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Developing a deep understanding of the fascinating properties of MFM-300 (MFM = Manchester
framework material) opens up a world of new and thrilling applications. The unique dynamic metal-ligand
bonding for MFM-300(Sc) and MFM-300(In) is chronologically presented here, highlighting the exacting

Received 28th August 2024, applications that were associated with such special behaviour (i.e., description of complex NHz adsorption

Accepted 24th September 2024 mechanisms, conversion of toxic H,S to polysulfides for promising fabrication of lithium-sulphur batteries
DOI: 10.1039/d4ce00865k and heterogeneous catalysis). This highlight aims to showcase the current advances in semi-open metal
sites inherent to MFM-300(Sc) and MFM-300(In) to inspire new investigations to be carried out to develop
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1. Introduction

Metal-organic frameworks (MOFs), or porous coordination
polymers (PCPs), are a promising family of hybrid materials
constructed by metal ions coordinated to organic ligands.!
MOFs were first reported back in the 1989s, and since then
they have drawn significant attention due to their chemical
variability, high crystallinity, extraordinary apparent surface
area, and, in some specific cases, high chemical stability.”
Also, their integrated design and ordered lattice permit
chemical, spatial and dynamic properties to be carefully
adjusted in ways not available in other porous materials (e.g.,
carbon molecular sieves, zeolites and porous metal oxides).
Thus, not surprisingly, these appealing properties have
postulated MOFs as attractive contenders for applications
such as gas storage/separation,® catalysis," drug delivery,’
environmental air and water remediation,”” and molecular
sensing.® Interestingly, more than 100000 reported MOF
structures constitute a rapidly expanding collection of
chemical functionalities originating from their organic
ligands, inorganic metal centres and different post-synthetic
modifications.”'® Such an appealing set of characteristics
enhances the crystal engineering of MOFs as one of the most
researched fields in the past decades.
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new applications of this promising family of MOF materials.

The classic perception of MOFs as static crystalline
structures has transited to flexible (i.e., dynamic metal-ligand
interactions or hemilabile coordinate bonds), which has been
recognised for contributing to unusual physiochemical
properties."™ ™ Although MOFs can typically generate
functionality from their building blocks (ie., functional
groups incorporated into the organic ligands or with access
to open metal sites), functionality is progressively derived
from such dynamic processes (flexibility around the
coordination bonds).****

One of the most relevant concepts in coordination
chemistry is ligand lability, and, for example, labile ligands
provide access to the active metal sites in catalysis.'”"®
Hemilabile ligands are multidentate ligands (i.e., “hard” and
“soft” donors) in which one donor is labile and can be
reversibly disrupted to generate an open metal site to which
substrates bind."®?° In MOF chemistry, labile metal-ligand
coordination can be dislocated by different stimuli without
compromising the crystal structure of the material (e.g,
framework connectivity), in other words, the generation of
transient open metal sites.>"

Similarly, the assembly of crystallinity in extended
metal-organic lattices (such as MOFs, metal-organic cages
and HOFs) is based on the reversible exchange of
coordinate bonds.>*** Thus, such reversible metal-ligand
bonding, which can be exemplified by stimuli-responsive,
adaptable, dynamic, and self-healing bonding, has been
lately presented to elucidate key phenomena in MOFs, from
their crystal growth to their phase transitions.>* Typically,

the perception of metal-ligand dynamics has been
exclusively attributed to temperature increase as the
external stimulus. However, recently, it has been

This journal is © The Royal Society of Chemistry 2024
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demonstrated that guest molecules can trigger such
reversible bond reorganisation.”**® Such studies on metal-
ligand dynamics in MOFs have demonstrated that it is
fundamental to recognise phase transitions to discover
uncommon adsorption mechanisms.”®

This highlight aims to establish the role of dynamic
bonding in a particular family of MOF materials (MFM-
300, MFM = Manchester framework material), which has
been observed so far only for MFM-300(Sc) and MFM-
300(In), by presenting the principal contributions related
to such special behaviour and its associated exciting
applications while providing relevant perspectives on the
future of MOF chemistry in this field, particularly with the
aim to encourage the scientific community to investigate
the other members of the MFM-300 family (i.e., MFM-
300(Al), MFM-300(Cr,) MFM-300(V), MFM-300(Ga) and
MFM-300(Fe)).

