Low-dimensional magnetism in multivariate copper/zinc MOF-74 materials
formed via different mechanochemical methods f
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Abstract: MOF-74 are an archetypal magnetic metal-organic
framework (MOF) family, with metal nodes bridged by 2,5-
dioxido-1,4-benzenedicarboxylic acid (Hsdobdc), and arranged
into one of the simplest representations of 1D Ising magnetic
model. Recently, a novel mechano-synthetic approach opened a
pathway towards a series of bimetallic multivariate (1:1) M1M2-
MOF-74 materials, with the uniform distribution of metal
cations in the oxometallic chains, offering a unique opportunity
to investigate low-dimensional magnetism in these heterometal-
lic MOFs. We explore here how different mechanochemical pro-
cedures affect the interaction between the metal nodes of the
model system of three multivariate copper(ll)/zinc(I1)-MOF-
74 materials, two of which were obtained through a template-
controlled procedure, and the third one was obtained by re-
cently developed mechanical MOF-alloying combined with sub-
sequent accelerated aging. While the three Cu/Zn-MOF-74
products have almost identical PXRD diffractograms and FTIR
spectra, they differ significantly in their magnetic properties,
as revealed through detailed magnetization, and X-band and
multifrequency high-field ESR measurements. The magnetic
results of the three multivariate Cu/Zn-MOF-74s were com-
pared to the properties of monometallic Cu-MOF-74, which
shows antiferromagnetic intra-chain and weaker ferromagnetic
inter-chain interaction. EDAX/SEM and solid-state NMR spec-
troscopy helped rationalize the observed differences in magneti-
zation, and in-situ synchrotron PXRD monitoring of templated
MOF formation revealed different reaction pathways when us-
ing the zinc or copper intermediates, involving even the fleeting
occurrence of a rare MOF-74 polymorph.

INTRODUCTION

Thirty years after their discovery, metal-organic frame-
works (MOFs), porous coordination polymers comprised of
metal nodes bridged by organic molecules, are still widely
considered “novel” materials as this field remains one of the
fastest developing and studied fields in materials chemistry,
taking many new directions concerning the composition of
MOFs and their applicability.’™ One of the sub-fields that

TESI contains Materials and methods, and supporting PXRD,
TGA, FTIR, AAS, EDAX/SEM, magnetization and ESR results.

attract significant attention are multivariate MOF materi-
als containing diverse metal nodes in the MOF structure,
but these materials are still scarce.®® Such disparity in the
multivariate-MOF classes stems from the difficulty of con-
trolling the uniformity of distribution and the relative ratio
of the respective metal-node constituents in the two main
conventional solvothermal approaches, post-synthetic metal
exchange, and direct synthesis. ° Post-synthetic exchange re-
lies on the soaking of monometallic MOF in a solution con-
taining the salt of the other metal(s), usually for a period
of days to weeks. '©!! The literature on thermodynamic and
kinetic factors governing the process is still limited, and the
process is hard to control.'?'® In the direct synthesis ap-
proach, MM-MOPFs are built from solutions containing link-
ers and multiple metal salts. While there are several stud-
ies where a significant degree of control of metal content in
MM-MOFs was obtained through careful choice of the metal
source and synthetic/crystallite growth conditions, the in-
clusion of a respective metal is most often serendipitous. 14716
This is mostly expected; many factors in the nature of the
metal cation (such as the acidity, charge, softness, and ra-
dius), solvent effects (solubility, pH, and solvation), and the
thermodynamics of the process must be taken into account
to introduce a higher degree of control into processing.”

A particularly important target for multivariate MM-
MOFs is the MOF-74 family, also known as CPO-27.'° From
the first reports, these chemically stable MOFs, character-
ized by large channels (12 A diameter) and open metal sites,
stood out on account of their outstanding properties.?2°
In MOF-74, the metal cations are ordered in 1D metal-
oxo chain secondary building units (SBUs), bridged by 2,5-
dioxido-1,4-benzenedicarboxylate anions (dobdc*™) to form
M;(dobdc) MOF with hexagonal channels in a honeycomb
arrangement (Figure 1a). They are highly modular and sev-
eral monometallic M-MOF-74 are known (M = Mg, Zn, Cd,
Co, Mn, Fe, Ni, and Cu)?'"?* providing an ideal platform
for preparation of mixed metal phases. It is expected that
these materials may have unique properties stemming from
the synergistic effect between the two metals coupled closely
in the 1D oxometallic chain. However, initial attempts
at making mixed metal MOF-74 (MM-MOF-74) materials
through post-synthetic metal exchange showed that the re-
placement of the metal cation is not straightforward, and the
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Figure 1.

