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Metal-organic frameworks (MOFs) based on highly connected nets continue to expand the landscape of
reticular chemistry, with zirconium (Zr) and rare-earth (RE) clusters offering ideal nodes for the
construction of robust and structurally diverse materials. While desymmetrisation of tetratopic linkers has
recently emerged as a promising approach to accessing new framework topologies, the underlying
principles governing cluster connectivity remain poorly understood. Here, we systematically investigate the
effect of linker desymmetrisation on the assembly of Zr- and RE-MOFs. A literature survey of planar
tetratopic linkers revealed that geometric parameters such as height-to-width ratio and torsion angles play
a key role in dictating cluster connectivity. Guided by these insights, we designed two new nanosized
tetratopic ligands with enhanced conformational flexibility, enabling the synthesis of six MOFs with diverse
cluster types and topologies. These include three Zr-MOFs, two featuring 8-connected (8-c) Zrg clusters

. 4 18th July 2025 with ¢sqg and scu topologies, and one with a rare 4-c Zr cluster, and three RE-MOFs, including one with an
eceive th July ) . .
Accepted 4th October 2025 unprecedented heptanuclear RE cluster forming a 4,8L15 net. Finally, we demonstrate that frameworks with

accessible metal clusters, such as the csq-Zr-MOF and 4,8L15-RE-MOF, show outstanding catalytic activity

DOI: 10.1039/d55c05365] in the hydrolysis of P-F bonds in G-type nerve agent simulants. These results highlight linker
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Introduction

Reticular chemistry has been vastly expanded due to the virtu-
ally unlimited combinations of inorganic and organic molec-
ular building blocks (MBBs), enabling the design of new
materials with tailored chemical composition and structural
properties.”® This level of control has gained attention for
a wide scope of applications, including molecular recognition

“Catalan Institute of Nanoscience and Nanotechnology (ICN2), CSIC, The Barcelona
Institute of Science and Technology, Campus UAB, Bellaterra, 08193, Barcelona,
Spain. E-mail: inhar.imaz@icn2.cat; daniel. maspoch@icn2.cat

*Departament de Quimica, Facultat de Ciéncies, Universitat Autonoma de Barcelona,
08193 Bellaterra, Spain

‘Max Planck Institute for Solid State Research, HeisenberstrafSe 1, 70569 Stuttgart,
Germany

“Departamento de Quimica Inorganica, Universidad de Granada, Av. Fuentenueva S/N,
18071, Granada, Spain

Departament de Quimica Organica, Facultat de Quimica, Universitat de Valéncia,
46100 Burjassot, Valencia, Spain

TALBA Synchrotron Light Facility, Carrer de la Llum, 2-26, 08290 Cerdanyola del

Vallés, Barcelona, Spain
¢JCREA, Pg. Lluis Companys 23, 08010 Barcelona, Spain
T These authors contributed equally to this work.

21600 | Chem. Sci, 2025, 16, 21600-21613

desymmetrisation as a powerful strategy for tuning both structure and function in MOFs.

for sensing, catalysis, gas storage and separation, as well as the
removal and delivery of target compounds.*® One of the most
important features for these applications is the thermal and
chemical stability. To address this requirement, researchers
have developed strategies such as incorporating stronger coor-
dination bonds and employing highly connected MBBs.*®
Particularly, the latter has emerged as a major focus in MOF
chemistry over the past decade, as it facilitates the construction
of highly connected nets; a key feature for building robust and
stable frameworks. Furthermore, increasing the connectivity of
nodes in a network reduces the number of possible topologies,
thus directing the assembly toward specific structures.”
Several strategies have been employed to achieve highly
connected nets, including the MBB approach, the super-
molecular building block (SBB) strategy,” and the super-
molecular building layer (SBL) approach.”® Among these, the
MBB approach is widely recognised as a powerful and
straightforward method, enabling the successful synthesis of
numerous highly connected MOFs. A major breakthrough in
this area has been the discovery of polynuclear zirconium (Zr)
and rare-earth (RE) clusters, which has significantly advanced
the development of high-connectivity networks."»*> In

© 2025 The Author(s). Published by the Royal Society of Chemistry
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particular, Zr- and RE-carboxylate frameworks offer exceptional
stability, which is attributed to the strong coordination bonds
between high-valent metal cations and hard carboxylate
ligands, consistent with Pearson's Hard and Soft Acids and
Bases (HSAB) principle.*®