2. Structural description

The MFM-300 family is synthesised using a tetracarboxylic
ligand H,BPTC (biphenyl-3,3',5,5-tetracarboxylic acid) and
different trivalent metal centres (Sc(m),>” Al(m),*® In(m),>’
Cr(m),*° V(u),*" Ga(m)** and Fe(m)**) under different reaction
conditions; Schroder and Yang have elegantly reported this
family. The constituents (BPTC*~ and metal ions) of the
MFM-300 family are arranged such that every ligand (BPTC*)
is coordinated to eight metal centres via four carboxylate
groups (Fig. 1a), affording an infinite chain of [MO,(OH),]
which constituted the secondary building unit (SBU)
(Fig. 1b). The metal centres display an octahedral geometry
associated by two mutually cis-j1,-OH (hydroxo groups) anions
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that comprise the helical SBUs which are connected by the
BPTC ligands to form a one-dimensional cylindrical channel
(Fig. 1c).

3. The first reversible guest-induced
evidence: NHz adsorption

The first reported material of the MFM-300 family was
described by Champness and Schréder in 2011 (MFM-
300(Sc), also known as NOTT-400), and H, was the first
molecule (not considering N, at 77 K to estimate the surface
area of this material) to be investigated inside the pores of
MFM-300(Sc).”” From that point, adsorption of many
molecules was investigated (CO,, CH,, H,O, I, CcH¢ and
SO,), showing interesting properties such as the high
chemical stability of this Sc(u)-based material, high CO,
adsorption and CO,/CH, selectivity, facile adsorption-
desorption, H,O adsorption for promising heat-pump
applications, very high I, uptake for relevant radioactive
decontamination, benzene stabilization and effective SO,
capture with remarkable CO,/SO, selectivity.***” However,
none of these molecules provided any evidence of dynamic
bonding behaviour.

Then, in 2021, Dinca and Maurin investigated an unusual
ammonia adsorption behaviour for MFM-300(Sc).>® First,
upon the adsorption of NH; (at 298 K and 1 bar) on MFM-
300(Sc) a very unusual isotherm was shown (see Fig. 2),
which was not correlated to any of the isotherms previously
collected for other gases under the same conditions (e.g., H,
CH, and SO,).>”**?*” Moreover, this particular adsorption/
desorption behaviour was preserved over multiple cycles
(corroborating the chemical stability of the material and

Fig. 1 MFM-300(M) (M = Sc(m), Al(m), In(m), Cr(m), V(n), Ga(n) and Fe(m)) ligand-metal framework structure constitution. (a) Coordination
arrangement of BPTC*" ligand (C atoms in grey, O atoms in red, hexacoordinated metal ions in yellow (Sc, In)); (b) M(OH)(CO,),, 1D chiral chain; (c)

MFM-300(Sc, In) cylindrical channels viewed along the c axis.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Experimental NHs adsorption-desorption isotherms of MFM-
300(Sc) (filled blue circles = adsorption; open blue circles =
desorption) at 298 K and up to 1 bar. Inset: comparison of NH3z uptake
of MFM-300(Sc) from the first and fifth adsorption cycles (13.1 and
12.6 mmol g%, respectively, 3.8% decrease) at 298 K and up to 1 bar.
Reproduced with permission from ref. 26. Copyright 2021, American
Chemical Society.

