends along the ¢ axis as
the isophthalate groups link neighbouring clusters of alternat-
ing 6- and 10-connectivity (Fig. 2b and c). Furthermore, looking
at the particular connectivity of the crystallographically distinct
organic linkers, L, is bridging three 10-c and one 6-c clusters
while Ly, is connected to two 10-c and two 6-c SBUs (Fig. S10,
ESIt). As shown in Fig. 2c, the linkers are alternated in an
upside-down fashion, in a set of two (L,~La, Lp-Ly,) along the ¢-
axis. Considering the 4-c organic linker as two interconnected
3-c building units, the topological analysis using the software
ToposPro® revealed the formation of a unique (3,3,3,3,6,10)-c
6-nodal net (Fig. 2a, ¢ and Fig. S10, ESIT).

The 6-c SBU in Eu-ste-MOF-1 is formulated as [Eue(p3-X)s
(COO)6(FBA),(DMF)4(H,0),], connecting to 4 isophthalate (2 L,
and 2 Lj,) and 2 benzoate (2 Ly,) groups from six different ligands.
Considering the position of the C atoms of these coordinated
-COO™ groups as its points of extension, the cluster is best
interpreted as a 6-c hexagonal SBU. This particular type of SBU
has not been observed in RE-MOF chemistry: the only reported
instances of 6-c clusters in RE-MOFs are RE-CU-45°**” and RE-
urx-MOF>® where the building block is best described as a trigonal
antiprism or an octahedron respectively. Even in the entire
MOF family of materials, there are limited examples of 6-c
hexagonal SBUs as in the case of Zr-based MOFs, PCN-224>°
and pbz-MOF-1.° Notably, in these particular cases, the Zrg
clusters connect to highly symmetrical linkers in an almost
perpendicular fashion (dihedral angles between the coordinated
carboxylate groups and the Zr,—O, planes calculated to be in the
177-179° range). On the other hand, the employment of a reduced
symmetry linker in Eu-stc-MOF-1 leads to a larger range in
respective angles, also accommodated by the broader coordina-
tion capabilities of rare-earth metals compared to zirconium. This
is mostly evident in the case of the isophthalates, which connect
to the 6-c cluster in a notably bent fashion (respective coordina-
tion angles ranging from 134.4 to 162.7°).

The other distinct inorganic SBU found in the stc framework
is a 10-c cluster formulated as [Eug(}t3-X)g(COO);o(DMF),(OH),].
In this case, the inorganic building block can be best viewed as

This journal is © The Royal Society of Chemistry 2025
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Fig. 2

(a) The combination of the desymmetrized, tetratopic H4L organic linker with 6-c and 10-c REg-clusters resulted in the formation of RE-stc-

MOF-1 series of MOFs. Their geometric representation used for the topological analysis is shown where crystallographically distinct components have
different colors. (b) The structure of Eu-stc-MOF-1 looking down the a-axis. (c) The unique six nodal, (3,3,3,3,6,10)-c, augmented stc-a net derived from

the topological analysis of Eu-stc-MOF-1.

an elongated square bipyramid in which 4 isophthalate
(2 L, and 2 L) and 6 benzoate (4 L, and 2 Lj,) groups from
ten different L* ligands contribute to the total connectivity. Up
to now, such an SBU has only been observed in NTUniv-57"%
and PCN-991,>" both RE-MOFs employing respective 2-c and 3-c
linkers with decreased symmetry. Again, certain isophthalate
moieties display highly bent coordination angles that reach
down to 135.1°. While these unusual isophthalate torsions in
both clusters may imply an increased framework energy state,
the structure is further stabilized by several intermolecular
C-H---m interactions involving the remaining benzoate
moieties (Table S4, ESIT), which provide the necessary energy
to overcome these deformations.