To date, the combination of Zr- and RE-clusters with a variety
of organic carboxylate-based linkers — mainly, ditopic, tritopic,
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and tetratopic linkers - has contributed significantly to the
development of high-connected MOFs.***” Among them, tetra-
topic ligands are particularly appealing, as they are intrinsically
high-connected MBBs whose conformational flexibility can be
tuned to expand the structural diversity of the resulting MOFs,
further enriching repertoire of the reticular chemistry.
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Fig. 1 Comparing the connectivity of Zr- and RE-clusters with identical 4-c square/rectangular tetratopic linkers.
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For instance, connecting Zr clusters with a regular 4-con-
nected (4-c) organic MBB, such as 4,4’,4",4"'-(9,9'-spirobi[fluo-
renel-2,2',7,7-tetrayl)tetrakis([1,1’-biphenyl]-4’-carboxylate),
typically yields a 3D MOF with the expected ftw topology, in
which the 4-c linkers bridge archetypal 12-c Zr clusters (L, linker
in Fig. 1)."® However, when these 4-c MBBs deviate from their
ideal geometry or symmetry, they can lead to MOFs with unex-
pected topologies and, in some cases, the formation of novel
metal cluster types. A representative example is the planar
tetratopic linker tetrakis(4-carboxyphenyl)porphyrin (H,TCPP,
L, linker in Fig. 1), which has been shown to generate diverse
framework structures depending on its conformation. Note that
here, planarity refers to the condition where all four carboxylate
groups lie in the same geometric plane. When TCPP adopts
a regular, symmetric geometry, it forms the expected (4,12)-c ftw
topology having the expected 12-c Zr cluster. In contrast, when it
adopts a less symmetric conformation - primarily due to vari-
ations in its height-to-width (h/w) ratio and/or the torsion angle
(¢) between the carboxylate groups and the porphyrin core - it
can connect to Zr clusters in alternative ways, enabling the
formation of distinct MOFs exhibiting (4,12)-c ftw,"**° (4,12)-c
shp,** (4,8)-c esq,">** (4,8)-c sqc,* (4,8)-c scu* and (4,6)-c she*
nets topologies that are formed by 12-c clusters as well as less-
connected, more defective 8-c and 6-c clusters (Fig. 1).

This example perfectly illustrates the power of desymmetr-
ising organic MBBs as a strategy to discover and access new
highly connected MOFs with novel topologies that, in turn, can
show different metal clusters. Although predicting the final
MOF structure becomes more challenging, several research
groups - including ours - have recently employed linker
desymmetrisation to uncover new Zr- and RE-based MOFs.?*%*

However, when comparing the effects of linker desymmetr-
isation in Zr-MOFs and RE-MOFs, some key differences emerge.
In Zr-MOFs, increasing linker desymmetrisation tends to
decrease the connectivity of the resulting Zr clusters. In
contrast, RE clusters typically retain their connectivity even as
linker desymmetrisation increases (Fig. 1).**!

To investigate this behaviour further, we conducted
a systematic comparison using the Cambridge Structural
Database (CSD), restricting the scope to identical 4-c square/
rectangular linkers used in both Zr- and RE-MOFs, and to
structures exhibiting a single type of metal MBB. This analysis
revealed that for Zr clusters, elongating tetratopic linkers with
lower h/w ratios reduces cluster connectivity from a 12-c
cuboctahedral shape to an 8-c cubic or even a 4-c square
geometry (see for example, from L; to Lo in Fig. 1). Additionally,
we observed that for linkers with carboxylate torsion angles
above 70°, the cluster connectivity drops to 6-c with a hexagonal
shape, regardless of the h/w ratios of the linkers.

In contrast, RE-based clusters generally maintain their full
connectivity (see also from Lz to Ly in Fig. 1). Only a few
examples of lower-connected RE clusters have been reported,
typically requiring specific linker geometries. Unlike the rela-
tively uniform hexanuclear Zr clusters, RE*" clusters display
greater diversity (including tetra-, hexa-, and nonanuclear
clusters), making them more difficult to predict. This variability
stems from the flexible coordination sphere of RE*" ions, which
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can range from six-to nine-coordinate, allowing for multiple
coordination environments and enhancing cluster versatility.
Furthermore, recent studies have shown the presence of
bridging p;-F species in RE-clusters. These fluoride bridges,
originating from fluorinated modulators essential for RE-
cluster formation, can partially or completely replace p;-O or
us-OH bridges; a distinctive feature compared to Zr clusters.>*>®

Among the various RE clusters, hexanuclear and non-
anuclear species are the most commonly observed, giving rise to
MOFs with ftw and shp topologies, respectively. Unlike Zr-
MOFs, we observed that the h/w ratio of the linker does not
significantly influence cluster formation or network topology in
RE-MOFs. Instead, the rotation of the carboxylate groups plays
a more critical role. When the carboxylate groups are coplanar
with the central core of the linker, a hexanuclear RE-cluster is
favoured, leading to RE-ftw-MOFs. However, as reported by
Howarth and co-workers, the formation of RE-shp-MOFs
requires a torsional angle between the carboxylate groups and
the central core.*® This is likely due to the incompatibility of the
hexanuclear RE-cluster with such a geometry, making the
nonanuclear RE-cluster more thermodynamically favoured.
This trend is clearly illustrated when comparing MOFs con-
structed from Zr- and RE-clusters (Fig. 1), emphasizing their
distinct reactivity; a difference that has been wrongly assumed
to be similar over the past decade.

Motivated by the limited number of studies systematically
comparing the reactivity of desymmetrised linkers with Zr(wv)
and RE(m) ions,**”*® we further explored this approach using
two new nanosized tetratopic linkers (Lo and L;;), each
featuring a central phenyl core with four significantly elongated
carboxylic acid arms containing olefinic bonds. This design
offers increased rotational flexibility and the ability to adopt
multiple conformations upon coordination with Zr(iv) and
RE(m) ions, potentially directing the formation of diverse clus-
ters and MOFs with distinct topologies.