confirmed by PXRD), which strongly suggested a fully
reversible capture/release mechanism. In particular, the
presence of an abnormal low-pressure step change (see
Fig. 2) with an uptake of approximately 1 NH; molecule per
p-OH group provided the clue to a possible “partial”
coordination of the NH; molecule to the Sc(m) metal centre.
Thus, force field-based Monte Carlo simulations, periodic
DFT calculations and ab initio molecular dynamics (AIMD)
simulations demonstrated a Sc-NH; coordinative mode that
remained stable over time, corresponding to an energetically
favourable configuration (Fig. 3). Interestingly, AIMD
calculations also showed that once NH; is disconnected from
the metal centre (Sc(m)), the MOF structure self-heals, and
the initial crystal structure configuration is restored. Thus,
such NH;-triggered dynamic metal-ligand bonding is
demonstrated to be fully reversible, explaining the
characteristic experimentally observed adsorption/desorption
behaviour for MFM-300(Sc).

Fig. 3 DFT-derived charge differences for the adsorption of NHz in IS,
INT, and FS with an isovalue of +0.002 e A™3; yellow and cyan colours
represent the charge accumulation and depletion regions, respectively.
Colour code: carbon (brown), oxygen (red), nitrogen (blue), hydrogen
(white), and scandium (purple). Reproduced with permission from ref.
26. Copyright 2021, American Chemical Society.
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Finally, in situ DRIFT spectroscopy experiments were
performed at 298 K, (by increasing the amount of pressure of
NH;, see Fig. 4), which corroborated the computational
predicted NH; adsorption mechanism. We evidenced that
when starting with a sample loaded with 0.24 bar NH;, upon
applying vacuum (1.7 x 10~ Torr) it is possible to fully
recover the IR spectrum collected for the pristine sample (see
Fig. 4), confirming the reversibility of the NH; adsorption
process. Although the NH; adsorption on MFM-300(Sc) was
the first concrete evidence of metal-ligand bonding (or semi-
open metal sites), this interesting phenomenon was almost
caught some time ago by the adsorption of H,S (vide infra).

4. H,S adsorption: the unexpected
formation of polysulfides

The H,S capture on MFM-300(Sc) was investigated years
before the capture of NH;, and finally, in 2020, these unusual
results were published by Gutierrez-Alejandre and Maurin.*®
Thus, by a set of H,S breakthrough experiments, it was
consistently found that the total H,S uptake in MFM-300(Sc)
was approximately 16.55 mmol g~ (Fig. 5).*® Interestingly,
when trying to reuse MFM-300(Sc) after the first adsorption
of H,S by reactivating the material (at high temperatures and
under vacuum), it was not possible to get back to the original
uptake; instead, such total uptake went down to
approximately 10 mmol g™', even for five consecutive cycles
(see Fig. 5). Although PXRD experiments exhibited the
retention of the crystalline structure of MFM-300(Sc), after
the exposure to H,S, N, adsorption experiments at 77 K
showed a reduction of the pore volume of approximately
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b) —— Activated (0.0 bar)
06 bar bar
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Fig. 4 DRIFT spectra of NH3 adsorbed at different pressures (from 0
to 0.24 bar) over activated MFM-300(Sc) at 298 K, split into three
wavelength regions: (a) 1790-1710 cm™; (b) 860-810 cm™, and (c)
3800-3600 cm™. Reproduced with permission from ref. 26. Copyright
2021, American Chemical Society.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (Top) Breakthrough curves of H,S capture on MFM-300(Sc) at
25 °C and 1 bar with a H,S feed concentration of 10 vol%. The total
H2S/N; flow rate was 25 cm® min™t. The inset shows the proportional
H,S adsorption capacities for each cycle. (Bottom) PXRD patterns for
MFM-300(Sc): simulated (black), as-synthesized (blue), after the first
H,S adsorption-desorption cycle (cycle 1, MFM-300(Sc)-C1, orange),
and after 5 H,S adsorption-desorption experiments (cycle 5, MFM-
300(Sc)-C5, red). Reproduced with permission from ref. 38. Copyright
2020, American Chemical Society.