The combination of these inorganic and organic building blocks
leads to a three-dimensional framework with large elongated

This journal is © The Royal Society of Chemistry 2025

cavities of 16 x 16 x 30 A in size (Fig. S11, ESI). The key role
of the low symmetry of H4L in the formation of this unique
network is evident, considering the above structural analysis.
In contrast, utilization of the archetypal higher C; symmetry
linker with 3 benzoate groups (Fig. 1, top left) is known to guide
the formation of a highly connected (14-c) frt network when
combined with RE elements, published recently by our group.”?
From a chemical point of view, the stc framework has an
anionic nature and charge balance is provided by dimethylam-
monium counter cations, verified by "H-NMR measurements
which revealed signals at 2.48 and 8.94 ppm (see the
NMR section in the ESIf), in line with previous studies.*
These experiments also revealed a 1:1 ratio of ligand
to FBA moieties as observed in SCXRD experiments, further
confirming the complete chemical formula of the structure as
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[(CH3),NH, |o[REq(p5-X)s(L)1.5(FBA)2(DMF),(H,0), [ RE6(115-X)s(L)2.5-
(DMF),(OH),]. This formula is also supported by TGA analysis as
we describe below.

Additional characterization of the crystalline RE-stc-MOF-1
materials was performed through powder X-ray diffraction
(PXRD) and scanning electron microscopy (SEM) studies, as
detailed in Fig. 3 and Fig. S12-S21 (ESIT). A comparison of the
experimental PXRD patterns to the one simulated from the
structure of the Eu analogue confirmed phase purity (Fig. 3a
and Fig. S12, ESI¥). It is worth mentioning that the frameworks
remain initially stable in open air despite containing low-
connected RE clusters as inorganic nodes. Typically, the
presence of such species is destabilizing for the structure, since
high connectivity is thermodynamically favoured in RE
metals.’® In the case of Eu-stc-MOF-1, a series of successive
measurements over time indicated that a partial loss in crystal-
linity is observed after approximately 2 hours of air exposure
(Fig. S13, ESIT). These results were also confirmed for Tb-stc-
MOF-1 as shown in Fig. S14 (ESIf). Notably, in this case
after 2 hours exposure in air, a significant degree of crystallinity
is preserved indicating an enhanced structural stability as
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Fig. 3 (a) PXRD pattern of as-made Eu-stc-MOF-1 (blue), compared to
the pattern calculated from the crystal structure (black). (b) Representative
SEM image of the crystals in Eu-stc-MOF-1.
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compared to Eu-stc-MOF-1. As we describe below, the observed
structural stability is also reflected in the porosity of the
activated samples.

Taking this behaviour into account, we performed initial
gas sorption measurements in ethanol-exchanged batches of
Tb- and Eu-stc-MOF-1. Complete exchange of DMF to ethanol
(EtOH) within the framework was verified by "H-NMR (Fig. S9,
ESIt). PXRD measurements confirmed that both materials are
stable in EtOH (Fig. S15 and S16, ESIt). Tb-ste-MOF-1 was then
activated under vacuum at various temperatures (25, 40 and
80 °C), followed by experimental N, isotherm recordings at
77 K. In all cases, the isotherms revealed a type I sorption
behaviour, reaching respective uptakes of 191.4, 177.9 and
121.4 cm® ¢~ ' at 0.99 p/p, (Fig. S22, ESIf). Corresponding
BET areas were calculated at 692, 643 and 438 m”* g, respec-
tively (Fig. S23, ESIT). The experimental total pore volume at
0.99 plp, for the sample activated at room temperature was
calculated at 0.30 cm® g™, which is notably lower than the
theoretical value determined from the single crystal structure
(0.92 cm® g7 1), Given that Th-ste-MOF-1 is stable in EtOH, it is
natural to consider that its partial activation is associated with
the evacuation procedure. In particular, the removal of EtOH by
vacuum involves a liquid to gas phase transition that could
affect the integrity of the MOF framework due to moderate
EtOH-framework interactions, including coordination to metal
clusters and hydrogen bonds. To eliminate these problems we
applied supercritical CO, (scCO,) activation in EtOH exchanged
samples, where first liquid EtOH is exchanged by liquid CO,
and then under supercritical conditions, CO, escapes the pore
structure leaving the structure intact due to very weak CO,-
framework interactions. The formation of solvent-free materi-
als is supported by TGA analysis of the activated solids, as we
describe below. It is noted that EtOH is the solvent of choice for
scCO, MOF activation because it is miscible with liquid CO,,
promoting its facile exchange.