Using these two linkers, we anticipate the synthesis of three
novel Zr-based MOFs: the (4,8)-c csq (xly) BCN-83, (4,8)-c scu
(tty) BCN-38 and (4,4)-c 3,4T143 BCN-143. The first two Zr-MOFs
are built from 8-c Zr-clusters, supporting the trend of reduced
connectivity in the presence of desymmetrised linkers. Notably,
BCN-143 features a rare, highly defective 4-c Zr cluster, which we
attribute to the distortion adopted by L,,, enabling it to behave
as a tetrahedral linker.

Similarly, combining both linkers with Y(u) ions (chosen as
a representative RE(m) ion due to its lower cost and potential for
generalisation to other RE-MOF systems),"””*** led to the
synthesis of three additional MOFs: (4,12)-c shp (ced) BCN-123,
(4,8)-c 4,8L15 (3,81.19) BCN-34 and (4,12)-c ftw (kle) BCN-312. As
expected, two of these RE-MOFs are constructed from 12-c RE
clusters. However, BCN-34 exhibits the formation of an
unprecedented 8-c heptanuclear RE cluster, attributed to the
rotation of the peripheral phenyl rings of L,,, which induces
a more desymmetrised configuration. These results further
support the linker desymmetrisation strategy as a powerful tool
to access a wide range of MOFs, including those featuring
unconventional clusters and topologies.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Finally, we evaluated the reactivity of all these Zr- and RE-
MOFs toward P-F bond hydrolysis of the G-type nerve agent
simulant diisopropylfluorophosphate (DIFP). The results show
that both the reported Zr-MOF and Y-MOF are capable of
degrading this toxic compound in buffered aqueous suspen-
sions (pH 7.4, simulating physiological conditions) as well as
when impregnated onto the solid catalyst (simulating a self-
cleaning adsorbent).

Results and discussion
Synthesis of novel Zr-MOFs

The tetratopic linker L;, was initially prepared in high yield
(>90%) through a novel synthetic route based on the well-known
Wittig-Horner olefination reaction by using a phosphate and
a ketone, followed by a saponification process (see SI for more
details). On the other hand, linker L,; was mainly prepared
through three steps. The functional methyl groups in the
peripherical arms are introduced to enhance the solubility
during the linker synthesis. First, the backbone of the linker
was synthesised by a Wittig-Horner reaction using phosphate
and aldehyde precursors. Subsequently, the prepared periph-
eral arms were coupled to this backbone through a Miyaura
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borylation reaction. Finally, the linker L;; was obtained via
a saponification process (see SI for more details).

To obtain the first Zr-MOF, we carried out a solvothermal
reaction between ZrOCl,-8H,0 and L,, in N,N-di-
ethylformamide (DEF), using benzoic acid as the modulator, at
120 °C for 48 h. The resulting needle-like single crystals, BCN-
83, were characterised by single-crystal X-ray diffraction
(SCXRD). BCN-83 crystallises in the hexagonal P6/mmm space
group, with unit cell parameters a = b = 39.9365(4) A, ¢ =
24.4862(4) A, and V = 33 821.4(9) A®. Its structure consists of 8-c
cuboid hexanuclear clusters, [Zrg(13-0)4(13-OH),]*> ", linked by
4-c linkers L,,, forming a 3-periodic (4,8)-c framework (Fig. 2).
Topologically, if Ly, is considered as a 4-c rectangular node, the
underlying net corresponds to a (4,8)-c edge-transitive csq
topology. However, considering the orientation of the tetratopic
linker, Lo can be split into two 3-c triangular nodes, leading to
a (3,8)-c xly topology, a csq-derived net. The overall charged
balanced chemical formula for BCN-83 is Zrg(us-O)a(ps-
OH),(H,0)4(OH)4(L10)2-

Notably, Zr-MOFs built from tetratopic linkers adopting the
csq topology have been widely reported, including the well-
known NU-1000, constructed from a rectangular pyrene-core
linker.*® Similar to NU-1000, two types of 1D open channels
are observed along the ¢ axis: a triangular microchannel with

BCN-143

3,4T143

Fig. 2 Structure representation of various Zr-MOFs formed by using rectangular tetratopic linkers in this study.
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Fig. 3 (a) The structural representation of BCN-83; (b) PXRD patterns
of simulated (black), as-made (red), acetone-exchanged (blue) and
activated (green) BCN-83; (c) N, sorption isotherm of BCN-83; (d) DFT
pore size distribution of BCN-83.

a diameter of 1.5 nm and the hexagonal mesochannel with
a diameter of 3 nm (Fig. 2 and 3a). Additionally, the L,, linkers
exhibit symmetric positional disorder about an inversion
center. This results in a spatial overlap between the dislocated
phenylenedivinylene moiety of L, and a pyrene unit (Fig. S9).
The refined structural model indicates site occupancy factors of
0.5. Interestingly, the linker adopts only one configuration: o-
cis, m-trans,trans, where the o bond refers to the linkage
between the alkene group and the central phenylene backbone.

To evaluate the porosity, BCN-83 was soaked in acetone for
two days (Fig. 3b) and then activated by supercritical carbon
dioxide (sc-CO,). The N, adsorption isotherm at 77 K confirmed
permanent porosity, showing a fully reversible Type IV(b)
isotherm with a sharp uptake at a P/P, value of 0.198, charac-
teristic of mesoporous materials (Fig. 3¢, S10). The Brunauer—
Emmett-Teller surface area (Sgpr) was calculated to be 2959 m?
g™, exceeding that of NU-1000.** The pore size distribution
(PSD), derived using density functional theory (DFT), revealed
two distinct pore sizes (1.5 and 2.9 nm), in good agreement with
the crystallographic data (Fig. 3d and Table S8).