34%, which suggested a partial blockage of the pores by the
remaining molecules, possibly associated with a chemical
reaction inside the pores of the material (i.e., chemisorption).
Interestingly, PXRD experiments showed the retention of the
crystalline structure (Fig. 5) after every H,S adsorption cycle,
discarding a chemical reaction with MFM-300(Sc), which can
partially or totally decompose the structure of the material.
Thus, puzzled by the unusual performance of MFM-
300(Sc) upon H,S adsorption, cyclic H,S adsorption
experiments were carried out on the isostructural material
MFM-300(In), showing a total H,S uptake of 9.10 mmol g™
for the first cycle. When performing a second cycle (after
reactivating this material after the first capture of H,S), the
total uptake dramatically decreased to almost 0.2 mmol g™,
and upon estimating the pore volume, a drastic reduction to
0.02 cm® g™" was observed. However, PXRD demonstrated the
retention of the crystallinity for MFM-300(In), similarly to
MFM-300(Sc). Thus, for both materials, it was possible to
suggest an unexpected chemisorption process, which

This journal is © The Royal Society of Chemistry 2024
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presumably produced unknown sulphur chemical species
inside the pores without decomposing the crystal structure of
MFM-300(Sc) and MFM(In). Raman spectroscopy on both
“sulphur” samples was employed to uncover the nature of
these chemisorbed sulphur species. Thus, the characteristic
signals observed in the range 350 to 520 cm™" are associated
with the S-S stretching vibrational modes of different chain
length (n = 8, 6, 4, 2, 1) polysulfides. Finally, the key
approach to distinguish such polysulfides was based on the
implementation of electrochemical experiments, which
demonstrated that low-order polysulfides (n = 2) were
produced in MFM-300(Sc), while high-order polysulfides (n =
6 and 8) are formed in MFM-300(In). Open-circuit potential
(OCP) experiments exhibited a relatively small difference in
the potential of the materials (0.36 V): MFM-300(Sc) (2.29 V)
and MFM-300(In) (2.65 V) (see Fig. 6), which is responsible
for the formation of different polysulfides.

At that time, in 2020, the proposed catalytic mechanism
for the formation of polysulfides was not fully understood,
and it was postulated based on the effect of the pore
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Fig. 6 Open-circuit potential (OCP) monitoring of MFM-300(M) as
active materials in cathodes for lithium-ion batteries to describe the
cell stabilisation processes. (Top) Pristine materials MFM-300(Sc) and
MFM-300(In); (bottom) H,S saturated materials H,S@MFM300(Sc) and
H,S@MFM-300(In). Reproduced with permission from ref. 38.
Copyright 2020, American Chemical Society.
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confinement within MFM-300, where a H,S molecule can
spontaneously react with another H,S molecule to form
polysulfides.*® However, thanks to the understanding related
to the NH;-triggered dynamic metal-ligand bonding, in
2021,%° a different catalytic mechanism was proposed by
Gutiérrez-Alejandre.*® Thus, the generation of polysulfides is
feasible due to the direct interaction of Sc(ur) metal centres
(semi-open metal sites) with H,S to establish a “classic
catalytic reaction” (see Fig. 7), concluding that the inclusion
of H,S inside the pores of MFM-300(Sc) and MFM-300(In)
triggers the dynamic metal-ligand bonding. This fascinating
and unexpected catalytic discovery provided the
incommensurable curiosity to explore a ‘“classic catalytic
reaction” (Strecker hydrocyanation reaction) by MFM-300
(vide infra).

5. Heterogeneous catalysis: a highly
desired application for MOFs

MOFs have been envisioned as excellent candidates for
heterogeneous catalysis due to their structural tunability, vast
diversity in the incorporation of functional groups, high
internal surface areas, access to active metal sites, and highly
crystalline structures.’*™** Typically, MOFs show access to
active metals by the removal of labile terminal ligands or
molecules (e.g., H,0, DMF and EtOH), affording what is
known as uncoordinated metal centres or open metal sites
(OMS).**** By this approach, countless examples of MOFs
with OMS for remarkable catalytic applications have been
reported in the literature,*>*®