a) Representation of the idealised crystal structure of MM-MOF-74, and its constituents. Hydobdc linker bridges metal-oxo

chains to form the MOF-74 structure with hexagonal channels along the c-axis. H atoms of SBU and MOF are omitted for clarity. b)
Schematic representation of the mechanochemical synthesis of binary multivariate Cu/Zn MOF-74 materials examined in this study. c)
Structure of [Cu(H2dobdc)(H20)2]n (Cu-INT) prepared in this study. d) Structure of [Zn(H2dobdc)(H20)2]n (Zn-INT) CCDC code:
ODIPOH. 718 Color code: copper blue, zinc yellow, carbon grey, oxygen red, hydrogen light grey.

reported transmetallation efficiency was low.2* Nevertheless,
even with a low inclusion of the second metal, the obtained
materials expressed large advances in their catalytic proper-
ties and chemical stability.”

Conversely, the direct solvothermal synthesis approach
yielded MM-MOF-74 materials with up to 10 different met-
als incorporated in the framework, ?® but with significant in-
homogeneity both in the ratio and distribution of the metal
nodes, yielding crystallites with different composition in the
same product. The same group reported recently a series
of binary MM-MOF-74 materials incorporating Co, Cd, Pb,
and Mn, where the atom probe tomography was used to
tackle the issue of local distribution of metals in MM-MOFs.
It was shown that the occurrence and distribution of metal
nodes largely depended on the type of the metal incorpo-
rated, and the temperature of the synthesis.?® It follows
that, while the metal-oxo chains in MOF-74 can accom-
modate different metals in close vicinity - making them a
prime target for MM-MOF synthesis - current synthetic ap-
proaches lack the needed control and tunability to truly re-
alize the potential of these materials. Therefore, overcoming
the limitations of conventional synthetic procedures and the
dependence of MM-MOF-74 assembly on judicious choice
of metals may have a transformative impact on the field of
multivariate MOFs.

Two interesting synthetic alternatives to MM-MOFs rely
on mechanochemical processing. The first one is mechani-
cal alloying.?” Here, the authors dry-milled a mixture con-
taining a pair of monometallic MOFs until no Bragg peaks
were detectable by powder X-ray diffraction (PXRD). The
amorphous matrix was then exposed to water vapors in an
accelerated aging process®® to obtain crystalline Al/Gd (1,4-
naphthalenedicarboxylate). The alloying method was tested
for several other archetypal MOFs, including MOF-74, ZIF-
8, and HKUST-1. The results showed that the success of
alloying largely depends on several parameters involving the
ionic radii, coordination preferences, charge and electroneg-
ativity of the metal nodes, as well as the MOF topology.

The other mechanochemical method is a two-step process
involving monometallic coordination intermediates and di-
topic ligands. To the best of our knowledge, it presents the
only chemically-controlled approach towards MM-MOFs re-
ported to date, where the different reactivity of the func-
tional groups on the ligand led to controllable coordina-
tion and positioning of the two metals in the framework.
This two-step mechanochemical strategy circumvented the
issues related to solution synthesis, yielding a series of twelve
porous, stable, and well-defined 1:1 binary MM-MOF-74 ma-
terials with pairs of main and transition metals.?® In the
first step, the first metal and Hsdobdc formed a precursor
[M(Hzdobdc)(solvent)|n through coordination of the reac-
tive carboxylate groups, while the second metal activated
the remaining phenolic groups to form highly porous and
stable binary MM-MOF-74 products upon further milling,
where the position of a particular metal is defined by the
order of coordination. From this series, only one MOF
was tested for the real-world application so far. While the
monometallic zinc or copper MOF-74 materials were inac-
tive, the mixed metal ZnCu-MOF-74 showed dramatically
increased catalytic activity towards the selective catalytic
formation of methanol from carbon dioxide based on a syn-
ergistic action among the zinc and copper nodes. 3"

As one of unique potential applications, the MM-MOF-74
allows for the systematic studying of low-dimensional mag-
netism in multimetallic systems. These porous magnets have
an advantage compared to inorganic materials, such as ox-
ides and polymers, as the targeted synthesis leads to better
control of the spatial arrangement and separation of mag-
netic centers and chains which is much sought for advanced
applications. Metal nodes are organized in infinite and effi-
ciently separated 1D chains, making MOF-74 probably the
simplest realization of the 1D Ising model.*! Until now,
the magnetic properties of Fe-, Co- and Ni-MOF-74 were
studied, revealing a plethora of interesting phenomena such
as solvent-exchange induced switching from ferromagnetic
(FM) to antiferromagnetic (AFM) state, metamagnetism,