Inspired by previous examples demonstrating the poly-
morphism of Zr-MOFs under varying synthetic conditions,*® we
also found that by altering the metal precursor, solvent, and
modulator, a distinct polymorph could be obtained. Specifi-
cally, the reaction of ZrCl, with the linker L, in N,N-di-
methylformamide (DMF), using an excess of acetic acid as
a modulator, at 120 °C for 5 days, yielded spheroid-shaped
crystals.

SCXRD analysis revealed that BCN-38 crystallises in the
orthorhombic space group Cmmm with cell parameters of a =
21.1486(10) A, b = 34.1491(10) A, ¢ = 24.7133(5) A and V = 17
848.1(11) A%, Similar to BCN-83, its structure consists of 8-c
cuboid [Zre(13-0)4(113-OH),]"> "~ clusters linked by 4-c¢ Ly, linkers,
forming a new 3-periodic (4,8)-c framework with an edge-

21604 | Chem. Sci., 2025, 16, 21600-21613
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transitive scu net (Fig. 2). Considering the spatial orientation
of the tetratopic ligand, the resulting underlying net corre-
sponds to a (3,8)-c tty topology, a scu-derived net. The overall
charged balanced chemical formula of BCN-38 is Zrg(115-O),(1s-
OH),(H,0)4(OH)4(L10)a-

PXRD pattern of as-made BCN-38 showed slight deviations
compared to the simulated data from the single crystal struc-
ture obtained at 100 K (Figure S11). This discrepancy may be
attributed to the flexible nature of this MOF. To investigate
further, we measured the single crystal structure of BCN-38 at
room temperature (RT) and successfully obtained the SCXRD
data. The structure retains the same space group at 100 K with
minor changes in the cell parameters and the cell volume (a =
22.2811(8) A, b = 33.7528(9) A, ¢ = 24.5977(4) A, and V = 18
498.7(9) A%), confirming the dynamic behaviour upon temper-
ature. Interestingly, similar to previously reported scu-type
MOFs, BCN-38 also exhibits breathing behaviour triggered by
solvents.** PXRD of the activated sample shows a different
phase, which can be attributed to a contracted framework
(Fig. S11). Upon solvation, the structure can be restored to its
original state by immersing the activated sample in DMF
solvent (Fig. S11). This breathing behaviour has also been
confirmed by N, adsorption measurements, as the activated
BCN-38 showed to be nonporous.

Upon switching to L,,, the reaction of ZrOCl, - 8H,0 with the
linker L;; in DMEF, in the presence of excess formic acid as
a modulator at 120 °C for 7 days, yielded spheroid-shaped
crystals, BCN-143. Single-crystal X-ray diffraction (SCXRD)
analysis revealed that BCN-143 crystallises in the orthorhombic
space group Pcca, with unit cell parameters a = 14.116 A, b =
18.852 A, ¢ = 40.354 A, and V = 10738 A°®.

The structure features a rare 4-c [Zre(nz-0)4(uz-OH)4]">~
cluster that adopts a previously unreported geometry within the
Zr-MOF family (Fig. 2). In contrast to the symmetric square-like
geometry observed in other reported 4-c Zr-cluster-based
MOFs,**%* this cluster adopts an unprecedented tetrahedral
conformation. Each 4-c Zr cluster connects to two adjacent
clusters via two doubly bridged formate ions, resulting in
a zigzag-shaped one-dimensional chain (Fig. S12). Interestingly,
each cluster incorporates eight formate ions with two distinct
coordination modes (Fig. S13). Four of these formates coordi-
nate internally to Zr(wv) cations within the cluster in a typical
bidentate syn,syn p,-n':n" bridging mode. The remaining four
formates, located in the equatorial plane of the cluster, bridge
neighbouring clusters via a less common anti,anti p,-n*:n’'
mode.

From a topological perspective, the Zrs cluster can be
regarded as a 4-c tetrahedral node, while the tetratopic Li;
ligand can be simplified into two 3-c triangular nodes. This
abstraction results in a 3-periodic underlying 3,4T143 net. To
the best of our knowledge, this topology is unprecedented
among MOFs constructed from carboxylate-based ligands or
inorganic clusters. Alternatively, if the ligand is represented as
a 4-c tetrahedral node, the resulting net corresponds to a new
topology.

The structure displays a two-fold interpenetrated framework
featuring two distinct 1D open microchannels: a hexagonal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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channel (4.10 x 5.93 A) along the c-axis and a rectangular
channel (3.88 x 7.58 A) along the g-axis (Fig. S14, 515). The
overall charge-balanced chemical formula of BCN-143 is Zrg(ps3-
0)4(13-OH),(H,0)4(OH)s(HCOO),(L14).

Prior to gas sorption measurements, BCN-143 was activated
by solvent exchange with acetone to remove residual DMF, fol-
lowed by sc-CO, activation. The N, adsorption isotherm recor-
ded at 77 K confirmed the microporosity of the framework, with
a Sgpr of 425 m” g ' (Fig. $16 and Table S8). The PSD curve
shows a dominant pore centered at 5.6 A, consistent with the
crystallographic data (Fig. S17).