However, the introduction of the new concept in MOFs
related to dynamic metal-ligand bonding or semi-open metal
sites was only recently reported in 2022 by Cheon-Jeong and

b) {

>,
-""(V’

Fig. 7 Schematic representation of the proposed catalytic steps
(sequence) for the transformation of H,S to polysulfides in MFM-
300(Sc). Scandium in blue, oxygen in red, hydrogen in white, and
sulphur in yellow. Reproduced with permission from ref. 39. Copyright
2021, American Chemical Society.
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Maurin, where MFM-300(Sc) was investigated as a catalyst for
the well-known Strecker hydrocyanation reaction.” Typically,
the Strecker reaction is performed under homogeneous
conditions, proceeding by the nucleophilic addition of
cyanide ions to imines using different Lewis acid catalysts,
such as Sc(m) metal centres (as dissolved cations).*® Thus,
MFM-300(Sc) was employed to heterogeneously catalyse the
formation of 2-phenyl-2-(phenylamino)acetonitrile from the
reaction between N-benzylideneaniline and TMSCN,*® by
taking advantage of the metal-hemilabile ligand bond
dynamics in MFM-300(Sc), as was demonstrated for the
conversion of H,S to polysulfides.** Continuous 'H NMR
monitoring showed that MFM-300(Sc) was an effective
catalyst for this Strecker reaction with a conversion of
approximately 45% (see Fig. 8). Five catalytic cycles showed a
consistent catalytic performance (see Fig. 8), and PXRD
experiments demonstrated the retention of the crystalline
structure after the catalytic cycling (Fig. 8).

The molecule responsible for the dynamic metal-ligand
bonding to have access to the Sc(u) metal centres (semi-open
metal sites) is HCN, which was corroborated by DFT
calculations, finding a similar mechanism observed for the
NH; adsorption.”® The proposed Strecker mechanism (see
Fig. 8) begins with the formation of a bond between the
C(HCN) and the Sc(m) semi-open metal site, followed by a
proton transfer from the coordinated HCN to the N(imine),
and the "CN group remained coordinated to the unsaturated
Sc(m). Then, the second step continues with a change of the
"CN to "NC, which is perfectly fitting for a nucleophilic attack
on the intermediate imine species, affording the formation
of the cyanylated product.

Later, in 2023, Cheon-Jeong and Maurin evaluated this
same reaction with an isostructural material to MFM-300(Sc)
based on In(m): MFM-300(In).”° This material also showed
access to semi-open metal sites, which was examined by
variable temperature resonance Raman spectroscopy (VT-

b) ——— MFM-300(Sc) after catalysis.
a) —— MFM-300(Sc) experimental
ol
(?/\ L E | N [T
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" l Lodabicn
o I EEE R
An Two-theta ()
. )
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TS e
At ‘: w
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N.8enzylideneanlline 1 H 3 T H
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Fig. 8 (a) lllustration of the catalytic mechanism for the production of
2-phenyl-2-(phenylamino)acetonitrile driven by the metal-hemilabile
linker dynamics in MFM-300(Sc) (C, gold; H, white; N, blue; O, red; Sc,
pink). (b) PXRD data for pre- and post-catalysis of MFM-300(Sc). (c)
Catalytic activity of MFM-300(Sc) for 5 cycles, in which significant loss
of activity was not detected. Reproduced with permission from ref. 20.

This journal is © The Royal Society of Chemistry 2024
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RRS) and variable temperature diffuse reflectance infrared
Fourier-transform spectroscopy (VI-DRIFTS), showing that at
higher temperatures, more available active In(m) semi-open
metal sites are formed (see Fig. 9). Thus, the Strecker
reaction performed with MFM-300(In) afforded a 41%
conversion to 2-phenyl-2-(phenylamino)acetonitrile, which
was similar to that obtained with MFM-300(Sc). Remarkably,
since active In(i) sites can be obtained by simply increasing
the temperature, the same Strecker reaction was carried out
at a higher temperature (323 K), achieving a higher
conversion of 93%.