Indeed, argon sorption isotherm of Tb-stc-MOF-1 recorded
at 87 K (Fig. 4), revealed a type I isotherm with high uptake at
0.99 p/p, reaching 556.1 cm® g™, corresponding to a total pore
volume of 0.71 cm® g™, which is significantly improved com-
pared to the value obtained after direct evacuation from EtOH
and close to the calculated value of 0.92 cm® g~'. Taking into
account that the calculated value is overestimated because
dimethylammonium counterions cannot be located in the
single crystal structure, due to their highly disordered nature
but occupy pore space, the experimentally obtained total pore
volume reflects a successfully activated material. The BET sur-
face area calculated using consistency criteria is 1707.6 m*> g~
(Fig. S24, ESIt), while the pore size distribution (PSD) curve
obtained by a GCMC fitting method available in the software
BELMaster™ (Fig. S25, ESIf), shows a main peak centered at
15.8 A (Fig. 4 inset), which is very close to expected value from
the single crystal structure.

In the case of scCO, activated Eu-stc-MOF-1, a very similar Ar
isotherm is obtained at 87 K (Fig. S26, ESIT) however, the total
uptake at 0.99 p/p, is 436.9 em® g, corresponding to a total
pore volume of 0.56 cm® g™, which is lower compared to that of

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Argon sorption isotherm of activated Th-stc-MOF-1 recorded at
87 K. Inset shows the corresponding pore size distribution curve obtained
by GCMC method.

the Tb-analogue (0.71 cm® g™ %), indicating partial activation.
These results are consistent with the proposition based on PXRD
data that Tb-ste-MOF-1 is more stable than the Eu-analogue. The
BET surface area of Eu-stc-MOF-1 is 1440.5 m*> g~ ' and PSD
analysis obtained by GCMC (Fig. S27 and S28, ESIf) shows a
peak centered at 15.5 A, which is slightly contracted as compared
to the Tbh-analogue, indicating partially pore shrinkage, in agree-
ment with the lower total pore volume of this material.

The thermal stability of the scCO, activated MOFs were
studied by thermogravimetric analysis under nitrogen flow
(Fig. S29, ESIt). After an initial small weight loss of approxi-
mately 5% and 8% for Tb- and Eu-stc-MOF-1 respectively,
associated with adsorbed moisture during loading into the
TGA instrument, a plateau is observed up to 370 °C followed
by a significant weight loss due to the decomposition of the
organic part of the framework, which is completed at 575 °C and
610 °C for the Eu- and Tb-stc-MOF-1 respectively (Fig. S29, ESIT).
Considering the formation of the corresponding oxides, that is
Eu,0; and Tb,03, the observed total weight loss is 58.2% and
57.3% respectively, which is very close to the calculated values of
62.31% and 61.40% based on their chemical formula, consider-
ing no solvent molecules.

In conclusion, we herein report the discovery of the RE-stc-
MOF-1 family using a tetratopic, carboxylate-based linker with
reduced symmetry. The structures display high complexity, featur-
ing two distinct types of hexanuclear REq-clusters with reduced
connectivity. This leads to the construction of an unprecedented
(3,3,3,3,6,10)-c 6-nodal net, while the stc-family also represents the
first example of a 6-c hexagonal node in RE-MOFs. NMR spectro-
scopy confirms the presence of capping ligands which aid to lower
the node connectivity. Tb-stc-MOF-1 and Eu-stc-MOF-1 were
selected as representative members to study the porosity in this
family of MOFs. Successfully pore activation was achieved by
scCO, drying, revealing high surface areas and pore volumes.
Our findings validate the potential of lower symmetry linkers
combined with RE elements as a powerful synthetic approach
towards novel materials with structural peculiarities that cannot

This journal is © The Royal Society of Chemistry 2025
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be obtained otherwise. In combination with the already estab-
lished RE cluster node chemistry, this approach is ideal for the
generation of MOFs with accessible unsaturated sites that could
be exploited for applications of interest. In this context, we are
currently investigating the capability of the RE-stc-MOF-1 materi-
als in sensing and post-synthetic modifications, encouraged by
their low connectivity and stability in common organic solvents.
Additionally, future efforts will be focused on further tapping the
potential of this design approach towards novel frameworks and
topologies.

This study was carried out within the framework of the
National Recovery and Resilience Plan Greece 2.0 (Award
Number TAEDR-0535821), funded by the European Union -
NextGenerationEU.
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