Synthesis of novel RE-MOFs

To evaluate the reactivity differences between Zr-clusters and RE
clusters using the same linkers L;, and L;;, we investigated the
synthesis of corresponding RE-MOFs. Initially, a mixture of
Y(NO3);-6H,0 and the linker L,, in DMF, using 2-fluorobenzoic
acid (2-FBA) as a modulator, was heated at 120 °C for 24 h, yielding
hexagonal-shaped single crystals, BCN-123, suitable for SCXRD
analysis. SCXRD revealed that BCN-123 crystallises in the hexag-
onal space group P6m2 with cell parameters of a = 22.3625(4) A,
b = 22.3625(4) A, ¢ = 24.3563(12) A, and V = 10 548.3(6) A>.

The structure of BCN-123 features an archetypal non-
anuclear Y(m)-based (Ys) cluster, coordinated by 12 carboxylate
groups from 12 individual L;, linkers (Fig. 4 and 5a).
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8-c RE heptamer

Rectangular shape
C,, hiw = 0.60, @, # @, # @3 # @, (5.9°-60.1°)
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Topological analysis indicates that the Y, cluster can be
simplified into a 12-c hexagonal prism node. This building unit,
in combination with the tetratopic rectangular L,, linker, forms
a 3-periodic framework with a (4,12)-c edge-transitive shp

a) b)

i

(=]
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Fig.5 (a) The structural representation of BCN-123; (b) PXRD patterns
of simulated (black), as-made (red), acetone-exchanged (blue) and
activated (green) BCN-123; (c) N, sorption isotherm of BCN-123; (d)
DFT pore size distribution of BCN-123.

TR

‘&

ftw (kle)

Fig. 4 Structure representation of various RE-MOFs formed by using rectangular tetratopic linkers in this study.
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topology. Alternatively, the structure can also be described by
the derived (3,12)-c ced topology. The crystalline structure of
BCN-123 contains a uniform 1D triangular channel along the ¢
axis, with an approximate diameter of 11 A, as well as hexagonal
prismatic cages enclosed by two Y, clusters and six linkers, with
a diameter of ca. 12 A (Fig. S18).

Considering the anionic nature of Yo clusters reported in
previous studies,****¢ the overall charge-balanced chemical
formula of BCN-123 is (DMA);3[Yo(t3-O)a(1t3-X)12(OH)x(L11)3],
where X = OH or F, and DMA represents dimethylammonium
cation generated from the decomposition of DMF molecules.
Although the presence of p;-F bridges is difficult to confirm
through crystallography, it was verified by '°’F NMR of an acid-
digested sample, which showed the signal at —166 ppm, cor-
responding to inorganic F~ anions (Fig. S19). This observation
is consistent with the presence of fluoro-bridged clusters, in
agreement with previous reports.***”

To evaluate its porosity properties, BCN-123 was first acti-
vated by exchanging DMF with acetone (Fig. 5b) as a volatile
solvent, followed by sc-CO, treatment. The reversible type I N,
adsorption isotherm at 77 K confirmed the permanent porosity
of BCN-123. The Sggr surface area was calculated to be 2030 m?
g~ ', which is higher than that of previously reported RE-shp-
MOFs (Fig. 5¢, S20 and Table S8).* The PSD curve exhibits
a main peak centered at 12 A, consistent with the crystallo-
graphic analysis (Fig. 5d).

It is well known that in certain cases, the use of co-
modulators is crucial for the synthesis of RE-MOFs; not only
for obtaining high-quality single crystals but also for improving
yield.®**® In our efforts to crystallise BCN-123, we explored
a variety of co-modulators, including fluorinated modulators (2-
FBA or 2,6-dFBA) as well as others such as water, HNO3, and
acetic acid. This exploration unexpectedly led to the discovery of
a new RE-MOF phase, BCN-34.

BCN-34 was synthesised by combining Y(NO;);-6H,0 and
the linker L;, in DMF, using 2-FBA and HNO; as co-modulators,
and heating the mixture at 120 °C for 7 days. The introduction
of HNO; increased the acidity of the reaction medium, which
slowed down the crystallisation process and ultimately yielded
rod-shaped single crystals of BCN-34.

SCXRD analysis revealed that BCN-34 crystallises in the
orthorhombic space group Pnma, with unit cell parameters a =
14.4620(10) A, b = 35.446(2) A, and ¢ = 26.498(2) A. The asym-
metric unit contains seven crystallographically independent Y**
cations, two coordinated tetratopic L;, linkers, eight ps;-X
groups and one p,-X group, four coordinated 2-FBA anions, and
six terminal water molecules.

These seven Y(u) centers exhibit coordination numbers
ranging from 7 to 9, with distinct coordination environments:
Y1 and Y2 are 8-coordinate, each bonded to four p;-X groups
and four oxygen atoms (two from L,, and two from 2-FBA
anions); Y3 and Y4, also 8-coordinate, are each coordinated by
four pz-X groups, two oxygen atoms from two L;,, one 2-FBA
anion, and one water molecule; Y5 is 8-coordinate as well,
coordinated by three p;-X groups, two oxygen atoms from L,
one 1,-X group, and two water molecules; Y6 is 7-coordinate,
bonded to one p;-X, one p,-X, two oxygen atoms from Ly, two 2-
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FBA anions, and one water molecule; and Y7 is 9-coordinate,
bonded to four p;-X groups, one p,-X group, and four oxygen
atoms from four L, linkers.