Finally, MFM-300(Sc) was investigated for the acetone
hydrogenation reaction, finding that the semi-open metal sites
were active for this gas-phase reaction, affording the formation
of methyl isobutyl ketone.”’ This reaction was successfully
performed at 453 K for 4 hours, yielding a conversion of
approximately 28%. After two additional catalytic cycles, the
catalytic performance was maintained, and PXRD experiments
corroborated the retention of the crystalline structure of MFM-
300(Sc) with no significant changes in the BET surface. The
proposed catalytic reaction mechanism involves all three steps
that occur at the Sc(m) semi-open metal sites (Fig. 10).

These catalytic results for MFM-300(Sc) and MFM-300(In)
demonstrate that due to the access to semi-open metal sites (i.e.,
Sc(m) and In(m)), these chemically stable materials can effectively
work as a heterogeneous catalyst in either aqueous or gaseous
medium, highlighting the dynamic metal-ligand bonding as the
key role in high performances for novel heterogenous catalysts
with remarkable regeneration properties.

6. Conclusions

This highlight provides a chronological account of the
experimental and computational observations that revealed

(b)
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Raman shift (cm”) Raman shift (cm”)

Fig. 9 Representation of transient open metal sites generated by
hemilabile metal-ligand bonds and poised for catalysis at (a) lower
temperatures and (b) higher temperatures. VT-RRS studies of InOF-1
(c) from 200 to 25 °C and (d) from 25 to 200 °C. Reproduced with
permission from ref. 50. Copyright 2023, American Chemical Society.
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Fig. 10 Scheme showing the proposed acetone hydrogenation
mechanism in MFM-300(Sc). Reproduced with permission from ref. 51.
Copyright 2023, the Royal Society of Chemistry.

the unique dynamic metal-ligand bonding for MFM-300(Sc)
and MFM-300(In). Remarkably, such dynamic binding, in the
case of MFM-300(Sc), provided access to temporary open
metal sites (semi-open metal sites), opening new portals for
exciting and unexpected chemistry, such as the description of
complex adsorption mechanisms (i.e., NH; adsorption),
paving the way toward advance developments of MOFs for
the capture of highly corrosive molecules.

The unexpected in situ chemical transformation of H,S
inside the pores of MFM-300(Sc) and MFM-300(In) to
generate polysulfides not only is an exciting discovery but
also can signify the permanent sequestration and conversion
of toxic H,S for new environmental remediation technologies
against air pollution. In addition, the homogeneous insertion
of polysulfides (the homogeneous sulphur distribution
affords higher electrochemical performance) within MOFs
can provide new energy platforms for the development of
MOF-sulphur battery electrodes, as recently
demonstrated by Marquez and Mullins, who showed how SU-
101 (a Bi(m)-based MOF with “classic” open metal sites)
transformed H,S into polysulfides to fabricate lithium-
sulphur batteries.”> Thus, exploring MFM-300 for the
investigation of how toxic H,S emissions can be directly
converted and applied in lithium-sulphur batteries,
considering that the different metals that constitute the
MFM-300 family can provide different polysulfides, opens
exciting options for different capacities to power novel
lithium-sulphur batteries.

MFM-300(Sc) and MFM-300(In) demonstrated promising
results in developing novel “intelligent” catalysts, taking
advantage of how molecule inclusion can trigger dynamic
metal-ligand bonding (semi-open metal sites). Thus,
understanding that selected examples of MOFs (a great and

novel
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fascinating task to investigate) are dynamic rather than static
environments can dramatically expand the reservoir of
candidate MOF materials which can be contemplated for
classic and new heterogenous catalytic applications.

Finally, the fundamental understanding of MOFs remains
developing. In particular, the discovery of dynamic metal-
ligand bonding in a wide range of MOF materials (starting
with the MFM-300 family and a remarkable example recently
reported by Farha and co-workers where a Zr(iv)-based MOF
demonstrated unexpected SO,-induced modulator-node
dynamics®®) turns out to be crucial for discovering new
horizons with exciting applications.
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