Interestingly, the spatial arrangement of the terminal 2-FBA
anions and the carboxylate groups within the cluster is unusual:
all four 2-FBA anions reside in the equatorial plane, while the
eight carboxylates from eight individual ligands point upward
and downward, forming an 8-c cuboid secondary building unit.

Remarkably, BCN-34 features a previously unreported
heptanuclear cluster, with the core formula Y,(p,-X)(1ts-X)s
(Fig. 4). To date, only a limited number of structural motifs have
been reported for heptanuclear RE clusters, primarily exhibiting
trigonal prismatic or trigonal antiprismatic geometries.** 7>
However, the metal-oxo cluster in this study introduces a new
monocapped octahedral geometry (Fig. S21), which, to the best
of our knowledge, represents the first example of this type
within the RE-MOF family.

In the structure of BCN-34, each Y, cluster is rotated 180°
relative to its nearest neighbour, resulting in an alternating
arrangement of clusters along the g-axis (Fig. S22). BCN-34
exhibits an overall two-periodic structure, in which each L,
linker connects to four Y(m)-based clusters, and each cluster is
coordinated by eight L, linkers (Fig. 4). Due to the spatial
configuration of the eight connection points, double cross-
linking occurs via pairs of L,, linkers, effectively reducing the
net connectivity to four.

Topological analysis indicates that the Y; cluster can be
simplified as a 8-c node, and the tetratopic L,, linker can like-
wise be treated as a 4-c node. This connectivity results in a 2-
periodic edge-transitive 4,8L15 net. Alternatively, the structure
can be described by the derived (3,8)-c 3,8L19 topology. These
nets can be regarded as the daughter nets when splitting
a vertex of the parent sql-b or bex net, respectively.” Notably,
although the 4,8L15/3,8L19 topology formed by reduced-
symmetry linkers has been previously observed in Zr-MOFs,”
it is reported here for the first time in a polynuclear RE-MOF.

The lamellar packing of BCN-34 reveals that the two periodic
layers are arranged in an AB-staggered configuration, with
clusters occupying the voids between neighbouring layers
(Fig. S23, S24). The interlayer distance resulting from m-7
stacking was estimated to be 3.5 A. This stacking arrangement
produces a porous framework with 1D open quadrilateral
channels (ca. 7 x 10 A) along the g-axis.

The presence of coordinated 2-FBA anions was confirmed by
both 'H NMR and '’F NMR spectroscopy of acid-digested
samples (Fig. S25 and $26). The "H NMR spectrum confirmed
a1:2 ratio between the Ly, linker and 2-FBA, in agreement with
the expected stoichiometry. Additionally, the '°F NMR spectrum
identified the presence of bridging p;-F species, with a chemical
shift at 6 = —110 ppm corresponding to 2-FBA, and a signal at
0 = —166 ppm attributed to inorganic F~ anions.

The framework was confirmed to be neutral, as verified by
inductively coupled plasma (ICP) analysis performed on a Li'-
exchanged, digested sample. The overall charge-balanced
formula of BCN-34 is Y;(1,-X)(13-X)s(H20)4(2-FBA)4(L10)-

To measure its porous properties, BCN-34 was activated by
exchanging DMF with methanol as a volatile solvent, followed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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by sc-CO, activation. The nitrogen adsorption isotherm recor-
ded at 77 K confirmed the microporosity of BCN-34, with a Sggr
of 400 m> g~ " (Fig. S27 and Table S8). The PSD curve exhibited
distinct peaks centered at 6.6 A and 11 A, in agreement with the
crystallographic analysis (Fig. S28).

Finally, we explored the synthesis of a RE-MOF using the
extended tetratopic linker L,,. The resulting material, BCN-312,
was synthesised by mixing L, 2-FBA, and Y(NO3);-6H,0, fol-
lowed by heating at 120 °C for 24 h. Cubic-shaped crystals were
obtained; however, SCXRD data revealed weak diffraction
intensities at high angles. This may be attributed to crystal
instability upon solvent loss, leading to loss of long-range order
or significant structural disorder.

Further attempts to improve the crystal quality, which
included the use of alternative metal sources such as
Tb(NO;);-5H,0, or stronger fluorinated modulators such a 2,6-
dFBA, TFA, also yielded cubic single crystals. Nevertheless, the
diffraction data remained low-resolution, indicating inherent
structural fragility.

To elucidate the atomic structure, a model was constructed
using the Materials Studio 2023 software package” based on
a polynuclear RE-cluster. After evaluating the space group and
unit cell parameters obtained from SCXRD data, possible
framework topologies were explored. A 3-periodic ftw-type MOF
model with a rectangular, planar ligand conformation was
selected and geometrically optimised, using the reported Y-ftw-
MOF-3 (CCDC 1050064) as a structural template.*

High-quality PXRD data for refinement were collected using
synchrotron radiation (ALBA, BL13-XALOC). A comparison
between the experimental and simulated patterns of the opti-
mised structure showed excellent agreement, and Pawley
refinement yielded satisfactory residuals (R, = 1.58%, Ry, =
2.68%) for a cubic Im3 space group with a unit cell parameter of
55.99(3) A (Fig. S29 and Table S7). Topological analysis identi-
fied the simulated network as a (3,12)-c kle topology, a ftw-
derived net.

According to the simulated structure, BCN-312 is composed
of the archetypal hexanuclear Y-cluster with a core of [Ye(is-
X)s]'®" (Fig. 4). Each Ly, linker bridges four Y-based clusters,
while each cluster connects to twelve L,; linkers. The charge-
balanced formula is (DMA),[Ye(1t3-X)s(L11)3]- Here, the pres-
ence of py-F species was confirmed by 'F NMR, showing
a single signal at 6 = —166 ppm, corresponding to inorganic F
anions (Fig. $30).

After activation of BCN-312 using sc-CO,, N, adsorption
measurement at 77 K confirmed the microporosity of BCN-312,
with a moderate Sppr of 722 m*> g~* (Fig. S31 and Table $8),
suggesting partial framework instability. The PSD curve
exhibited two main peaks centered at 7.3 A and 12.1 A, consis-
tent with the crystallographic data (Fig. S32).

Effect of linker desymmetrisation on the connectivity of Zr-
and RE-clusters in MOFs derived from L,, and L,

In this study, the new tetratopic linker L,, adopts a rectangular
geometry and can be considered a desymmetrised variant of
square-shaped ligands with D,, symmetry, characterised by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a decreased h/w ratio and an in-plane shift of the double bonds.
The formation of Zr-MOFs with ftw topology typically requires
highly symmetrical, square-shaped linkers with D, symmetry.
In such configurations, the torsion angle between the terminal
carboxylates and the central backbone is strongly constrained to
0°, a condition that is completely disrupted in the case of L.

When the planar linker exhibits reduced symmetry (C,;, or
Cyy), it tends to promote the formation of MOFs featuring
cuboid-like Zry clusters. This desymmetrisation can therefore
facilitate the formation of edge-transitive csq, sqc, scu, and shp
topologies. Indeed, this desymmetrised linker leads to the
formation of BCN-38 and BCN-83, which adopt scu and csq
topologies, respectively. In BCN-38, the L, linker adopts Cyp,
symmetry, with twisted peripheral benzoate arms and a central
phenylene unit that exhibits significant bending. The torsion
angle between the carboxylate groups and the central core is
47.4°. When the linker adopts a configuration closer to C,,
symmetry, the MOF tends to form the csq net, as exemplified by
BCN-83. In this case, the torsion angle is 36.9°, and the overall
dihedral angle between adjacent arms of the linker is 120.1°.
Notably, the ligand metrics observed for BCN-38 and BCN-83
fall in the domain characteristic of scu and esq nets, consistent
with our theoretical findings (Fig. S34).

These results suggest that additional phases could poten-
tially be obtained through systematic screening of different
synthetic conditions; with the notable exception of the ftw-
based MOF phase.

In the case of RE-MOFs, the formation of ftw topologies
typically requires linkers with planar carboxylates; otherwise,
shp nets based on nonanuclear clusters are favoured. This trend
is confirmed in BCN-123, where the L, linker adopts a reduced
C,n symmetry with carboxylate torsion angles of 60.4°. Inter-
estingly, a polymorph, BCN-34, was also isolated. In BCN-34,
two crystallographically distinct linkers are present, both with
an aspect ratio of 0.60 and four differentially oriented carbox-
ylate groups. One carboxylate is coplanar with the central core,
while the others are rotated at angles ranging from 42.25° to
61.29°. The resulting 4,8L15 net likely arises from the desym-
metrisation of the linker adopting C; symmetry, similar to
a previously reported Zr-MOF with the same topology and
double-bridged linkers.” We propose that the formation of the
new heptanuclear cluster in BCN-34 is driven by the rotational
flexibility of the carboxylate groups, which hinders the assembly
of the canonical REg cluster.

Most importantly, by introducing specific conformational
constraints, the tetratopic linker L,; can adopt a tetrahedral
geometry, achieving the highest possible symmetry (T4) among
all tetratopic linkers. When the linker adopts this tetrahedral
conformation, three edge-transitive nets are theoretically ex-
pected: (4,12)-c ith,”® (4,8)-c flu,”” and (4,6)-c gar.”® Among these,
the flu net is the most commonly observed with tetratopic
linkers displaying T,4 symmetry, whereas the ith net requires
a distorted cluster with an icosahedral geometry. Tetratopic
linkers capable of adopting tetrahedral conformations typically
contain sp>-hybridised carbon or nitrogen atoms, or bulky
groups within their backbones.”*
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However, further elongation of tetrahedral linkers can result
in alternative topologies, as demonstrated in studies involving
linkers containing sp*-carbon atoms.®* Similarly, compared to
tetratopic linkers with a biphenyl core, which often give rise to
flu topologies,**** additional desymmetrisation and a signifi-
cant decrease in the aspect ratio have led to the discovery of
a new net, 3,4T143, in Zr-MOFs. This net is observed in BCN-
143, where the conformational flexibility of the central double
bond units allows the ligand to adopt a distorted tetrahedral
geometry (T; symmetry). The angles between two adjacent arms
- measured as the angle between the carbon atoms of two
carboxylate groups and the center of the tetrahedron - are
approximately 79°, 116°, 128°, and 132°, deviating from the
ideal tetrahedral angle of 109.47°. This distortion, along with
the elongation of the arms, gives the linker an aspect ratio of
0.70. The formation of this topology is driven by the strong
desymmetrisation induced by the L, linker, which significantly
reduces the connectivity of the Zr cluster in an unconventional
manner. We propose that the tetrahedral-shaped L;; linker in
BCN-143, stabilised by the presence of two central double
bonds, primarily adopts this geometry due to the rotation of its
carboxylate groups (¢; = 55.4°, ¢, = 58.5°), a rotation enforced
by steric hindrance from methyl groups on the arms.

In contrast, replacing the Zr cluster with its RE analogue
does not result in a similar decrease in connectivity. The
incorporation of methyl groups in the peripheral phenylene
rings of L;; significantly increases steric hindrance, inducing
a rotation angle of 60.6° relative to the central plane of the
linker. However, this steric effect also allows the four benzoate
arms to align and remain nearly coplanar with the ligand core
(¢ = 1.9°), a condition necessary for forming the ftw net with
a hexanuclear RE cluster. This structural arrangement is sup-
ported by a structural model, which show excellent agreement
between the experimental and simulated PXRD patterns of
BCN-312.

Detoxification properties towards G-type nerve agent model

Taking into account the high Lewis acidity of Zr(iv) and Y(m) and
basicity of oxide residues in Zr/RE-clusters, we evaluated the
impact of framework topology on the reactivity of these mate-
rials toward P-F bond hydrolysis of the G-type nerve agent
simulant diisopropylfluorophosphate (DIFP, Fig. 6a).>#**® The
results show that the reported Zr-MOF materials are capable of
degrading this toxic compound both in buffered aqueous
suspensions (pH 7.4, simulating physiological conditions) and
upon surface impregnation of the solid material (RH 50%,
simulating a self-cleaning adsorbent).

A 1:1 reaction between BCN-83 and DIFP under simulated
physiological conditions leads to the formation of the non-toxic
product diisopropylphosphate (DIP), with a remarkably low
half-life of 1.3 minutes (Fig. 6b, S35, S36, and Table S9). Recy-
clability tests of BCN-83 demonstrated that this material is still
active for DIFP degradation after four cycles (Fig. S37). For
comparison purposes, the benchmark NU-1000, which features
an isoreticular csq topology, exhibits a half-life of 7.7 minutes.
BCN-38, featuring a scu topology, shows a half-life of 6.8
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Fig. 6 (a) Schematic DIFP hydrolytic breakdown into nontoxic di-
isopropylphosphate (DIP). (b) Profiles of DIFP (0.015 mmol, 0.5 mL
H,0) hydrolytic degradation under simulated biological conditions
(Tris—HCL, 0.1 M, pH = 7.4) by a suspension of the studied Zr-MOFs
(0.015 mmol): BCN-83 (red), BCN-38 (blue), NU-1000 (yellow) and
BCN-143 (green). (c) Profiles of DIFP (0.015 mmol, 0.5 mL buffered
solution) hydrolytic degradation under simulated biological conditions
(Tris—HCL, 0.1 M, pH = 7.4) by a suspension of the studied RE-MOFs
(0.015 mmol): BCN-123 (red), BCN-34 (blue), and BCN-312 (green).

minutes, while BCN-143 with a 3,4T143 topology performs more
poorly, with a half-life of 55 minutes.

A similar trend is observed in the surface impregnation tests,
which simulate application in protective garments or filters
(Table S10). Again, the best performance is achieved by BCN-83,
whose highly accessible pore structure enables nearly quanti-
tative degradation (94%) after 24 hours of exposure at 30 °C and
approximately 50% relative humidity. In contrast, BCN-38, BCN-
143, and the benchmark NU-1000 show lower efficiencies,
achieving 74%, 73%, and 45% degradation, respectively, under
the same conditions. The superior performance of BCN-83 is
likely related to an optimal combination of increased accessi-
bility to the Zrs clusters and structural robustness.

Similarly, the reported Y-MOF materials demonstrate the
ability to degrade DIFP under buffered aqueous conditions (pH
7.4). A 1:1 reaction of DIFP with BCN-34, BCN-123, and BCN-
312 leads to the formation of DIP, with respective half-lives of
35.5, 693, and 793 minutes (Fig. 6¢, S38, and Table S11). The
enhanced performance of BCN-34 is likely due to its layered
4,8L15 topology, which favours improved accessibility to the
reactive Y5 clusters. The lower acidity of Y-MOFs in comparison

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to Zr-MOFs can be related to the lower Lewis acidity of Y(u) in
comparison to Zr(v) ions.*”

Conclusions

In conclusion, this work demonstrates the power of linker
desymmetrisation as a strategic tool to modulate cluster
connectivity in MOFs. By carefully tuning geometric features
such as the height-to-width ratio and torsion angles, we have
accessed a diverse set of Zr- and RE-MOFs featuring both
conventional and unconventional cluster connectivities and
topologies. Beyond structural diversity, we show that cluster
accessibility — enabled by appropriate ligand design and pore
architecture - plays a critical role in enhancing catalytic
performance, as exemplified by the efficient P-F bond hydro-
lysis of G-type nerve agent simulants. These findings pave the
way for the rational design of next-generation MOFs that
combine structural precision with functional reactivity, partic-
ularly in applications requiring controlled molecular access to
reactive metal sites.
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